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Hesperetin, a dietary flavonoid, inhibits AGEs-induced oxidative stress and 
inflammation in RAW264.7 cells 
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A B S T R A C T   

Advanced glycation end products (AGEs) excessive accumulation in the body either by exogenous intake or 
endogenous formation makes individuals prone to oxidative stress and inflammation damage. In this study, 
DCFH-DA fluorescence test and qPCR experiment were carried out to study the effect of some dietary flavonoids 
on AGEs induced toxicity. Among four tested flavonoids, it was found that hesperetin could significantly inhibit 
both AGEs-induced ROS production and gene expressions of TNF-α, IL-1β, IL-6, MCP-1, COX-2 and iNOS. High- 
throughput transcriptome analysis showed that the protective effect of hesperetin against AGEs-induced toxicity 
might be attributed to inhibit the activation of MAPK, JAK, NF-κB-related pathways. Furthermore, gene set 
enrichment analysis was performed using the MSigDB database and twenty-three key genes related were 
screened. This study might provide new ideas for the prevention of AGEs-related diseases and lay a theoretical 
foundation for the application of dietary flavonoids.   

1. Introduction 

Advanced glycation end products (AGEs) are formed through non- 
enzymatic glycosylation reaction and closely related to everyone’s 
health. After the formation of Schiff base and Amadori rearrangement, 
the Amadori product is dehydrated and rearranged to form reactive 
carbonyl species (methylglyoxal, MGO for instance), which further re-
acts with functional groups of proteins to generate AGEs (Liu et al., 
2017). In the human body, AGEs can be produced by glycation of 
intracellular or extracellular proteins (Brownlee, 2001). Besides, the 
Maillard reaction that occurs during food processing is also an important 
exogenous way to accumulate food-borne AGEs which contribute to the 
increased levels of AGEs in the body. Studies have confirmed that AGEs 
can trigger excessive generation of reactive oxygen species (ROS) and 
induce abnormally high levels of oxidative stress (Rajan et al., 2018); on 
the other hand, high-dose dietary intake of AGEs is positively correlated 
with the occurrence of chronic inflammation (Gopalan et al., 2019). 
Therefore, excessive accumulation of AGEs makes individuals prone to 
oxidative stress and inflammation damage, both of which will eventu-
ally lead to the occurrence of most chronic diseases, such as cardio-
vascular, renal, neurodegenerative diseases and other diabetes 

complications (Freund, Chen, & Decker, 2018). 
The widespread occurrence of AGEs-related diseases has prompted 

researchers to search on inhibitors. Although chemical synthesis in-
hibitors like aminoguanidine can effectively reduce the AGEs formation, 
toxic and side effects in clinical trials were found (Sun, Shen, Zhou, & 
Wang, 2019). Thus the development and rational application of natural 
phytochemicals as glycation inhibitors is an important measure to 
reduce the risk of AGEs-related diseases (Lin & Zhou, 2018). In recent 
years, research has been conducted on medicinal or dietary plants and 
found that the inhibitory effect of plant extracts on AGEs’ formation is 
mainly due to the large amount of polyphenols they contain (Peng, Ma, 
Chen, & Wang, 2011). Although some studies directly focused on the 
inhibitory activity of certain naturally occurring polyphenols and their 
derivatives in chemical or food models (Khan, Liu, Wang, & Sun, 2020), 
few have investigated whether they can also inhibit the oxidative stress 
and inflammation induced by AGEs (Zhou, Cheng, Gong, Li, & Wang, 
2019). Since phytochemicals that inhibit glycation in multiple stages 
will be more helpful in the prevention and treatment of AGEs-related 
diseases (Chinchansure, Korwar, Kulkarni, & Joshi, 2015), it is neces-
sary to study whether the typical polyphenols attenuating the harmful 
effect of AGEs from the aspects of both inhibiting the AGEs formation 
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and induced toxicity. 
Flavonoids are a potential type of polyphenol which can effectively 

reduce AGEs-induced oxidative stress and inflammation. As an example, 
naringenin, one of the most abundant flavanones mainly existed in cit-
rus fruits, was found not only reducing the formation of AGEs, but also 
attenuating AGEs induced toxicity in our previous study (Teng et al., 
2018). Its structural derivatives, including glucoside form naringin, 
methoxy-substituted hesperetin and polyhydroxy-substituted dihy-
dromyricetin are also typical flavonoids of natural sources in human diet 
and they have been reported to have multiple functions (Jo et al., 2019; 
Liu, Li, Nguyen, & Zhao, 2012). In our previous study, it is found that 
these typical dietary flavonoids can partially inhibit the formation of 
AGEs in bakery model system to a certain extent (Teng et al., 2018), yet 
there is no research to further explain their effect and action mechanism 
on AGEs-induced oxidative stress and inflammation. 

Since transcriptome is of vital significance on gene function and 
pathogenesis, for mRNA and non-coding RNA can be detected by high- 
throughput sequencing and information about RNA levels of all genes 
expressed by a cell at a specific time can be quickly and comprehensively 
displayed (Wang, Gerstein, & Snyder, 2009), RNA-sequencing (RNA- 
seq, transcriptome sequencing) will provide a platform for comprehen-
sive understanding of the induced toxicity of AGEs and the protective 
mechanism of flavonoids, yet no related research has been reported. 

In this work, the effects of selected typical dietary flavonoids 
including dihydromyricetin, hesperetin, naringin and naringenin (the 
positive control) on AGEs induced oxidative stress and inflammation 
were discussed. Hesperetin (3′,5,7-trihydroxy-4-methoxyflavanone), a 
major citrus flavonoid compound found with the best inhibitory effi-
ciency among the tested flavonoids, was further selected, and its 
possible action mechanism against AGEs-induced toxicity was finally 
carried out based on RNA-seq analysis combined with other techniques. 
This study will provide a theoretical basis for the prevention and 
treatment of AGEs-related diseases. 

2. Materials and methods 

2.1. Materials 

DMEM (1 × containing 4.5 g/L D-glucose and L-glutamate without 
sodium pyruvate), fetal bovine serum (FBS) and penicillin/streptomycin 
double antibody solution (PS) were purchased from GIBCO (Grand Is-
land, NY, USA). Methylglyoxal, 2′, 7′-dichlorodihydrofluorescein diac-
etate was purchased from Sigma–Aldrich Company (St. Louis, MO, 
USA). Low endotoxin BSA (V), 1X Hanks balanced salt solution, PBS 
buffer, dialysis bags, Tris-Glycine-SDS were purchased from Sangon 
Biotech Co., Ltd. (Shanghai, P.R. China). RNAiso Plus and Prime-
Script™RT reagent Kit were purchased from Takara Bio Inc. (Beijing, P. 
R. China). SYBR Green Supermix dye, TGX stain-free fastcast acrylamide 
kit (10%), RTA transfer kit and ECL were purchased from Bio-Rad 
(Hercules, CA, USA). Other common analytical reagents such as chlo-
roform, crystal violet, isopropyl alcohol, ammonium persulfate, TEMED, 
were ordered from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, P. 
R. China). Antibodies included MAPK, NF-KB, β-actin were bought from 
Cell Signaling Technology, Inc. (Boston, MA, USA) while others were 
bought from AbCam (Cambridge, UK). DAPI, 4% fixative, Triton X-100 
were got from Beyotime Biotechnology Co., Ltd. (Shanghai, P.R. China). 
Dihydromyricetin, hesperetin, naringin, naringenin (≥98%) were 
bought from Xi’an Natural Field Biological Technology Co. Ltd. (Xi’an, 
P.R. China). 

2.2. Preparation of AGEs 

AGEs used in RAW 264.7 Cells were prepared according to Meeprom 
(Meeprom et al., 2015) with some modifications. First, low endotoxin 
BSA was dissolved in 1X PBS to a final concentration of 10 mg/mL, then 
300 μL of MGO solution was added, and dialyzed after aseptic 

incubation at 37 ◦C for 7 days. The content of AGEs in the experiment 
was indicated by the concentration of BSA. The sample solution after 
dialysis was stored in aliquots at − 20◦ C for subsequent cell experiments. 

2.3. Cell culture, cytotoxicity and ROS 

After DMEM medium (450 mL), FBS (50 mL) and PS (5 mL) was 
filtered, 500 mL medium was prepared (hereinafter referred to as DF10). 
The RAW264.7 macrophage cells in this work were all got from frozen 
cell samples of the same batch and used after three generations of 
resuscitation. The cells were cultured using DF10 in a 37 ◦C incubator 
(containing 5% CO2) before experiments were carried out. As for the 
cytotoxicity test, cells were cultured in 96-well plates and were treated 
using different concentrations of AGEs (0, 80, 160, 240, 320, 400 μg/ 
mL) and naringenin (NN), naringin (NG), hesperetin (HT), and dihy-
dromyricetin (DT) (0, 25, 50, 100, 150, 200 μM) respectively for 24 h. 
After aspirating the medium and washing with PBS, 0.5% crystal violet 
solution was added to each well (50 μL) for 6 min. The plate was rinsed 
gently with tap water and dried at room temperature. Finally, 200 μL of 
methanol was added to each well and OD value at a wavelength of 570 
nm was measured with a microplate reader. The cytotoxicity of the test 
samples to macrophages were calculated by comparison with the OD 
value of the control group. 

The effect of selected flavonoids on ROS production was measured 
referred to a published method (Marimoutou et al., 2015). The cells in 
96-well plates were treated with DF10 medium containing 80 or 240 μg/ 
mL BSA and AGEs (with or without 25 μM NN, NG, HT, DT) for 24 h 
respectively, then incubated with DF10 containing 25 μM DCFH-DA for 
another 1 h. After washing twice with PBS, the plate was added with 
HBSS (200 μL/well) and tested for fluorescence intensity at 485/528 nm 
immediately. The results were presented as the percentage value 
compared with the fluorescence intensity of the control group. For laser 
confocal image acquisition, the cells were cultured on confocal single 
dishes with the similar procedures listed above and image collection was 
performed using Laser confocal (TCS SP8, Leica, Germany). 

2.4. RNA extraction and QPCR experiment 

Effect of selected typical flavonoids on AGEs-induced inflammation 
in RAW264.7 cells were tested in this part. Briefly, the cells were seeded 
on a 6-well plate (2 mL/well) and cultured for 24 h. After that, DF10 
containing 80 μg/mL BSA, 80 μg/mL AGEs (with or without the addition 
of 25/40 μM of NN/NG/HT/DT) were added into plates for another 24 h. 
After washing with PBS, the total RNAs were extracted with standard 
Trizol method. To be more specific, 1 mL Trizol was added to each well. 
After fully lysed at room temperature for 5 min, samples were trans-
ferred into 1.5 mL enzyme-free centrifuge tubes and added with 200 μL 
of chloroform. After vibration, stratification and centrifugation, the 
supernatant was collected, mixed with isopropanol (1:1) and centri-
fuged. The white precipitate was washed with 1 mL of glacial ethanol 
(75%) and finally dissolved in 50 μL of DEPC water to determine the 
mRNA concentration. PrimeScript RT reagent Kit was used to conduct 
reverse transcription for cDNA synthesis and a real-time PCR was con-
ducted on a LightCycler 96 (Roche, Basel, Switzerland) with the pro-
cedure set as “Preincubation (1 cycle)-3 Step Amplification (55 cycles)- 
Melting (1 cycles)”. ΔCT method was used to data calculation. The 
primer sequences were designed referred to a published paper (Yu, Hu, 
& Wang, 2018). 

2.5. Transcriptome sequencing 

The cells were seeded on a 6-well plate (2 mL/well) and cultured for 
24 h. After that, DF10 containing 80 μg/mL BSA, 80 μg/mL AGEs (with 
or without the addition of 25/40 μM of HT) were added into plates for 
another 24 h. After washing with PBS, the samples were collected with 1 
mL Trizol in each well and transferred into 1.5 mL enzyme-free 
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centrifuge tubes. There were 4 groups in total including control group 
(A), AGEs treated group (B), HT 25/40 μM co-treated group (C/D), and 
there were 3 duplicates for each group. The samples were then trans-
ported with dry ice to Beijing Novogene Technology Co., Ltd. for RNA- 
sequence analysis. The specific steps of library construction and 
sequencing include extraction of RNA, the purity and integrity evalua-
tion by agarose gel electrophoresis, multifunctional microplate reader 
and Bio-analyzer 2100. Then the analysis of sequencing data was con-
ducted. After quantifying the expression level of each gene and obtain-
ing read counts, DeSeq2 R software (1.16.1) was used to normalize the 
read count and analyze the difference in different situations. Enriched 
analysis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) of differentially expressed genes through cluster Pro-
filer R software were done. 

2.6. Western blot 

The cells were seeded on a 6-well plate (2 mL/well) and cultured for 
24 h. After that, DF10 containing 80 μg/mL BSA, 80 μg/mL AGEs (with 
or without the addition of 25/40 μM of HT) were added into plates for 
another 24 h. After washing with PBS, cells were collected at low tem-
perature and protein was lysed. Or the cells were incubated for 48 h, 
starved with DMEM without FBS for 4 h, and then incubated with DF10 
containing different groups of test samples with the same addition 
method as described above for 1 h. The collection and lysis were then 
carried out. Cell total protein extraction and content determination was 
completed according to the instructions of cell lysis buffer (CST, USA) 
and BCA protein quantitation kit (Shanghai Yazyme Biotechnology Co., 
Ltd., P.R. China). 5 × loading and lysate were used to adjust the protein 
concentration and boiled in boiling water for 8 min, then gel electro-
phoresis and membrane transfer (Bio-rad, USA) were done. After 
blocking with difco skim milk (BD, USA) and antibody incubation, new 
clarity ECL substrate reaction solution was added to the membrane. 
Results were displayed by the gel imaging system (Bio-rad, USA) and 
analyzed with the software Image Lab 5.2.1. 

2.7. Immunofluorescence 

The cells in this part was seeded in confocal single dishes while the 
procedures of culture and treatment of RAW 264.7 cells were the same 
as described in Section 2.6. After that, cells were treated with para-
formaldehyde (4%), triton (concentration 0.2%) at room temperature, 
respectively. Samples were then blocked, incubated with primary anti-
body (4 ◦C overnight). 100 µL of goat anti-rabbit (AF488) diluted with 
1% BSA was added to each experimental dish (25 ◦C, dark) for another 1 
h. Each step described above was fully washed as required. Finally, 100 
μL of DAPI was added at 25 ◦C for 5 min, then washed (3 min/time, 3 
times in total), and the images were collected as needed using Laser 
confocal (TCS SP8, Leica, Germany). 

2.8. Gene set enrichment analysis 

Log-fold-change sorting was used for Gene Set Enrichment Analysis 
(GSEA) and all gene expressions in BSA control group, AGEs treatment 
group, and HT co-treatment group were enriched in the eight gene sets 
of Molecular Signatures Database (MSigDB). The involved GSEA li-
braries include H (meaning hallmark gene sets, a total of 50 gene sets, 
the same below), C1 (positional gene sets, 326 in total), C2 (curated gene 
sets, 4762), C3 (motif gene sets, 836), C4 (competitive gene sets, 858), 
C5 (GO gene sets, 5917), C6 (oncogenic signatures, 189) and C7 
(immunologic signatures, 4872). After the GSEA analysis, the gene sets 
enriched in the comparison of A-B, B-C, and B-D, were collected and 
found with a total of 2726 items. In each comparison, the Enrichment 
Score (ES) and False discovery rate (FDR) values were counted. 76 and 
31 items for A-B (ES + ) and A-B (ES-), respectively were selected based 
on FDR and ES value, and then were sorted by the ES values of A-B and 

B-D from high to low respectively. 

2.9. Data analysis 

Data analysis corresponding to each method has been listed in the 
corresponding section. Finally, the results were repeated for three times, 
calculated with Excel while displayed with Mean ± SD, and plotted with 
Origin 8.0 and Prism 5.0, Graph Pad Software (USA); the t test was used 
for comparison between groups, and p < 0.05 indicated significant 
differences. 

3. Results and discussion 

3.1. Effects of selected typical flavonoids on the vitality of RAW264.7 
cells 

RAW264.7 (mouse macrophage-like cell line) is suitable for the 
experimental study of the anti-inflammatory effects of natural com-
pounds (Ma et al., 2018), and activated macrophages are closely related 
to the pathogenesis of inflammatory and metabolic diseases such as 
diabetes, obesity and arteriosclerosis (Treuter, Fan, Huang, Jakobsson, 
& Venteclef, 2017). Therefore, in this study experiments were based on 
this cell line and the effects of AGEs and four flavonoids (NN, NG, HT, 
and DT) on cell cytotoxicity were evaluated with data shown in Fig. 1. 
The results in Fig. 1a showed that cells treated with 0–400 μg/mL AGEs 
showed no significant cytotoxicity compared with cells treated with the 
same concentration of BSA (control), meaning that in subsequent ex-
periments, the use of AGEs within this dose range would not affect the 
accuracy of results. 

As for the four kinds of tested flavonoids described in Fig. 1f, results 
showed that compared with control groups (without the treatment with 
flavonoid), NN and NG did not show any cytotoxicity even at a con-
centration of 200 μM (Fig. 1b&c). However, when the treated concen-
tration of HT and DT reached 200 μM (Fig. 1d) and 150 μM (Fig. 1e) 
respectively, the survival rate of cells were significantly lower than that 
of the control group. Among the four tested samples, NN, NG and HT are 
all citrus flavonoid compounds, and they have almost no toxic and side 
effects on healthy and normal cells (Manthey, Guthrie, & Grohmann, 
2001), while compared with them, DT is more cytotoxic to RAW 264.7 
cells, the survival rate of which was 70.25 ± 5.64% (at 200 μM) and 
showed a dose-dependent reduction in cell viability to a certain extent. 
Considering the four tested samples comprehensively, there was no 
significant effect on cell viability when the treated concentration was 
lower than 100 μM. In this paper, if there was no special annotation, 80 
μg/ mL AGEs and 25 μM of flavonoids (naringenin, naringin, hesperetin 
and dihydromyricetin) were used in the subsequent study. 

3.2. Effects of selected typical flavonoids on AGEs-induced oxidative 
stress 

Oxidative stress is reported to be an imbalance between oxidants and 
antioxidants in favor of the oxidants, leading to a disruption of redox 
signaling and control and/or molecular damage (Sies, Berndt, & Jones, 
2017). Cellular ROS may be produced endogenously, or it may be pro-
duced by interaction with exogenous substances such as AGEs (Rojas, 
Mercadal, Figueroa, & Morales, 2008). If the body’s ROS production 
level is too high, it will cause the activation of related cell signaling 
pathways such as PI3K, MAPK, etc. and the initiation of toxic reactions 
including protein/lipid oxidation and DNA damage (Ray, Huang, & 
Tsuji, 2012). To select a suitable dose for AGEs stimulation, the exper-
iment first measured the generation of ROS in cell after 24 h of treatment 
with AGEs by DCFH-DA method. As is shown in Fig. 2b, the ROS content 
in cells treated with 80 and 240 μg/mL AGEs was significantly increased 
by 32.10% (p < 0.05) and 65.21% (p < 0.001), respectively compared to 
the control group. After cells treated with 240 μg/mL AGEs (with or 
without 25 μM flavonoid), it was found that all tested flavonoids 
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including HT, DT and NG as well as NN (positive control) could effec-
tively reduce AGEs-induced ROS production, the inhibition rate of 
which were in the range of 14.04%~30.41% (Fig. 2c). 

The above phenomenon was further confirmed by laser confocal. As 
shown in Fig. 2a, the imaging results of cells in the AGEs stimulation 
group showed high levels of green fluorescence in the field of view. After 
co-treatment with selected flavonoids (taking HT as an example), the 
green fluorescence intensity was significantly reduced. Their ability to 
reduce the generation of ROS in RAW264.7 induced by AGEs might be 
attributed to their polyphenolic characteristic making them good elec-
tron/hydrogen atom donors to neutralize free radicals and other active 
oxygen groups. The polyhydroxy highly conjugated system possessed by 
DT (specifically represented by hydroxyl groups existed in B ring C-3′, 4′, 
5′and C ring C-3) gave it the best suppression effect in this work (Zhang 
& Tsao, 2016). 

3.3. Effects of selected typical flavonoids on AGEs-induced inflammation 

AGEs as an external stimulus can cause cell inflammation (Davis, 
Prasad, Vijayagopal, Juma, & Imrhan, 2016). As shown in Fig. 3, 
compared with control group, the mRNA expression levels of all test 
genes including (a) IL-1β, (b) TNF-α, (c) IL-6, (d) MCP-1, (e) COX-2 and 
(f) iNOS have significantly been up-regulated in AGEs-treated group. 
After the co-treatment with tested flavonoids at the concentration of 25 
μM for 24 h, the mRNA expression of the above genes in RAW264.7 cells 
showed varying degrees of change. Macrophage activation can produce 
one of the most induced pro-inflammatory cytokines interleukin-1β (IL- 
1β) playing important roles in acute and chronic inflammatory and 
autoimmune disorders (Ren & Torres, 2009). In addition, the Tumor 
Necrosis Factor-α (TNF-α) and Interleukin-6 (IL-6) are also reliable in-
dicators, both of which together with IL-1β are typical research objects 
in AGEs induced inflammation (Yu et al., 2018). As shown in Fig. 3a-c, 
after treating cells with 80 μg/mL AGEs for 24 h, the mRNA level of IL- 
1β, TNF-α and IL-6 increased significantly by 53.31, 5.15 and 13.80 
times, respectively. Among the four tested flavonoids including 

naringenin (the positive control), the mRNA level of IL-1β (the most 
significantly elevated one) was significantly reduced by 45.48% when 
the cells were co-treated with 25 μM of hesperetin (p < 0.05), followed 
by naringenin (40.21%). However, naringin and dihydromyricetin did 
not significantly reduce the gene expression of IL-1β even at a co- 
treatment concentration of 40 μM (Fig. 3g). Similar results were also 
observed in TNF-α and IL-6 (Fig. 3b/c/h/i). 

Monocyte chemotactic protein-1 (MCP-1) belongs to the core “che-
mokine” that affects cell infiltration (Deshmane, Kremlev, Amini, & 
Sawaya, 2009). Because its content is closely related to the dietary AGEs 
levels of patients with type 2 diabetes, it has the potential to evaluate 
dietary AGEs-induced inflammatory stress as a marker (Chao, Huang, 
Hsu, Yin, & Guo, 2010). Compared with control group, mRNA expres-
sion of MCP-1 in cells treated with 80 μg/mL AGEs was significantly 
increased by 36.91% (p < 0.01), while NN and HT (25 μM) had a certain 
inhibitory effect on its expression (reduced by 52.13% and 43.16%, 
respectively, P < 0.05) (Fig. 3d). However, NG and DT showed no 
inhibitory effect on MCP-1 mRNA expression at the concentration of 25 
μM. When the co-treatment concentration increased to 40 μM, NG began 
to show an inhibitory effect (reduced by 27.11% compared with AGEs 
treated group,p < 0.05), but DT still showed no inhibitory effect 
(Fig. 3j). 

In addition, at the concentration of 25 μM, among the multiple 
groups of inflammatory mediators tested, DT only showed a certain 
positive effect on the mRNA expression of iNOS (decreased by 47.06%, 
p < 0.01). For NG, it only showed inhibitory effect on COX-2 mRNA 
expression (reduced by 46.54%, p < 0.05). Inducible nitric oxide syn-
thase (iNOS) and cyclooxygenase-2 (COX-2) are also widely involved in 
the development of inflammation (Wang et al., 2014). When the cells 
were treated with AGEs for 24 h, the mRNA levels of iNOS and COX-2 
were significantly higher than those in the control group (increased by 
81.84 and 22.59 times respectively), while the co-treatment of HT can 
also effectively reduce these gene expression. Take the inhibitory effect 
on iNOS expression for instance (Fig. 3f), the co-treatment of 25 μM HT 
lead to a reduction of 56.07%. From the above, hesperetin could 

Fig. 1. The effect of different concentrations of (a) AGEs, (b) Naringenin, (c) Naringin, (d) Hesperetin & (e) Dihydromyricetin on cell viabilities of RAW264.7 cells. *, 
*** P < 0.05, 0.001, flavonoid treatment group compared with control group; (f) structures of typical flavonoids selected in this work. 
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attenuate AGEs induced inflammation significantly whereas dihy-
dromyricetin and naringin could not. To take overall consideration of 
Section 3.2 and this part, hesperetin (HT) with the best protective effect 
against AGEs-induced toxicity was therefore selected to do the further 
study. 

3.4. KEGG enrichment analysis and possible pathway validation 

RNA-seq analysis was further performed on cells treated with AGEs 
and HT, with a view to revealing the protective effect of hesperetin 
against AGEs-induced toxicity from the cellular level. The distribution of 
differentially expressed genes (DEGs) of three different comparative 
groups (AGEs VS BSA, HT25 VS AGEs, HT40 VS AGEs) were concluded 
in a volcano diagram (data not shown). Results showed that compared 
with the BSA control group, the AGEs model group had a total of 7311 
DEGs, of which 3732 were increased and 3579 decreased. Compared 
with the AGEs model group, after co-treated with 25 or 40 μM HT, there 
were 802 and 1945 DEGs in total respectively. After 40 μM HT co- 
treatment, a total of 1085 genes were involved in up-regulation while 
860 genes were involved in down-regulation. To clarify what was 
happening at a higher level, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was further conducted (Fig. 4). 
Compared with BSA control group, there were 63 significantly enriched 
KEGG pathways up-regulated and 28 down-regulated in AGEs group. 
After co-treated with 25 μM of HT (compared with the AGEs model 
group), the down/up-regulation group had 0/1 significantly enriched 
pathways respectively, while after 40 μM of HT treatment, the down/up- 
regulation group had 30/10 significantly enriched KEGG pathways. The 

reasons may be as follows: HT may have a mild effect as a natural 
foodborne substance and long-time culture may lead to further degra-
dation or involvement in cell metabolism thus affecting its efficacy (Ma 
et al., 2018); on the other, three replicates per group may lack statistical 
significance when the effect size is not large enough. Among the top 20 
results, mainly inflammation and immune-related pathways including 
NOD-like receptor signaling pathway, NF-kappa B signaling pathway 
were involved. In addition, the JAK-STAT and AGE-RAGE involved in 
the HT treatment group VS AGEs model group, and the MAPK pathway 
involved in inflammation research were also significantly enriched in 
AGEs model group compared with BSA control group (not fully listed in 
Fig. 4a). 

Western blot and immunofluorescence were further performed to 
validate these signaling pathways. NOD-like receptor belongs to the 
category of innate immunity, mainly including NOD1/2 and NLRP3, and 
the activation of the latter plays an important role in the pathogenesis of 
many diseases. It was found that treatment of test cells with AGEs for 24 
h could significantly increase the expression of NLRP3 protein, yet co- 
treatment with HT did not reduce its expression (data not shown). NF- 
κB is a very critical downstream “regulatory factor” related to inflam-
mation and proliferation/apoptosis (Golan-Goldhirsh & Gopas, 2014), 
which not only can induce the expression of IL-1β and other cytokines, 
but also can be further activated by them to trigger an amplified in-
flammatory response. In the cytoplasm, it is usually connected to IκB. 
After being stimulated, it separates into the nucleus to regulate the 
expression of a series of genes (Liang, Wang, Peng, Li, & Sun, 2016; Yu, 
Tao, Zhao, Hu, & Wang, 2018). The results in Fig. 5 showed that AGEs 
can stimulate the activation of p-NF-κB to migrate into the nucleus, 

Fig. 2. The inhibitory effect of typical flavonoids on ROS production in RAW264.7 macrophages induced by AGEs via DCFH-DA assay. (a) RAW 264.7 cells were 
treated with 240 μg/mL BSA or AGEs (with or without the co-treatment of 25 μM Hesperetin) for 24 h. (b) Effects of different concentrations of AGEs (80 or 240 μg/ 
mL) on ROS production in RAW264.7 cells. (c) Comparison of the inhibitory effect of Naringenin (NN), Naringin(NG), Hesperetin(HT) and Dihydromyricetin(DT) on 
ROS production induced by AGEs (240 μg/mL) in macrophages.*,*** P < 0.05, 0.001, AGEs group compared with control group; ##,### P < 0.01,P < 0.001 
flavonoids protection group compared with AGEs group. 
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while HT decreased the phosphorylation and migration, so HT might 
attenuate AGEs-induced inflammation partly achieved by inhibiting the 
activation of NF-κB. The JAK-STAT pathway can be activated by a va-
riety of substances and regulating immune responses (Ott et al., 2014). 

Results showed that HT can attenuate AGEs-stimulated phosphorylation 
of JAK1/2 (Fig. 5). However, for JAK’s downstream molecule STAT, 
although AGEs can significantly stimulate the phosphorylation of 
PYSTAT1 and PYSTAT3, no significant inhibition effect was observed in 

Fig. 3. Comparison of Naringenin (NN), Naringin(NG), Hesperetin(HT) and Dihydromyricetin(DT) on mRNA expression of 6 typical inflammatory mediators listed as 
IL-1β, TNF-α, IL-6, MCP-1, COX2 & iNOS induced by AGEs in RAW264.7 cells. mRNA levels were determined by qPCR. In figure (a) to (f), cells were treated with 80 
μg/mL AGEs with or without 25 μM flavonoids for 24 h while in (g) to (l), cells were treated with 80 μg/mL AGEs with or without 40 μM flavonoids for 24 h. 
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HT co-treatment (1 h/24 h HT + AGEs) or pretreatment (2 h HT + 4 h 
AGEs) (results not listed), which might be attributed to the time point 
selected, or to the fact that HT exerted its effects through other family 
members of STAT or by other ways. Besides, the formation of AGEs leads 
to the activation of a series of different signaling pathways mediated by 
cell surface receptors, including the most studied multi-ligand receptor 

“Receptor for AGEs” (RAGE), the AGE-receptor complex and scavenger 
receptor family (Ott et al., 2014). The mRNA expression of RAGE was 
tested by qPCR and result showed that it was significantly increased by 
42% in AGEs treatment and was inhibited by about 46% to 48% when 25 
or 40 μM of HT was used. However, compared with the control group, 
the change of RAGE protein levels in AGEs group was minimal and not 

Fig. 4. Top 20 items of KEGG enrichment results among different groups. In the figure, the abscissa is the ratio of the number of differential genes annotated to the 
KEGG pathway to the total number of them, and the ordinate is the KEGG pathway. The size of the dots represents the number of genes annotated to the KEGG 
pathway, and the color represents the significant degree of the enrichment. The enrichment threshold for pathway enrichment was padj < 0.05. a/b: AGEs VS BSA, 
up/down. c/d: HT40 VS AGEs, down/up.(BSA: RAW 264.7 cells were treated with 80 μg/mL BSA;AGEs: treated with 80 μg/mL AGEs;HT25: treated with 80 μg/mL 
AGEs + 25 μM Hesperetin;HT40:treated with 80 μg/mL AGEs + 40 μM Hesperetin). 
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specific. Whether or not the above signal transduction is triggered by 
other receptors needs further study. In addition, the regulatory signifi-
cance of MAPKs in the pathogenesis of inflammation is also very 
important. The stimulation of RAW264.7 cells with 80 μg/mL AGEs 
significantly increased the expression of p-ERK1/2, p-JNK and p-P38 
proteins, while the co-treatment of HT (25 μM or 40 μM) can lead to the 
downregulation of p-P38 MAPK and p-JNK protein levels induced by 
AGEs (Fig. 5). 

3.5. GSEA enrichment analysis and key gene screening 

Gene set enrichment analysis (GSEA) is an algorithm for enrichment 
analysis of all expression profile data. Interestingly, we found that gene 
sets related to interferon appear very frequently. For A-B (ES + group), 
“interferon” appeared in four of the most significant top five items in the 
GSEA results, and also appeared in six of the top ten most enriched items 
(“A, B, C, D” refers to “BSA, AGEs, HT25 co-treatment, HT40 co-treat-
ment” in turn, the same below). For B-D (ES-group), two of the top five 
and four of the top ten most enriched items were related to interferon. 
The gene sets that appeared repeatedly in the AGEs stimulation group 
and the hesperetin protection group were further screened out. Among 
the 14 significantly enriched gene sets screened, the statistical analysis 
for the changes of all genes in each gene set was done separately based 
on logFoldchange and adjpvalue, and the occurrence frequency of in-
dividual gene in each screened geneset was counted. The genes with the 
same trend as the gene set in A-B, B-C, and B-D as well as statistical 

significance were screened (frequency not less than three times), and a 
total of 23 key genes were selected and listed as ZBP1, ISG20, ISG15, 
USP18, DDX60, SAMHD1, SP100, XAF1, MYD88, SAMD9L, IF135, 
IF144, IRF7, DHX58, SP110, EPST11, WARS, STAT1, GBP4, CXCL10, 
PARP12, TAP1, OAS2 (Fig. 6). IRF7 (interferon regulatory factor 7) is 
the main regulator of type 1 interferon-dependent immune response 
(Honda et al., 2005), which is essential for viral immunity. In addition, 
genes such as ISG15, USP18, XAF1, SAMD9L, IF135, IF144, SP110, 
EPST11, WARS, PARP12, TAP1, OAS2 were also significantly up- 
regulated after AGEs treatment, and significantly down-regulated after 
HT 25 μM and 40 μM co-treatment. Miao et al. reported a network 
(HGIN) of high glucose-induced interferon regulatory factors (IRFs), 
which is highly enriched with typical antiviral response interferon- 
stimulated genes driven by interferon regulatory factors (Miao et al., 
2013). It is worth noting that the 13 key genes jointly affected by AGEs 
and HT are all consistent with the genes present in 81 potential IRF 
target genes that are highly upregulated in HGIN. It is generally believed 
that IRFs are activated through the JAK-STAT1/2 pathway. The acti-
vation of JAK kinase by AGEs and inhibition by HT co-treatment were 
verified by Western blot as shown in Section 3.4. Furthermore, ISG15, 
XAF1, IF135, IRF7, SP110, EPST11, WARS, and OAS2 are not only 
related to the HGIN network, but also exist in the IRF7-driven inflam-
mation network (IDIN) (Heinig et al., 2010). 

Besides, since the understanding of the impact of AGEs on genome- 
wide of target cells is not yet perfect, and there was no related report 
on RNA-seq analysis of mouse macrophages stimulated by AGEs before 

Fig. 5. Results of western blot and immunofluorescence. BSA: RAW 264.7 cells treated with 80 μg/mL BSA; AGEs: treated with 80 μg/mL AGEs; HT25: treated with 
80 μg/mL AGEs + 25 μM Hesperetin; HT40: treated with 80 μg/mL AGEs + 40 μM Hesperetin. (Detailed information refer to Section 2.6). 
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this work, finally, screening was further conducted at the gene level and 
97 of genes that occurred not less than three times and significantly up- 
regulated by AGEs were summarized to provide theoretical information 
on the key genes induced by AGEs. It was found that there was a strong 
overlap of type 1 diabetes related IRFs-driven networks, and 30 genes 
were covered, among which frequency larger than 8 times accounted for 
75% (Table 1). Further research on these 30 genes shows that this cor-
relation is mainly present in the type 1 interferon response because it 
includes characteristic ISGs such as ISG15, IFITM3, OASL, EIF2AK2, 
IFI44L, and MOV10 (Miao et al., 2013; Schoggins et al., 2011). The link 
between type I interferon and type I diabetes has been confirmed in 
human and rodent models. For example, IFN-α can cause type I diabetes 
during the treatment of patients with chronic hepatitis C. Previous 
studies have shown that high glucose-stimulated monocytes may trigger 
the ISG network through IFN-β to participate in the initiation of human 

type I diabetes; the IRF7-driven inflammation network (IDIN) is also 
associated with type I diabetes risk (Heinig et al., 2010; Miao et al., 
2013). In short, through GSEA analysis and further statistical research, it 
was found that there was a close relationship between the role of AGEs 
and related pathways of type I interferon. AGEs showed a similar effect 
as INF-α/β in macrophages to up-regulate a series of ISGs, while hes-
peretin showed a positive effect to suppress this upward trend. 

4. Conclusions 

This work studied the effects of some typical dietary flavonoids 
(including dihydromyricetin, hesperetin, naringin and postive control 
naringenin) on AGEs-induced oxidative stress and inflammation. The 
tested flavonoids all had a significant inhibitory effect on ROS produc-
tion induced by AGEs at a concentration of 25 μM. As for AGEs induced 
inflammation, dihydromyricetin and naringin did not show inhibitory 
effect, while hesperetin had a certain inhibitory effect on the gene 
expression of multiple groups of inflammatory mediators including TNF- 
α, IL-1β, IL-6, MCP-1, COX–2 and iNOS. Further high-throughput tran-
scriptomics analysis showed that AGEs can affect a variety of basic 
biological processes, cell composition and molecular function, and 
protective role of hesperetin (representative flavonoid selected in this 
study) may be related to the inhibition of MAPK, JAK and NF-κB-related 
pathway activation. AGEs may play a similar effect to IFN-α/β in mac-
rophages, up-regulating a series of ISGs. In summary, hesperetin is 
promising to attenuate AGEs induced oxidative stress and inflammation. 
The results of RNA-seq analysis further provides new insights into the 
role of AGEs in the pathology of inflammation and related chronic dis-
eases, and laid a theoretical foundation of typical flavonoids protecting 
against AGEs damage. Dietary intake with hesperetin-rich citrus foods 
might be a promising way to prevent AGEs-associated chronic diseases. 

Funding statement 

This work was partially supported by National Natural Science 
Foundation of China (31671821). 

Ethics statement 

Our research did not include any human subjects and animal 
experiments. 

CRediT authorship contribution statement 

Jing Teng: Conceptualization, Methodology, Validation, Writing - 
original draft, Writing - review & editing. Jun Li: Software, Data cura-
tion. Yueliang Zhao: Validation, Project administration. Mingfu Wang: 

Fig. 6. Key genes existed in both AGEs model group and hesperetin protection group derived from Gene Set Enrichment Analysis.  

Table 1 
Frequencies of upregulation key genes in AGEs group.  

Gene frequency ID adj.P.Val_A-B logFC_A-B 

11 IFI35 6.465E− 04 5.435E− 01 
11 ISG15 1.465E− 04 2.144E + 00 
10 IFITM3 4.325E− 04 5.287E− 01 
10 OAS2 1.671E− 03 5.119E− 01 
10 OASL 1.193E− 04 1.186E + 00 
9 IFIT3 3.684E− 04 2.966E + 00 
9 IRF7 9.578E− 05 1.426E + 00 
8 EIF2AK2 7.364E− 04 5.820E− 01 
8 IFI44L 8.655E− 04 8.203E− 01 
8 IFIT2 1.077E− 04 2.038E + 00 
8 SP110 2.675E− 04 6.283E− 01 
8 XAF1 2.147E− 04 1.342E + 00 
7 ADAR 2.456E− 03 3.210E− 01 
7 IFI44 3.475E− 04 1.154E + 00 
7 OAS3 4.325E− 04 8.843E− 01 
7 PLSCR1 2.045E− 02 3.303E− 01 
7 STAT2 1.465E− 04 1.461E + 00 
5 IFIH1 1.644E− 04 1.548E + 00 
5 LGALS3BP 2.166E− 04 7.009E− 01 
5 PARP12 6.891E− 04 6.888E− 01 
5 PARP14 2.675E− 04 1.114E + 00 
5 PARP9 2.245E− 03 3.222E− 01 
5 SAMD9L 7.716E− 04 6.109E− 01 
5 TAP1 5.262E− 04 1.094E + 00 
5 USP18 1.644E− 04 1.341E + 00 
5 WARS 7.454E− 04 8.161E− 01 
4 DTX3L 2.192E− 03 5.479E− 01 
3 EPSTI1 2.279E− 04 8.521E− 01 
3 MOV10 5.943E− 04 6.804E− 01 
3 ZNFX1 1.805E− 03 5.815E− 01 

Note: A indicated that RAW 264.7 cells were treated with 80 μg/mL BSA for 24 h; 
B indicates samples treated with 80 μg/mL AGEs for 24 h. 
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