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ABSTRACT: Diabetic retinopathy is a prevalent and severe
microvascular complication of diabetes, often causing visual Symthesisof Aunps Charasarstes o the nanparices Animals ind sxpermerta rocedies
impairment and blindness in adults. This condition significantly

impacts the quality of life for many diabetes patients worldwide. & EEEEEE A
Berberine (BBR), a bioactive compound known for its effects on

blood glucose levels, has shown promise in managing diabetic l
complications. However, the exact mechanism of how BBR ﬂ T

) i . . N
influences the development of diabetic retinopathy remains @ @

unclear. In this study, we focused on synthesizing a formulation i~ == || l
derived from BBR and assessing its protective effects against 1 =

diabetic retinopathy. The formulation was created using a green (&) 4
synthesis method and thoroughly characterized. In vitro studies T -
demonstrated the antioxidant activity of the formulation against

2,2-diphenyl-1-picryl-hydrazyl-hydrate. We also examined the NF-xB signaling pathway at a molecular level using real-time
polymerase chain reaction. To mimic diabetic retinopathy in a controlled setting, a diabetic rat model was established through
streptozotocin injection. The rats were divided into normal, diabetic, and treatment groups. The treatment group received the
formulated treatment via intragastric administration for several weeks, while the other groups received normal saline. Evaluation of
histopathological characteristics and microstructural changes in the retina using hematoxylin and eosin staining revealed that the
bioactive compound-derived nanoparticle exhibited favorable biological, chemical, and physical properties. Treatment with the
formulation effectively reduced oxidative stress induced by diabetes and inhibited the NF-«B signaling pathway in the diabetic rat
model. Under high glucose conditions, oxidative stress was heightened, leading to mitochondria-dependent cell apoptosis in Miiller
cells via the activation of the NF-kB signaling pathway. The bioactive compound-derived formulation counteracted these effects by
decreasing IkB phosphorylation, preventing NF-kB nuclear translocation, and deactivating the NF-kB signaling pathway.
Furthermore, treatment with the bioactive compound-derived formulation mitigated retinal micro- and ultrastructural changes
associated with diabetic retinopathy. These results indicate that the formulation protects against diabetic retinopathy by suppressing
oxidative stress, reducing cell apoptosis, and deactivating the NF-«B signaling pathway. This suggests that the bioactive compound-
derived formulation could be a promising therapeutic option for diabetic retinopathy.

1. INTRODUCTION blood sugar levels in individuals with diabetes can lead to fluid
accumulation in the eye’s lens, impacting focus regulation.”
This alteration in the lens curvature affects the individual’s field
of vision. Fortunately, stabilizing blood sugar levels can restore
the lens to its usual shape and improve eyesight.8 Patients who
maintain stable blood sugar levels can slow down the

Diabetic retinopathy is an eye condition caused by diabetes.
The gradual damage occurs to the light-sensitive lining of the
retina.” Untreated diabetic retinopathy can lead to permanent
vision loss. Diabetes affects the body’s sugar processing and
storage, resulting in high blood sugar levels which can harm the

. R 9-12
body, particularly the eyes. Over time, diabetes causes lasting development and progression of diabetic retinopathy.

harm to the retina and tiny blood vessels across the body.>>

When blood vessels start leaking blood and fluids, it leads to Received:  March 2, 2024 8, 0hiecA 8

diabetic retinopathy, causing swelling in the retinal tissue and Revised: ~ May 4, 2024

affecting vision clarity.” Typically, both eyes are impacted by Accepted:  May 21, 2024
diabetic retinopathy, with a higher likelihood of occurrence the Published: June 5, 2024

longer a person has had diabetes." Diabetic retinopathy stands

as a primary cause of preventable blindness. Prolonged high
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The American Optometric Association recommends that
everyone with diabetes get a comprehensive dilated eye
examination at least once a year."” However, a poll indicated
that more than a third of Americans were unaware that a
comprehensive eye exam is the only way to identify if a
person’s diabetes may cause blindness. If left untreated,
diabetic retinopathy can lead to significant vision impairment.
Treatment options for diabetic retinopathy vary based on the
individual’s condition. Patients with diabetic retinopathy may
benefit from laser surgery to repair damaged blood vessels or
prevent further harm.'"* Optometrists may administer eye
injections to reduce inflammation or inhibit the growth of new
blood vessels."® In advanced cases, surgical procedures, such as
replacing the vitreous fluid in the back of the eye, might be
necessary. Surgical intervention may also be required to repair
retinal detachment when the lﬁght—sensitive lining at the back
of the eye becomes detached.'*™"”

Over the past few years, nanotechnology has experienced
remarkable advancement within the scientific and techno-
logical spheres.”’ Nanomaterials, renowned for their excep-
tional properties, have seen wide-ranging applications in
biomedicine.”” The pharmaceutical industry has shown a
growing inclination toward leveraging nanotechnology for drug
development. Nanomedicine has exhibited promising results in
treating various life—threatenin% diseases, showcasing significant
efficacy in their treatment.”'~** Gold nanoparticles (AuNPs)
have attracted a lot of interest because of their potential
therapeutic uses (such as an anti-inflammatory, antioxidative,
antiangiogenic, antiproliferative, and antidiabetic agent).
Diabetic wound healing, an autistic diabetic model, and
diabetic nephropathy were all helped by the antihyperglycemic,
antioxidant properties of AuNPs.”**> Recent years have seen
an uptick in research on the effects of AuNPs on a variety of
diabetes problems.”**” Treatment with S0 nm AuNPs at a
dosage of 2.5 mg/kg effectively reversed nearly all liver redox
parameters in an animal model of autism and diabetes. This
included restoring levels of glutathione (GSH) and oxidized
glutathione (GssG), as well as enhancing the activities of
superoxide dismutase (SOD) and glutathione peroxidase
(GPx). Additionally, the oxygen radical absorbance capacity
showed improvement. The study also observed a reversal of
damage in pancreatic B cells and enhancements in glucose and
lipid profiles, indicating regenerative potential.

Diabetic wounds heal significantly faster when treated with
AuNPs in conjunction with antioxidants.”® Chen et al. found
that 3—5 nm AuNPs synthesized without surface modifiers or
stabilizers had a significant impact. They found that the
synergistic effects of AuNP, EGCG, and ALA dramatically sped
up the healing of diabetic cutaneous wounds by regulating
angiogenesis and reducing inflammation. When applied to the
skin, AuNP may also act as an adjuvant, boosting the
effectiveness of antioxidants and facilitating their uptake.”

Rhizoma coptidis, the source of berberine (BBR), is a
bioactive component known for its impact on glucose
metabolism, lipid profiles, and congestive heart failure.”
Additionally, BBR protects against damage caused by oxidative
stress,” such as the oxidative stress seen in the early stages of
DR development, when reactive oxygen species levels are
elevated.” In addition, BBR reduces oxidative stress caused by
fatty acids and glutamate, and protects cells from apoptosis
caused by oxidative damage.””** Therefore, BBR holds
promise as a therapy for hypertension, elevated cholesterol
levels, and type 2 diabetes mellitus. In the context of diabetic

issues, BBR demonstrates a calming influence. When Miiller
cells experience stress or injury, they upregulate the expression
of the structural protein glial fibrillary acidic protein. According
to research by Fu et al,*® activation of the AMPK signaling
system by BBR protects Miiller cells from damage generated by
modified LDL. Furthermore, BBR can prevent retinal disorders
caused by oxidative stress by reducing antioxidant enzyme
activities, inhibiting leukocyte-mediated death of vascular
endothelium, and vice versa.**®’ Though the findings above
hint at therapeutic potential during DR, the compound’s
probable mechanism of action in this context remains unclear.

2. MATERIALS AND METHODS

2.1. Materials. Unless specified otherwise, all chemicals
used were of reagent grade and did not require additional
purification prior to utilization. Gold aurochlorate (HAuCl,),
ascorbic acid, diphenylpicrylhydrazyl (DPPH) (C,gH;,Ny),
berberine hydrochloride (BHC), and an MTT assay kit were
sourced from Sigma-Aldrich Chemicals in Shanghai. DMEM-
F12, fetal bovine serum, trypsin, and penicillin—streptomycin
were obtained from GIBCO/BRL Invitrogen in Carlsbad,
California. The solvents were acquired from Merck Chemicals
in Germany.

2.2. Synthesis and Characterization of AuNPs. A
green/biogenic method was utilized for the synthesis of
AuNPs. In brief, a solution of BHC (100 xL) in DMSO was
mixed with DI water (15 mL) in a round-bottom flask and
stirred. The pH was adjusted using K,CO; (300 mM).
Subsequently, HAuCl,-3H,0 (2.5 mL, 2.5 mM) was added
drop by drop to the BHC solution and stirred for 3 h. The
resulting nanoparticles were purified through multiple rounds
of centrifugation and washing with water and ethanol. The
morphology of the synthesized nanoparticles was examined
using a JEOL JEM-1400 plus transmission electron microscopy
(TEM) in Peabody, MA, USA. The hydrodynamic size and
zeta potential of the nanoparticles were determined using a
dynamic light scattering (DLS) Zetasizer Nano-ZS from
Malvern Instruments in Worcestershire, UK.

2.3. Biological Evaluations. The antioxidant activity of
the synthesized nanoparticles was assessed using the DPPH
assay kit. The nanoparticles were dispersed in 50 uL of
deionized water at various concentrations (30, 60, 90, 120,
150, 165, 180, and 190 yg/mL) and incubated with 100 uL of
2,2-diphenyl-1-picrylhydrazyl (DPPH) solution dissolved in
methanol at a concentration of 100 yM. The nanoparticle-
DPPH mixture was placed in a 96-well plate and incubated,
and then the absorbance of the solution was measured to
calculate the percentage of free radical scavenging activity.

2.4. Generation of Diabetic Rat Model. Based on
previous research with minor adjustments, streptozotocin
(STZ) was administered to induce the model. The beta cells
in the mammalian pancreas are especially sensitive to the toxic
effects of STZ, a compound naturally produced by Streptomyces
achromogenes. This substance is used in medical settings for
specific islet of Langerhans tumor treatments and is also
employed by scientists to create a type 1 diabetes animal
model. The necessary ethical approvals were obtained from the
Ethical Committee and relevant authorities at our research
institution (s) to conduct animal experiments, ensuring
compliance with all guidelines, regulations, and ethical
standards. The animal housing maintained a constant temper-
ature of 23 °C with proper ventilation, and all animals had
unrestricted access to standard feed and water throughout the
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Figure 1. TEM image (A) and size histogram (B) of BBR-mediated synthesized AuNPs.

study. Except for the control group, all rat groups received a
single intraperitoneal injection of 60 mg/kg STZ dissolved in
0.05 mol/L citrate buffer (pH 4.5) over 2 days. Blood glucose
levels above 300 mg/dL were used to confirm hyperglycemia
in the animals. The rats were divided into three groups: the
healthy group (untreated animals), the negative control group
(diabetic animals without treatment), and the treatment group
(diabetic animals treated with nanoparticles). Following
isolation, rat retinas were fixed in a 4% paraformaldehyde
solution. Thin sections (5 um) of the retinal tissues were
stained with E&H and examined under a surgical microscope.
High-resolution images of the retina were captured using a
digital camera system (C3040-AD6, Shanghai, China)
connected to a desktop computer. Photos of the retina were
taken at a standardized distance of 1500 mm from the optic
nerve in both eyes.

2.5. Molecular Studies. 2.5.1. RNA Extraction and
Complementary DNA Synthesis. Total RNA was extracted
from fresh frozen tissue biopsies using Trizol reagent (by
TaKaRa Biotechnology, Dalian) and the RNeasy Mini Kit (by
Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Elution of RNA was performed using 25 uL of
RNase-free water. The integrity of the RNAs was confirmed by
2% agarose gel electrophoresis, while spectrophotometry was
utilized to assess the yield and quality of the RNA, which was
then stored at —80 °C. DNase I (by Invitrogen) was employed
to eliminate DNA contamination. A mixture of random
hexamers and 1 uL of total RNA was incubated at 70 °C for
10 min, followed by cooling on ice for 2 min. Subsequently, 2
UL of 10X polymerase chain reaction (PCR) buffer, 2 uL of 25
mmol/L magnesium chloride, 1 pL of 10 mmol/L
deoxyribonucleoside triphosphate mix, and 2 pL of 0.1 mol/
L dithiothreitol were added in sequence. SuperScript II reverse
transcriptase (200 U; by Life Technologies, Rockville, MD,
USA) was added to the tubes after S min of incubation at 25
°C, followed by incubation at 25 °C for 10 min and 42 °C for
50 min. The reactions were halted after 15 min at 70 °C and
then cooled on ice. Each sample was treated with 1 uL of
RNase H and incubated at 37 °C before being stored at —20
°C for future use.

2.5.2. Real-Time PCR. Target gene expression levels,
including NF-«B, SIRT1, SIRT3, FOXO3, Mn-SOD, Nrf2,

NQO1, IL-6, and TNF-a, were quantified through real-time
PCR using the SYBR Premix Ex Tagll PCR kit (by TaKaRa).
The primers for these target genes were designed using NCBI
Primer-BLAST and their characteristics were evaluated using
Gene Runner and Oligo Analyzer 3.1 software tools. Mouse f-
actin served as the housekeeping gene to standardize variations
in initial RNA concentrations as an internal control. The
quantitative PCRs consisted of 10 uL of 2X Premix Ex Tagll
PCR SYBR green Mastermix, 0.4 pL of both sense and
antisense primers (S0 nM each), 7.2 uL of ddH,0, and 2 uL
(20 ng) of template cDNA, making up a total reaction volume
of 20 pL. The real-time PCR was conducted in an optical 96-
well plate (from PE Applied Biosystems, CA, USA), utilizing
optical caps for fluorescence detection. The PCR steps
included activating the AmpliTaq Gold polymerase at 95 °C
for 10 min, followed by 40 cycles of: 95 °C for 15 s, 60 °C for
20 s, and 72 °C for 30 s. Comparative cycle threshold (Ct)
calculations were made relative to the control group, with j-
actin Ct values subtracted from gene Ct values to yield a ACt
value. The AACt values were obtained by subtracting the
average control Ct value, and the relative expression of target
genes to the control was calculated using the eq 2"(—AACt).
The normalized data were generated based on the average of
three replicates.

2.6. Statistical Analysis. The mean and standard
deviation were utilized to describe all data sets. A statistical
analysis was carried out using SPSS for Windows to confirm
that the data adhered to a normal distribution, ensuring
homogeneity of variance and determining significant differ-
ences. Results were deemed statistically significant when the P
value was below 0.0S.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Nanoparticles. In this study,
we employed green chemistry to synthesize AuNPs. While
chemical and physical methods have traditionally been utilized
for nanoparticle synthesis, there is a growing demand in the
medical field for nontoxic, environmentally friendly alter-
natives. Further exploration is required to develop safer
synthesis techniques that utilize natural compounds as
reducing agents. Plant-mediated synthesis is gaining popularity
due to the ease of handling and manipulation of nanoparticles
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Figure 2. DLS results of the BBR-mediated synthesized AuNPs.

Total Counts

-200 -100

t +

0 100 200

Zeta Potential (mV)

Figure 3. Zeta potential of the BBR-mediated synthesized AuNPs.

compared to microbe-assisted synthesis. Plant-based synthesis
is rapid, safe, and convenient, making it achievable in a
standard laboratory setting without specialized equipment. In
this experiment, we used BBR as the reducing and stabilizing
agent for the synthesis of AuNPs. The synthesized nano-
particles were thoroughly characterized. TEM imaging revealed
that the AuNPs synthesized with BBR exhibited a predom-
inantly spherical morphology, with an average size of 54 + 17
nm (Figure 1A). Analysis of the size distribution, conducted
using image processing software and statistical methods,
indicated that approximately 90% of the BBR-mediated
AuNPs fell within the size range of 60—70 nm (Figure 1B).

Apart from TEM imaging, DLS was utilized to determine
the hydrodynamic size of the AuNPs synthesized with BBR.
The findings (Figure 2) revealed a larger size compared to the
TEM image. This discrepancy in size can be attributed to the
fact that DLS measures the hydrodynamic diameter of
particles, which tends to be larger than their actual size.

The zeta potential of the AuNPs synthesized with BBR was
assessed, and the results indicated a value of —32.1 mV (Figure
3). This zeta potential is noteworthy as it signifies a robust
electrostatic barrier surrounding the AuNPs synthesized with
BBR, which helps prevent their aggregation and ensures the
colloidal stability of the nanoparticles.

3.2. Biological Properties. 3.2.1. Antioxidant Activity.
Nanomaterials exhibit varied biological properties based on
their origins and physicochemical characteristics. One
particularly intriguing attribute that has motivated researchers
to explore nanomaterials for various diseases is their
antioxidant properties. While not all nanomaterials inherently
possess exceptional antioxidant and radical scavenging

capabilities, these traits can be imparted during nanomaterial
synthesis using green chemistry techniques. Numerous studies
have highlighted the robust antioxidant effects of BBR.**™*’
Moreover, its antidiabetic activities of BBR persuaded us to
apply it as the reducing and capping agent of AuNPs during
the synthesis process.”' ~** The DPPH assay kit was utilized to
measure the antioxidant characteristics of AuNPs synthesized
through BBR mediation, with the outcomes depicted in Figure
4. The findings indicated that BBR-mediated synthesized
AuNPs displayed antioxidant properties that were dependent
on the dosage administered.
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Figure 4. Antioxidant activity of the BBR-mediated synthesized
AuNPs.
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Figure 6. Effects of BBR-mediated synthesized AuNPs on histopathological changes in the diabetic rat retinas.
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3.3. Animal Studies. Animal studies were carried out on
rats with STZ-induced diabetic retinopathy. For over the past
three decades, STZ has been commonly employed to induce
diabetes in various animal species, aiding in the screening of
hypoglycemic medications. STZ treatment in animals leads to
diabetic symptoms akin to those in human diabetes cases.
Consequently, diabetogenic mechanisms and the preclinical
assessment of potential antidiabetic drugs have been
investigated in mice treated with STZ. Throughout the

26271

experiment, we monitored the animals’ body weights, with
the results illustrated in Figure S. The findings revealed a
significant decrease in body weight in the negative control
group (diabetic rats without treatment), a consequence of
diabetes. Treatment with BBR-mediated synthesized AuNPs
marginally mitigated weight loss, although the difference was
not statistically significant compared to the negative control
group (Figure S).
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Figure 8. Effects of BBR-mediated synthesized AuNPs on antioxidative-related genes. Gene expression of (A) SIRT1, (B) SIRT3, (C) FOXO3,
(D) Nrf2, (E) SOD, and (F) NQOI from each group were measured after treatment of AU. The results are shown as means + SD from

experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

The retinal microstructure and possible ultrastructural
changes during the hyperglycemia and under the treatment.
Normal rat retinas were found to be smooth upon H and E
staining. The cells in each stratum were uniformly distributed
and neatly structured (Figure 6 healthy), presenting a clear and
complete structure. Retinal cells in the diabetic rat group
seemed disorganized, there was swelling in the nerve fiber
layer, and the number of capillaries increased (Figure 6
diabetic). The BBR-mediated synthesized AuNPs treatment
reversed the degenerative alterations caused by diabetes
(Figure 6 treated). The thickness of the retina was also
measured and statistically analyzed. The BBR-mediated
synthesized AuNPs enhanced retinal thickness in the diabetic
group, although the effect was not statistically significant.

3.4. Gene Expression Findings. Real-time PCR was
employed to evaluate the impact of treatment using BBR-
mediated synthesized AuNPs on the expression levels of NF—
B, SIRT1, SIRT3, FOXO3, Mn-SOD, Nrf2, NQO1, IL-6, and
TNE- in the whole blood across multiple groups. The research
results indicated that the administration of BBR-mediated
synthesized AuNPs to diabetic rats brought about significant
changes in the expression of all the specified genes when
compared to the rats in the normal control group (P < 0.05)
(Figures 7 and 8). Compared to the healthy control rats,
diabetic rats exhibited significantly elevated levels of NF-kB
mRNA expression (P < 0.001). Following treatments with
BBR-mediated synthesized AuNPs, the expression of NF-kB
was notably reduced in comparison to the diabetic control rats
(P < 0.05). Interestingly, the normal group (NC) rats
displayed notably lower NF-kB expression levels than diabetic
rats (Figure 7A). NF-kB serves as a crucial transcription factor
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involved in regulating inflammatory responses. Hence, we
evaluated the expression levels of two inflammatory cytokines,
IL-6 and TNF. As per the qRT-PCR findings, the diabetic
group showcased significantly higher levels of TNF- (See
Figure 7B) and IL-6 (Figure 7C) expression as opposed to the
NC (P < 0.05). Our results indicate that the treatment with
BBR-mediated synthesized AuNPs could potentially reverse
TNEF- and IL-6 expression through the down-regulation of NF-
kB. Overall, these results suggest that BBR-mediated
synthesized AuNPs may protect against diabetes by inhibiting
the production of pro-inflammatory cytokines via the
inhibition of NF-kB activation.

To explore the potential antioxidant properties of BBR-
mediated synthesized AuNPs, we investigated their ability to
regulate the expression of key genes involved in combating
oxidative stress, namely SIRT1, SIRT3, FOXO3, and Nrf2.
Following treatment with BBR-mediated synthesized AuNPs,
the Nrf2 gene was found to be upregulated in diabetic rats
compared to the untreated control group, suggesting that BBR-
mediated synthesized AuNPs could enhance the transcriptional
activity of Nrf2. Comparing diabetic control rats to normal
control rats, we observed a decrease in the gene expression of
SIRT1, SIRT3, and FOXO3 (see Figure 8A—D). Subse-
quently, the treatment of diabetic rats with BBR-mediated
synthesized AuNPs resulted in a significant increase in the
mRNA expression of SIRT1, SIRT3, and FOXO3 compared to
diabetic control rats (P < 0.05, P < 0.01, and P < 0.001,
respectively). Furthermore, we examined the gene expression
of SOD and NQOL1 to better understand the impact of BBR-
mediated synthesized AuNPs on the downstream target genes
of FOXO3 and Nrf2. Diabetes led to a significant reduction in
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the mRNA levels of NQO1 and SOD compared to the NC (P
< 0.05 for both). However, treatment with BBR-mediated
synthesized AuNPs significantly boosted the gene expression of
SOD and NQO1 (P < 0.01 and P < 0.001, respectively)
(Figure 8E,F). Overall, our findings suggest that BBR-mediated
synthesized AuNPs possess potential antioxidant effects by
enhancing the production of antioxidant enzymes through the
upregulation of Nif2 mRNA levels. Additionally, it is plausible
that BBR-mediated synthesized AuNPs may offer protection
against diabetic retinopathy by activating the Sirtl/Sirt3-
FOXO3-mediated antioxidant defense system.

4. CONCLUSIONS

In summary, we showcased the green synthesis of AuNPs using
BBR without the need for hazardous reductants. It is vital to
thoroughly characterize AuNPs before usage to ensure safety
and avoid potential toxicity. The formulation was evaluated for
its ability to combat 2,2-diphenyl-1-picryl-hydrazyl-hydrate
(DPPH) through antioxidant activity assessment. The NF-xB
signaling pathway was analyzed at the molecular level using
real-time PCR. We propose the use of AuNPs for treating
diabetes and its microvascular complications due to their
ability to disrupt disease-causing proteins implicated in diabetic
complications. The therapy with a bioactive compound-based
formula decreased oxidative stress caused by diabetes and
blocked the NF-«B signaling pathway in a rat model of diabetic
retinopathy. This formula reversed the harmful effects of high
glucose levels by reducing IxkB phosphorylation, stopping NF-
kB from moving into the nucleus, and deactivating the NF-xB
pathway. Additionally, treatment with the bioactive com-
pound-based formula improved both micro- and ultrastructural
changes in the retina. Our findings suggest that AuNPs
synthesized with BBR possess antioxidant properties by
enhancing antioxidant enzyme production through upregula-
tion of Nrf2 mRNA levels. Moreover, these AuNPs may offer
protection against diabetic retinopathy possibly via the Sirtl/
Sirt3-FOXO3-mediated antioxidant defense system. While
AuNPs exhibit promise in managing diabetes, further system-
atic studies are required to determine optimal size and dosage.
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