iririeldl applied
e sciences

Article

1-Deoxynojirimycin Attenuates High-Glucose-Induced Oxidative
DNA Damage via Activating NRF2/OGG1 Signaling

Yuwei Chen "2 and Jun Wang 1-3-*

check for
updates

Citation: Chen, Y.; Wang, J.
1-Deoxynojirimycin Attenuates
High-Glucose-Induced Oxidative
DNA Damage via Activating
NRF2/0GG1 Signaling. Appl. Sci.
2024, 14, 3186. https:/ /doi.org/
10.3390/app14083186

Academic Editors: Rabia Johnson,
Jyoti Sharma, Rajan Sharma and

Nicole Remaliah Samantha Sibuyi

Received: 22 February 2024
Revised: 2 April 2024
Accepted: 8 April 2024
Published: 10 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

The Center for Ion Beam Bioengineering & Green Agriculture, Hefei Institutes of Physical Science, Chinese
Academy of Sciences, Hefei 230031, China; chenyuweil221@163.com

Science Island Branch of the Graduate School, University of Science and Technology of China,

Hefei 230031, China

Zhongke Taihe Experimental Station, Fuyang 236626, China

*  Correspondence: wangjun0457@ipp.ac.cn

Abstract: 1-Deoxynojirimycin (DN]) is a type of alkaloid that mainly exists in mulberry fruit and
leaves. DNJ inhibits x-glucosidase, reduces the absorption of sugar, and suppresses after-meal
hyperglycemia. It was reported that DNJ functions in attenuating cellular oxidative stress. How-
ever, the mechanisms remain largely unknown. In this study, we firstly confirmed that 5 umol/L
DNJ] treatment mitigated the oxidative DNA damage and cell senescence in human umbilical vein
endothelial cells (HUVEC) cultured in medium containing 50 mmol/L glucose. Next, we found
that DNJ treatment stimulates the expression of anti-oxidative response regulator, Nuclear factor
(erythroid-derived 2)-like 2 (NRF2) by around 50% in cells cultured with high glucose. In addition,
8-oxoguanine DNA glycosylase (OGG1) was upregulated by over 15% after DNJ treatment to mitigate
high-glucose-induced oxidative DNA damage, and it was identified as a downstream target of NRF2.
Further, DNJ treatment promoted the phosphorylation and activation of AKT (ser473) by around 50%
in cells cultured with high glucose, and AKT inhibitor treatment abrogated DN]J-induced upregulation
of NRF2 and OGG1. Taken together, our results indicate that DNJ is an effective natural antioxidant
in mitigating high-glucose-induced oxidative stress in HUVEC via activating the AKT-NRF2-OGG1
anti-oxidative response.
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1. Introduction

Morus alba is a deciduous tree cultivated in various tropical, subtropical, and tem-
perate countries, including China, Japan, Korea, Thailand, and others. M. alba contains
abundant bioactive compounds; for example, mulberry fruit and leaves contain alkaloids,
flavones, sterols, volatile oils, and polysaccharides [1]. These natural bioactive compounds
exhibit potent physiological functions such as anti-diabetic, anti-oxidative, anti-obesity,
and anti-microbial activities [2]. Mulberry is considered as a suitable ingredient of func-
tional foods for its nutrition and health benefits, and mulberry products can widely be
found in the market, including mulberry powder, dried fruit, juices, jams, desserts, and
candies. In addition, mulberry fruit and leaves are incorporated into a variety of traditional
medicines due to their potential of improving diseases [3]. In ancient China, diabetes was
called XiaoKe syndrome, with comprehensive symptoms such as polyuria, polydipsia,
overeating, weight loss, and fatigue. According to the Compendium of Materia Medica,
drinking decocted mulberry leaves to treat diabetes had a long history in ancient China.
Recent research also indicates that mulberry fruit and leaves are beneficial for blood sugar
levels [4,5]. Among the bioactive compounds synthesized in mulberry, 1-Deoxynojirimycin
(DNJ), a natural alkaloid azasugar and iminopyranose, has been reported as an antihy-
perglycemic agent [6-8]. Compared to oligosaccharides, DNJ has a higher affinity for
glycosidase so it can inhibit glycosidase from combining with oligosaccharides to produce
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glucose, thereby achieving blood sugar lowering [9]. In addition, DNJ was reported to
be an effective antioxidant. Ma et al. found that in patients with stable angina pectoris,
4-week treatment with DNJ significantly increased the serum superoxide dismutase (SOD)
level, which the authors thought was associated with the improvement of stable angina
pectoris symptoms [10]. Wang et al. reported that mulberry leaf DNJ treatment improved
the antioxidant and anti-inflammatory properties and serum lipid profile in heart disease
patients. DNJ reduces carotid intima-media thickness, and the serum levels of DNJ showed
a strong relationship with intima-media thickness values [11]. Gao et al. found in their
mulberry juice fermentation study that with the increase in DNJ and quercetin contents, the
ABTS" free-radical-scavenging activity of mulberry beverages was notably enhanced [12].
These previous studies indicated the antioxidant potential of DN].

In addition to being a cause of diabetes, high blood glucose also can lead to other
health problems, such as cell aging and oxidative injuries [13-15]. Zhang et al. reported
that mulberry leaf extract, which contains DNJ], flavonoid, and polysaccharide, enhanced
insulin sensitivity and alleviated the oxidative damage in a type 2 diabetes rat model by
increasing the activities of anti-oxidative enzymes such as SOD, catalase, and glutathione
peroxidase [16]. He et al. found that in a type 2 diabetes mouse model, DNJ treatment
significantly lowered the serum level of glucose and increased the serum SOD activity [17].
These studies proposed the multi-faceted roles of DNJ in its improvement of diabetes.
In response to oxidative stress, anti-oxidative signaling pathways will be stimulated to
protect cells. Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a master regulator of anti-
oxidative responses in mammalian cells and regulates the expression of series of proteins
which function to maintain cellular oxidative status equilibrium. Under normal conditions,
NRF2 is sequestered in the cytoplasm and degraded via the ubiquitin-mediated pathway.
When cellular oxidative stress increases, NRF2 translocates from the cytoplasm into the
nucleus where it transcriptionally activates its target genes. Most NRF2 targets reported to
date are proteins involved in decreasing the cellular oxidative level or anti-inflammation,
such as NAD(P)H quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1) [18-22].
Proteins involved in other physiological processes such as DNA damage repair are also
targets of NRF2, for example, 53BP1 and 8-oxoguanine DNA glycosylase (OGG1) [23,24]. In
a recently published animal study, Wang et al. reported that a diet supplemented with DN]J
extract from mulberry leaves increased the anti-oxidative index in the plasma and intestinal
tissues of hens. Their cell studies, using hen intestine epithelial cells, indicated that DN]J
increased the level of NRF2 mRNA, and enhanced the expression of reactive species
scavenging enzymes including SOD and catalase [25]. Yu et al. observed that mulberry
extract as a food supplement upregulated NRF2 protein in the liver tissue of inflammation
model rats challenged with lipopolysaccharide [26]. These studies indicated that in addition
to inhibiting glycosidase, DNJ can activate NRF2-mediated anti-oxidative responses.

It is well-known that high concentrations of glucose induce the production of reactive
oxygen species (ROS), which further lead to cellular disorders and cell death. Given the
facts that DNJ treatment potentiates NRF2 anti-oxidative signaling [25,26], in this study, we
investigated whether the NRF2 antioxidative response was stimulated by DN]J treatment
in high-glucose-challenged cells. Our results showed that DN]J could ameliorate high-
glucose-induced oxidative DNA damage and senescence through activating NRF2. We
further identified that DNJ activated AKT to stimulate NRF2 anti-oxidative signaling and
led to the upregulation of OGG1, which facilitated the repair of oxidative DNA damage
in high-glucose-challenged cells. This study provided new insight into the mechanism of
DNJ in mitigating cellular damage caused by a high concentration of glucose.

2. Materials and Methods
2.1. Chemicals and Materials

DNJ was purchased from Shanghai Acmec Biochemical Technology Co., Ltd. (Shang-
hai, China). The purity of DNJ was shown to be 98%. A CCK-8 cell viability kit was
purchased from GlpBio (Montclair, CA, USA). 9-Fluorenylmethyl chloroformate (FMOC-CI)
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was purchased from Merck (Darmstadt, Germany). NRF2 inhibitor ML385 was purchased
from MedChemExpress (Shanghai, China)

2.2. Cell Line and Culture Condition

Human Umbilical Vein Endothelial Cells (HUVEC) were purchased from MBC (Shang-
hai, China) and cultured in RPMI-1640 medium (Solarbio, Beijing, China) supplemented
with endothelial cell growth supplement with heparin, and 10% FBS at 37 °C and 5% CO,
in a humidified incubator. In this study, HUVEC were seeded as the following four groups:
11 mmol/L glucose, 11 mmol/L glucose + 5 umol/L DNJ, 50 mmol/L glucose, 50 mmol/L
glucose + 5 pmol /L DNJ.

2.3. High-Performance Liquid Chromatography (HPLC) Analysis of DNJ

Mulberry extract was purchased from Anhui Xiantian Biological Science and Technol-
ogy Co., Ltd. (Fuyang, China) and stored at —20 °C. Mulberry extract was frozen overnight
at —80 °C and dried using a freeze-drying machine. Then, DNJ (for preparing the standard
curve) and the dried mulberry extract were dissolved in distilled water. The volume of
140 pL of sample solution was mixed with 169 uL of borate buffer (pHS8.5) and 250 uL of
5 mmol/L FMOC-CI (dissolved in 50% acetonitrile). This mixture was incubated at 25 °C
for 20 min. Subsequently, 25 uL of 0.1 mmol/L glycine solution was added to stop the
reaction, and then 66 pL of 1% acetic acid solution was added. Finally, 57 pL of distilled
water was added. After thorough mixing, the solution was centrifuged at 10,000 x g for
3minat 10 °C.

The FMOC-Cl-derived DNJ or DNJ in mulberry extract were detected using HPLC
equipped with a reversed-phase Waters Acquity C18 column (Shanghai, China). The mobile
phases used were as follows: acetonitrile (A) and 0.1% acetic acid (B). The C18 column
was pre-equilibrated with A:B = 1:9. After sample injection, the following chromatography
steps were used: Step 1, A:B = 1.9 for the first 10 min, Step 2, linear change of A:B = 1:9 to
6:4 in the next 5 min, and Step 3, A:B = 6:4 for 5 min. The chromatography was performed
at 30 °C and the optical absorbance at 254 nm was recorded for quantitative analysis. Each
sample was analyzed 3 times.

2.4. Cytoxicity of DNJ

The cytoxicity of DNJ was tested using the CCK-8 cell viability kit according to the
manual provided by the manufacturer. HUVEC were trypsinized, counted, and seeded into
a 96-well cell culture plate at the concentration of 4000 cells per well. After incubation for
24 h at 37 °C, the cell culture medium was replaced with 100 uL of fresh medium containing
DNJ with a final concentration from 0 to 300 umol /L. The cells were incubated for 48 h, and
then 10 pL of CCK-8 reagent was added into each well. Four hours later, optical absorbance
values at 450 nm were recorded using a microplate reader (PERLONG 9602, Beijing, China).
Three replicates were set for each concentration of DNJ, and the experiment was performed
4 times.

2.5. Immunofluorescence Staining

To assess the level of cellular DNA oxidant damage, the levels of 8-OH-dG in cells were
detected via immunofluorescence staining. HUVEC were grown on the round coverslips.
After washing with PBS two times, cells were fixed by 4% paraformaldehyde for 30 min.
After washing with PBS two times again, 0.3% Triton-X100 was used to treat the fixed cells
for 20 min. Subsequently, cells were blocked by using PBST (PBS with 0.1% Triton-X100)
containing 1% BSA at room temperature for 1.5 h. Then, the cells were incubated with anti-
8-OH-dG antibody (1:100; sc-66036; Santa Cruz, Shanghai, China) diluted in blocking buffer
at 4 °C overnight. After washing with PBST three times, Alexa-Fluor conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) diluted in
blocking buffer was added, and the samples were incubated for 2 h at room temperature
in a dark box. After washing with PBST three times, DAPI was added to counterstain
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the cell nuclei for 10 min. Then, the samples were washed with PBS. Fluorescent images
were captured under an Olympus fluorescence microscope (Tokyo, Japan). The analysis of
fluorescence intensity was conducted by the use of Image]J (version 1.43) software National
Institute of Health, Bethesda, MD, USA). Three replicates were set for each sample, and the
experiment was performed 3 times.

2.6. Senescence-Associated B-Galactosidase (SA-B-gal) Staining

A SA-f3-gal staining kit purchased from Beyotime Biotechnology (Shanghai, China)
was used to evaluate cell senescence, according to the user manual. Briefly, HUVEC
were seeded on polypropylene membrane and cultured. After treatment, the cells were
washed with PBS and fixed with the fixation solution provided in the kit for 15 min at
room temperature. Then, the cells were washed with PBS three times, and freshly mixed
working solution was added. The samples were stored at 37 °C overnight. The working
solution was replaced with PBS, and the stained cells were counted under an Olympus
microscope (Tokyo, Japan). Three replicates were set for each sample, and the experiment
was performed 3 times.

2.7. Western Blot Assay

After culturing, HUVEC were washed with cold PBS. Then, RIPA buffer containing
a protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany) was used
to lyse the cells, and the whole cell lysate was harvested. Protein concentrations were
quantified using the BCA kit (Sangon Biotech, Shanghai, China). After boiling denaturation,
protein samples supplemented with loading buffer were separated using 10-12% SDS-
PAGE and subsequently transferred to the polyvinylidene fluoride (PVDF) membrane
(Roche Diagnostics GmbH, Mannheim, Germany). The PVDF membrane was blocked
with TBST (Tris buffered saline with 0.05% Tween-20) containing 5% non-fat milk for 1.5 h
at room temperature and then incubated with primary antibody on a 4 °C shaking table
overnight. The membrane was washed with TBST three times to remove excess nonspecific
binding. And then, secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA, USA) was incubated with the PVDF membrane for 1 h at room temperature
on a shaking table. After being washed with TBST three times, the PVDF membrane was
reacted with ECL (Boster Biological Technology, Ltd., Wuhan, China) in a dark environment.
Protein bands were detected using a chemiluminescence image analyzer (Protein Simple,
Inc., Shanghai, China). NIH Image]J software (National Institute of Health, Bethesda, MD,
USA) was used for the quantitative analysis of protein bands. The antibodies used in
this study were the following: NRF2 (1:1000; R1312-8; Huabio, Hangzhou, China), 3-
actin (1:1000; AB0033; Abways, Shanghai, China), Heme Oxygenase-1 (1:1000; 10701-1-AP;
ProteinTech, Wuhan, China), OGGI1 (1:1000; 15125-1-AP; ProteinTech, Wuhan, China),
p-AKT (1:1000; 4060S; Cell Signal Technology, Danvers, MA, USA). The ratio of target
protein to its corresponding endogenous control 3-actin was used to analyze the relative
expression level. Three replicates were set for each sample, and each Western blot analysis
was performed 3 times.

2.8. Statistical Analysis

All experiments were independently repeated at least 3 times and all statistical data
are presented as means & standard error. The statistical significance of differences was
determined by using the one-way ANOVA with Tukey test with GraphPad Prism version
8.0 (Graphpad Software, Inc., San Diego, CA, USA).

3. Results
3.1. Cytoxicity of DN]

To assess the cytotoxicity of DNJ, a CCK-8 cell viability assay was performed and the
tested final concentrations of DNJ were 0, 5, 10, 25, 50, 100, 200, and 300 umol/L. As shown
in Figure 1A, the addition of DNJ slightly enhanced the viabilities of HUVEC. To determine
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the appropriate DNJ concentration to be used in our subsequent studies, we further detected
the content of DNJ in mulberry fruit. Following extraction and derivatization using FMOC-
Cl, the content of DNJ was measured using the HPLC method. According to the standard
curve (Figure 1B), the concentration of DN]J in mulberry fruit was around 1.57 ug/mL,
which is equal to 9.6 pmol/L. We therefore used a final concentration of 5 pmol/L DNJ in
the following experiments.

1.2+

—~ 184
I # 1] R?=0.996
€14 . [y=1.37721x-0.16126
o
5 ]
. 2 ~FMOG-DNJ
= [ 100-
= 2 8
| —3 <
g 6 0. iz 3027
S o34 o R I
= |
8 2]
0.8 0

o

0 5 10 25 50 100 200 300 2 4 6 8 10 12 14
Concentrations of DNJ (umol/L) Concentration of DNJ (ug/mL)

A B

Figure 1. (A) Cytotoxicity test of DNJ at different concentrations using a CCK—8 assay. Three
replicates were set for each concentration of DNJ, and the experiment was performed four times.
(B) Measurement of FMOC-derived DNJ via high-performance liquid chromatography, representative
picture, and the standard curve. Each sample was analyzed three times. # means the p value < 0.05.
One-way ANOVA with Tukey test was used to analyze the significance.

3.2. DNJ Alleviates High-Glucose-Induced Oxidative DNA Damage

High glucose leads to increased cellular oxidative stress. To investigate this, we
examined whether DNJ treatment protected cells against oxidative DNA damage. The
levels of 8-OHdG were used to assess DNA oxidative damage levels. HUVEC were cultured
in medium containing 11 mmol/L glucose for 24 h. Then, the cells were further cultured in
medium containing 11 mmol/L or 50 mmol/L glucose for 48 h. The levels of 8-OHdG were
detected via immunofluorescence staining. As shown in Figure 2A, the level of 8-OHdG
in the cells cultured in medium containing 50 mmol/L glucose showed an elevation of
48% as compared to that in the cells cultured in medium containing 11 mmol/L glucose,
showing that high glucose resulted in exacerbated oxidative DNA damage. The addition
of 5 pmol/L DNJ diminished the elevation of 8-OHdG caused by 50 mmol/L glucose,
indicating that DNJ plays a role in mitigating oxidative DNA damage. OGG1 is an enzyme
responsible for the repair of oxidative DNA damage. As shown in Figure 2B, its expression
levels were enhanced by the addition of DNJ. In the 50 mmol/L glucose treatment group,
a 30% increase in OGG1 expression was observed with the addition of DN]J. This result
indicated that DNJ relieved oxidative DNA damage via enhancing the repair thereof.

Cell senescence is closely associated with both elevated DNA damage and high glucose
exposure. Since DNJ treatment mitigated high-glucose-induced oxidative DNA damage,
we next detected whether DN]J prevents high-glucose-induced senescence using a SA-(3-gal
assay. As shown in Figure 2C, the ratio of senescent HUVEC increased from around 10% in
the 11 mmol/L glucose exposure group to around 25% in the 50 mmol/L glucose exposure
group. Treatment with DNJ decreased 50 mmol/L glucose-induced senescence to a ratio of
12%. In addition, cell senescence marker p21 was detected via Western blotting. As shown
in Figure 2D, compared with 11 mmol/L glucose-treated cells, the expression of p21 in
50 mmol/L glucose-treated cells increased by 33%, while the addition of DNJ restored the
expression of p21. These results indicate that DNJ treatment mitigates high-glucose-induced
oxidative DNA damage and senescence.
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Figure 2. (A) Immuno-staining of 8-OHdG. HUVEC were cultured in 11 mmol/L glucose (1),
11 mmol/L glucose and DNJ (2), 50 mmol/L glucose (3), and 50 mmol/L glucose and DNJ. Scale
bar is 50 um. (B) Western blotting detection of the expression levels of OGGI in cells cultured
in 11 mmol/L and 50 mmol/L glucose with or without DNJ treatment. (C) SA-p-gal staining of
senescent cells. HUVEC were cultured in 11 mmol/L glucose (1), 11 mmol/L glucose and DNJ (2),
50 mmol /L glucose (3), and 50 mmol/L glucose and DNJ. Scale bar is 50 um. (D) Western blotting
detection of the expression levels of p21 in cells cultured in 11 mmol/L and 50 mmol/L glucose
with or without DNJ treatment. Three replicates were set for each sample, and each experiment was
performed three times. # means the p value < 0.05, ## means the p value < 0.01. One-way ANOVA
with Tukey test was used to analyze the significance.

3.3. DNJ Promotes Oxidative DNA Damage Repair via Stimulating NRF2/OGG1

NRF2 is a master regulator of cellular oxidative equilibrium. As mentioned above,
DNJ ameliorates high-glucose-induced oxidative damage. We therefore examined whether
DNJ stimulated the NRF2 anti-oxidative response in HUVEC cultured in the medium
containing 11 mmol/L glucose. As shown in Figure 3A, the induction of NRF2 expression
in HUVEC was observed at different time intervals post the 5 umol/L DNJ treatment. At
24 h post DNJ treatment, the NRF2 expression increased by around 26%. We next detected
the expression of NRF2 in cells cultured in the medium containing 11 mmol/L glucose and
50 mmol/L glucose after DN]J treatment, respectively. As shown in Figure 3B, the addition
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of DNJ increased the expression of NRF2 by around 23% in cells cultured in the medium
containing 11 mmol/L, and by around 50% in cells cultured in the medium containing
50 mmol/L glucose. Heme oxygenase 1 (HO-1) is a downstream target of NRF2 [18]. To
confirm the activation of NRF2 by DNJ, the expression of HO-1 was detected. As shown in
Figure 3B, the addition of DNJ enhanced the expression of HO-1 in cells cultured in media
containing 11 mmol/L and 50 mmol/L glucose. These results indicate that DNJ stimulates
the NRF2 anti-oxidative response.
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Figure 3. (A) Western blotting detection of NRF2 expression levels in HUVEC 0, 6, 12, 24 h post the
treatment using DNJ. (B) Western blotting detection of the expression levels of NRF2 and HO-1 in
HUVEC cultured in media containing 11 mmol/L and 50 mmol/L glucose, with or without DNJ
treatment. (C) Western blotting detection of the expression levels of HO-1 and OGG1 in HUVEC.
The cells were cultured in media containing 11 mmol/L and 50 mmol/L glucose. DNJ and ML385
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treatments are shown in the figure. (D) Immuno-fluorescence staining of 8-OHdG in HUVEC. The
cells were cultured in media containing 11 mmol/L and 50 mmol/L glucose. DNJ and ML385
treatments are indicated in the figure. Three replicates were set for each sample, and each experiment
was performed three times. # means the p value < 0.05, ## means the p value < 0.01. One-way ANOVA
with Tukey test was used to analyze the significance.

OGG1 was reported as another downstream target of NRF2 [24]. Since we have shown
that DN]J increases the expression of OGG1, we next used ML385, a specific chemical inhibitor
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of NRF2, to study whether DNJ treatment enhances OGG1 expression via NRF2. As shown
in Figure 3C, 10 umol/L ML385 inhibited the induced expression of HO-1 and OGGI1 by
DNJ. In addition, oxidative DNA damage levels under the application of 10 pmol/L ML385
were detected via immuno-staining of 8-OHdG. As shown in Figure 3D, the effect of DNJ
in ameliorating 50 mmol/L glucose-induced 8-OHdG formation was blocked by the use of
ML385 treatment. These results indicate that DNJ treatment decreases high-glucose-induced
oxidative DNA damage through activating NRF2 and its downstream target, OGGI.

3.4. DN] Enhances AKT Activation to Stimulate NRF2

Protein kinase AKT was reported to be activated by various natural products to
protect cells against exterior insults [27]. Herein, we examined whether DNJ treatment
enhances AKT activation. As shown in Figure 4A, 50 mmol/L glucose decreased the level
of phosphorylated AKT (Ser 473) compared to 11 mmol/L glucose. And DN]J treatment
increased the phosphorylation of AKT at Ser473 in cells cultured in media containing
11 mmol/L and 50 mmol/L glucose. These results showed that high glucose inhibited
AKT activation. However, DN]J stimulated AKT activation, especially in cells cultured
in 50 mmol/L glucose. Next, we checked whether AKT activation contributes to the
enhancement of the NRF2 anti-oxidative response due to DNJ treatment. AKT inhibitor
MK?2206 (final concentration 10 umol/L) treatment suppressed AKT phosphorylation
(Figure 4B). In addition, the induced expression of NRF2 and HO-1 by DN]J was significantly
inhibited by MK2206, indicating that DNJ stimulates NRF2 signaling through enhancing
the activation of AKT. Furthermore, the application of MK2206 inhibited the expression of
OGG1 in cells treated with DNJ. Altogether, these results show that DNJ treatment promotes
the activation of AKT, and leads to the stimulation of NRF2 signaling, which upregulates
the expression of OGGI to mitigate oxidative DNA damage caused by high glucose.
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Figure 4. (A) Western blotting detection of the expression levels of phosphorylated AKT (ser473)
in cells cultured in media containing 11 mmol/L and 50 mmol/L glucose, with or without DNJ
treatment. (B) Western blotting detection of the expression levels of phosphorylated AKT (ser473),
NRF2, HO-1, and OGG1 in HUVEC. The cells were cultured in media containing 11 mmol/L and
50 mmol/L glucose. DNJ and MK2206 treatments are indicated in the figure. Three replicates were
set for each sample, and each experiment was performed three times. # means the p value < 0.05,
## means the p value < 0.01. One-way ANOVA with Tukey test was used to analyze the significance.



Appl. Sci. 2024, 14, 3186

9 of 14

4. Discussion

Hyperglycemia, which occurs during diabetes (both type 1 and type 2) and, to a lesser
extent, during insulin resistance, causes oxidative stress [28]. Traditional Chinese medicine
is highly favored for its natural, healthy, and environmentally friendly characteristics and
has always been an important research object in antioxidant research [29]. The herbal
compound, DNJ, is a representative iminopyranose produced by the mulberry tree [6-8].
The content of DN]J from different parts of the mulberry tree varies a lot. Rodriguez-Sanchez
et al. reported that DNJ levels of the mulberry tree were 4-268 mg/100 g dried weight
for leaves, 27-475 mg/100 g for branches, and 11-27 mg/100 g for its fruit [30]. And for
mulberry fruit, the content of DNJ differs. Shreelakshmi et al. detected DNJ levels in
mulberry fruit at different ripening stages, and found that fruit collected at the mid-ripe
stage contained the highest level of DNJ, of around 2.91 mg/100 g of fruit weight [31].
Previous reports showed that DNJ also can be synthesized by microorganisms including
Streptomyces sp. and Bacillus sp. Wu et al. reported the production of 296.56 mg/L DNJ
in Streptomyces lavendulae [32]. Li et al. achieved a 1632.50 mg/L yield of DNJ in Bacillus
amyloliquefaciens via modifying its metabolic paths [33]. The x-glucosidase activity inhibitor
property makes DNJ a potential compound for the treatment of diabetes. In addition,
previous studies showed that DNJ is effective in anti-inflammatory, anti-obesity, and anti-
oxidative applications [2]. The results from E et al. showed that DNJ treatment slightly
stimulates the viability of HUVEC at concentrations of up to 200 umol/L. Our cell viability
test showed that in the concentration range from 5 pmol/L to 200 pmol/L, DNJ treatment
stimulated the viability of HUVEC, consistent with the results of Shuang et al. [15]. When
the DNJ concentration was increased to 300 umol/L, its cell viability stimulation effect
was weak compared to that observed at 200 pmol/L. Wang et al. observed that 50 ng/L
(306 umol/L) and 100 pg/L DN]J treatment slightly decreased the viability of B16F10 cells,
and the inhibition of matrix metalloproteinases (MMPs) by using a high concentration of
DNJ was one reason [34]. This indicated that DN]J affects different physiological processes,
and dose-response studies are essential for the development of DNJ in various applications.
It was reported that DNJ reduces high-glucose-induced ROS generation and senescence in
HUVEC [15]. Similar results were observed in our study. Treatment using 5 umol/L DN]J
effectively protected cells from excessive oxidative DNA damage and senescence in HU-
VEC cultured with high glucose, confirming the anti-oxidant role of DNJ. Previous animal
studies indicated that DN]J treatment attenuates cellular oxidative stress by upregulating
the expression of detoxification enzymes with the capability to scavenge ROS, for example,
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) [35].
Wang et al. found that DNJ treatment upregulated the mRNA levels of NRF2 in chicken
intestinal epithelial cells [25]. NRF2 is an important regulator of cellular oxidative status. As
well as DNJ, various natural products have been found to stimulate the NRF2 antioxidative
response, such as chlorogenic acid, geniposidic acid, and glucoraphanin [36-38], which
were thought to be of value to health. HO-1 is a well-known downstream target of NRF2.
It catalyzes the degradation of heme into carbon monoxide, ferrous iron, and biliverdin,
and is used as an indicator of the stimulation of NRF2 antioxidative signaling [18]. In addi-
tion to upregulating detoxification enzymes, NRF2 was found to have other physiological
functions. MDM?2 is an E3 ubiquitin-protein ligase that mediates the ubiquitination of
p53. NRF2 positively regulates the expression of MDM2 and influences checkpoints upon
extracellular stress conditions arising [39]. Yang et al. reported that NRF2 directly binds
the antioxidant response elements in the promoter of TIGAR (TP53-induced glycolysis and
apoptosis regulator) and upregulates its expression. The enhanced expression of TIGAR
accelerates glucose metabolism toward the pentose phosphate pathway [40]. Kim et al.
found that NRF2 transcriptionally regulates the expression of 53BP1, an important mediator
of DNA double-strand break repair, supporting the idea that NRF2 is a candidate for tumor
therapy [23]. In this study, given that DN]J treatment ameliorated high-glucose-induced
8-OHdG formation, and upregulated NRF2/HO-1 expression, we detected the connection
of NRF2 with OGG1, an DNA glycosylase involved in repairing 8-oxoguanine. Our results
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show that DNJ treatment increases the expression of OGG1. If the transcriptional activity
of NRF2 is abrogated by ML385, the enhancement of OGG1 expression is inhibited, and
8-OHdG formation is increased. This indicates that under high glucose, DNJ can protect
cells by accelerating the repair of oxidized DNA through activating the NRF2/OGGI signal.
Several other natural products, such as geniposidic acid, resveratrol, and triphlorethol-A
were reported to show cell protective roles by upregulating NRF2/OGGl1 to alleviate oxida-
tive stress [37,41,42]. Oxidative DNA damage leads to the accumulation of DNA mutations,
and is an important reason for aging. Our results show that DNJ treatment alleviates
cell senescence caused by high glucose, and supports the antioxidant function of DNJ.
Shang et al. reported in their recent study that NRF2 positively regulates OGG1 expression
in leukemia cells. A chromatin immunoprecipitation assay revealed NRF2 bound to the
promoter of OGG1, providing evidence to confirm that OGG1 is a transcriptional target of
NRE?2 [43].

The expression of NRF2 can be regulated by different protein kinases, such as PKC
(protein kinase C) and ERK 1/2 (extracellular signal regulated kinase 1/2) [19]. AKT is
another kinase that can regulate the activation of the NRF2 antioxidative response. Fu et al.
reported that rehmannioside A improved cognitive impairment after cerebral ischemia
by activating PI3K/AKT/NRF2 and inhibiting ferroptosis [44]. Hou et al. reported that
flavonoids from a deep-sea-derived Arthrinium sp. protected HUVEC against ox-LDL-
induced oxidative stress through activating the AKT/NRF2 pathway [45]. AKT is a master
regulator of multiple physiological processes, including glucose metabolism. In cells ex-
posed to DNJ, AKT activation was observed. Liu et al. found that in a mice hyperglycemia
model, the intravenous application of DNJ improved insulin sensitivity via activating
PI3K/AKT signaling [46]. A similar result was observed in the study conducted by Kang
et al. [47]. In the study of Chan et al., they investigated whether DNJ showed effects on the
development of atherosclerosis, and found that DNJ inhibited the migration of A7r5 vas-
cular smooth muscle cells (VSMCs) under hyperglycemic conditions, mimicking diabetes.
The antimigratory effects of DNJ on VSMC involved the decreased phosphorylation of
AKT [48]. Wang et al. reported that DNJ significantly inhibited the adipogenesis of porcine
intramuscular adipocytes. Interestingly, DNJ sharply inhibited the phosphorylation of
ERK1/2, but did not change the phosphorylation of AKT in intramuscular adipocytes [49].
These previous studies indicate that DNJ affects the activation of AKT in a manner which
is dependent on the origin of cells. Our study showed that DNJ stimulates the activation of
AKT in HUVEC challenged by high glucose, and leads to the upregulation of NRF2 and
OGG1 to protect cells, providing a mechanistic explanation for the antioxidant role of DNJ
(Figure 5).
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Figure 5. A graphical summary of main results of this study. ARE is the abbreviation for anti-oxidative
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Ren et al. performed a study to investigate the combined effects of DNJ with morin on
ameliorating insulin resistance and lipid accumulation in prediabetic mice. They found that
the combination of a 5 mg/kg dose of DNJ and 25 mg/kg dose of morin effectively hindered
the progression of diabetes mellitus type 2 (T2DM) by 87.56%, which was achieved via
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inhibition of suppressors of cytokine signaling 3 (SOCS3) and the promotion of PPARy
as well as SOCS2 expression. The combination with morin reduced the dose of DN]J
from 20 mg/kg to 5 mg/kg for the similar control level of T2DM, thereby eliminating the
potential adverse effect of high doses of DNJ [50]. He et al. reported that the feeding of
T2DM model mice with DN]J containing water (10% DN]J, 200 mg/kg-day) significantly
decreased the concentration of blood glucose and increased SOD activity which contributed
to the ameliorated hepatic fibrosis [17]. Kimura et al. reported that food-grade mulberry
powder enriched with DN]J suppressed the elevation of postprandial blood glucose in
humans. They showed that single oral administration of 0.8 and 1.2 g of DNJ-enriched
powder (corresponding to 12 mg and 18 mg of DNJ) significantly suppressed the elevation
of postprandial blood glucose, indicating that a dietary supplement of DN]J-rich powder
may be a potential way to prevent diabetes mellitus [51]. Aramwit et al. reported that
in mild dyslipidemia patients, daily uptake of three tablets of 280 mg of mulberry leaf
powder (DN] content was 0.367 mg/tablet) three times a day before meals for 12 weeks
slightly increased the average erythrocyte glutathione peroxidase activity and significantly
decreased the mean serum 8-isoprostane level of patients [52]. These previous clinical and
animal studies indicated that DNJ and DNJ-containing mulberry extracts are promising
in the treatment and prevention of diabetes or diabetes-associated diseases. Besides DNJ,
phenolics and flavonoids are rich in mulberry and show various pharmacological effects [1].
More and more studies have confirmed that mulberry extracts are effective in anti-cancer,
anti-inflammation, and the prevention of cardiometabolic risks [6,53,54]. The synergistic
effects of DN]J with other mulberry natural products, the underlying mechanisms, and the
optimal doses for specific medical aims need to be extensively studied.

5. Conclusions

Previous studies indicate that DNJ, which is known for its anti-hyperglycemia capa-
bility, have the function of mitigating cellular oxidative stress. However, the underlying
mechanisms remain to be elucidated. NRF2 is considered as the master regulator of cellular
oxidative equilibrium. In the current study, we investigated whether NRF2 is involved
in the anti-oxidant function of DNJ in high-glucose-challenged HUVEC. Our data show
that 5 pmol/L DNJ is effective in stimulating NRF2 signaling. Meanwhile, DNJ mitigates
high-glucose-induced oxidative DNA damage via enhancing the expression of the ox-
idative DNA damage repair protein, OGGI, under the regulation of NRF2. We further
demonstrated that DN]J activates AKT in high-glucose-challenged cells and results in the
stimulation of the NRF2/OGG1 pathway to attenuate oxidative DNA damage. Briefly
summarized, we identified that the activation of AKT/NRF2/0OGGI1 signaling way is one
of the mechanisms through which DNJ mitigates oxidative stress in high-glucose-treated
cells. Elevated oxidative stress is associated with certain types of health risks. Uncovering
the antioxidant mechanisms supports the development of DN]J for therapeutic use, and as
a dietary supplement. Besides being a regulator of cellular oxidative equilibrium, NRF2 is
involved in the regulation of inflammation and metabolism. Therefore, the exploration of
the related new functions and mechanisms of DNJ will be important research topics.
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