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Abstract
BACKGROUND 
Treatment of diabetic neuropathy is often limited by side effects. Aucubin, an 
iridoid glycoside derived from natural plants, exhibits notable anti-inflammatory 
and antioxidant properties.

AIM 
To investigate the effects of aucubin on diabetic neuropathic pain (DNP) and 
glycolysis and inflammation in microglia.

METHODS 
Streptozotocin (STZ) was used to establish a DNP animal model. Blood glucose 
levels and body weight of mice were measured following STZ administration. 
Paw withdrawal threshold was calculated for mechanical allodynia. Paw with-
drawal latency was recorded for thermal hyperalgesia. The open field test and 
elevated plus maze was used to assess locomotor activity and anxiety-like be-
havior. Western blotting was utilized for analysis of protein expression. Immuno-
fluorescence staining was measured for morphometric analysis of microglia. 
Glycolysis and ATP synthesis in BV-2 cell lines were detected by metabolic ex-
tracellular flux analysis. The SwissTargetPrediction and STRING databases were 
used for comprehensive screening to identify potential target proteins for au-
cubin. The molecular docking between the possible target proteins and aucubin 
was investigated using Auto Dock Tool. The BV-2 cell line was transfected with 
lentiviral AKR1B1-shRNA to further ascertain the function of AKR1B1 in the 
impact of aucubin on aerobic glycolysis and inflammation during high glucose 
stimulation.
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RESULTS 
Aucubin significantly improved pain and anxiety-like behavior in STZ-induced diabetic mice and restored 
microglial aerobic glycolysis and inflammation. Several public databases and molecular docking studies suggested 
that AKR1B1, MMP2 and MMP9 are involved in the effect of aucubin on DNP. Aucubin failed to restore aerobic 
glycolysis and inflammation in the context of AKR1B1 deficiency.

CONCLUSION 
Aucubin has potential as a therapeutic agent for alleviating DNP by inhibiting expression of AKR1B1.

Key Words: Diabetic neuropathic pain; Aucubin; Glycolysis; Aldose reductase; Microglia
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Core Tip: Our research demonstrates that aucubin markedly reduces pain and anxiety-like behavior in Streptozotocin-induced 
diabetic mice. Furthermore, aucubin reinstates microglial aerobic glycolysis and mitigates inflammation. Utilizing the 
SwissTargetPrediction database, we discovered 22 prospective protein targets for aucubin concerning diabetic neuropathic 
pain (DNP). Analysis of protein-protein interaction networks and molecular docking experiments identified the potential role 
of aldose reductase (AKR1B1) to streptozotocin therapy. Aucubin does not repair aerobic glycolysis and inflammation in the 
setting of AKR1B1 depletion. The findings indicate that aucubin could be a potential therapeutic drug for DNP, with 
AKR1B1 identified as a major target.
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INTRODUCTION
Diabetic neuropathy is a common complication affecting individuals with type 1 or type 2 diabetes. Approximately, 20%-
50% of diabetic patients develop peripheral neuropathy[1]. Distal symmetric sensorimotor polyneuropathy (DSPN) 
represents the predominant form of neuropathy in individuals with type 1 or type 2 diabetes, accounting for 80%-90% of 
diabetic neuropathies[2]. Pain is a primary symptom of diabetic neuropathy[3,4]. The incidence of painful DSPN (P-
DSPN) exhibits significant variability. Prevalence of P-DSPN from two hospital-based studies in Qatar and Libya was 
34.4% and 42.2%, respectively[5]. In absolute terms, with an expected global diabetes prevalence of 472 million by 2030, 
diabetic peripheral neuropathy is projected to affect > 236 million individuals globally, incurring significant costs[6]. 
However, the mechanisms underlying the persistence of diabetic neuropathic pain (DNP) are still not fully understood. 
Factors such as increased activity of the polyol pathway, oxidative and nitrosative stress, microvascular impairment, 
altered action potentials, and microglial activation have been implicated in its pathogenesis[3]. It is widely accepted that 
hyperglycemia significantly contributes to the onset of this complication[4].

Metabolic reprogramming induced by hyperglycemia is a crucial factor in the development of numerous diabetes 
complications, such as DNP[7]. Microglia, primarily resident immune cells in the nervous system, play a crucial function 
in immune surveillance. In the context of inflammation, activated microglia keep consuming glucose via aerobic 
glycolysis for the production of energy, despite sufficient oxygen supply[8].

The enzyme aldose reductase catalyzes the conversion of glucose to sorbitol, utilizing NADPH in the hyperglycemia 
process[9]. Aldose reductase (also known as AKR1B1) serves as the rate-limiting enzyme in this pathway[10]. Studies 
indicate that cancer cells transform glucose into fructose via a mechanism involving the AKR1B1-mediated polyol 
pathway. The deletion of AKR1B1, which inhibits the endogenous production of fructose, significantly curtailed 
glycolysis[11]. Homozygosity for variants in the aldose reductase gene promoter increases the confers increased risk of 
neuropathy in children and adolescents with type 1 diabetes[12]. Numerous aldose reductase inhibitors (ARIs) have been 
developed, but many were discarded due to adverse effects and limited efficacy[13]. Among these, epalrestat has 
emerged as a highly promising ARI, demonstrating potential to slow down the progression of DNP and alleviate its 
symptoms [14,15].

In addition to glycemic control, pharmaceutical interventions for DNP mainly focus on symptomatic relief rather than 
addressing underlying pathophysiological mechanisms. These treatments are often limited by side effects and the 
potential for tolerance development[16]. Recently, pharmaceutical research has increasingly emphasized developing 
novel pain management therapies, particularly those incorporating dietary supplements and traditional medicinal plants.

Aucubin, an iridoid glucoside, is found in various plant species and is recognized for its anti-inflammatory, an-
tioxidant, hepatoprotective, and neurologically protective properties[17]. Recent investigations have demonstrated that 
aucubin effectively inhibits activation of proinflammatory cytokines by microglia and astrocytes[18,19]. Aucubin 
treatment reduced 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced activation of substantia nigra microglia and 
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astrocytes in Parkinson's disease mice[17]. Aucubin markedly reduced cerebral edema and histopathological injury, 
enhanced cognitive abilities, and facilitated neuronal preservation in a murine model of traumatic brain injury by 
reducing reactive oxygen species and inflammatory responses[20]. In this study, we established a DNP model by 
administering streptozotocin (STZ) intraperitoneally (intraperitoneal injection) and sucrose solution. Our objective was to 
investigate the effects of aucubin on DNP and glycolysis and inflammation in microglia. We identified its target protein, 
AKR1B1, through database searches, followed by validation of these putative targets. The findings suggest that aucubin 
holds promise as a therapeutic agent for downregulation that increases microglial aerobic glycolysis and inflammation in 
DNP by the target protein of AKR1B1.

MATERIALS AND METHODS
Animals
Adult male C57BL/6 mice, aged 6-8 weeks, were obtained and housed at Zhejiang University. The mice were maintained 
under controlled conditions, with a temperature of 23 ± 2 °C and a 12-hour light-dark cycle. They had unrestricted access 
to food and water. The study was reviewed and approved by the Zhejiang University Experimental Animal Ethics 
Committee Institutional Review Board (Approval No. ZJU20240012). All procedures involving animals were reviewed 
and approved by the Institutional Animal Care and Use Committee of the Zhejiang University Experimental Animal 
Ethics Committee Institutional Review Board (IACUC protocol number: 27196). Additionally, the study complied with 
the ARRIVE guidelines. Given the recognized gender differences in pain perception and the influence of sex hormones on 
pain, male mice were selected for this study. This selection ensured that animal care and use conformed to established 
protocols, with an emphasis on minimizing distress and reducing the number of animals.

DNP model and experimental design
STZ was used to establish a DNP animal model according to previous protocols[21,22]. Following an overnight fast, the 
mice were administered newly prepared STZ intraperitoneal injection at 150 mg/kg, mixed with 0.1 M citrate buffer (pH 
4.5). Mice in the control group were administered an equivalent volume of citrate buffer. To mitigate the risk of fatalities 
associated with acute hypoglycemia, all mice received a 10% (w/v) sucrose solution for 2 days following injection of STZ. 
Random blood glucose levels obtained from the tail vein were measured using a glucometer (Yuyue, China). Diabetes 
was confirmed as a blood glucose level > 16.7 mmol/L within 72 hours following STZ administration. DNP was 
diagnosed when the ratio of mechanical pain threshold to baseline mechanical pain threshold was < 0.8.

To examine the antinociceptive effects of aucubin on DNP, mice were randomly allocated to four groups: Control (Con) 
+ vehicle (Veh), Con + aucubin, STZ + Veh, and STZ + aucubin. The mice received intraperitoneal injection of aucubin (10 
mg/kg) or standard saline daily for 8 consecutive days starting on day 28 following STZ administration (Figure 1). Each 
group contained a minimum of 12 individuals. The behavior of all mice in each group was recorded. Upon completion of 
the behavioral experiments, the mice in each group were randomly assigned to subsequent assays: Western blotting, real-
time PCR, and immunofluorescence staining. The sample size for each experiment is specified in the figure legends.

Mechanical allodynia
Mechanical allodynia was assessed using calibrated, c von Frey filaments on the hind paw, and the up-down method was 
used to ascertain withdrawal thresholds, as outlined previously[23]. Mice were individually placed in chambers, and 
calibrated filament forces were applied to the central plantar surface of each hind paw. Paw withdrawal threshold (PWT) 
was then calculated.

Thermal hyperalgesia
Thermal hyperalgesia was assessed using a Hargreaves apparatus, which directs a radiant heat source at the plantar 
surface of the hind paw, following established protocols[24,25]. Mice were habituated to the testing environment for 1 
hour. The hot plate temperature was maintained at 55 ± 2 °C. Each mouse was placed in a test chamber on a glass plate, 
and the paw withdrawal latency (PWL) was recorded. The procedure was repeated three times for each mouse, with a 5-
min interval between tests. The mean PWL was then calculated. A maximum exposure time of 20 seconds was set to 
prevent tissue damage, after which the heat stimulus was automatically terminated.

Open field test
As previously mentioned, the open field test (OFT) was used to assess exploratory behavior and locomotor activity[26]. 
Mice were individually placed in a white plastic box (45 cm × 45 cm × 45 cm). They were allowed to explore freely for 15 
minutes. After each trial, the chamber was cleaned with 75% ethanol. The ANY-maze program (Stoelting, Wood Dale, IL, 
United States) was used to record and analyze mouse movements.

Elevated plus maze test
Following the guidelines provided by Zhang et al[24,25], the elevated plus maze (EPM) test was performed. The maze 
comprised two open arms and two enclosed arms, raised above the floor level. Mice were positioned individually on the 
maze, oriented towards an open arm, and their movements were monitored and documented for 5 minutes. Following 
each session, the maze was sanitized using 75% ethanol. The ANY-maze program (Stoelting) was used to track and 
analyze mouse movements.
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Figure 1 Schematic diagram of the experimental protocol. PWT: Paw withdrawal threshold; STZ: Streptozotocin; CAB: Citric acid buffer; i.p.: 
Intraperitoneal injection; OFT: Open field test.

Western blotting
Mice received deep anesthesia and were subsequently killed for collecting the L4-5 spinal cord segments. The tissues 
were homogenized in ice-cold RIPA buffer with phenylmethylsulfonyl fluoride and centrifuged at 12000 rpm for 15 
minutes at 4 °C. Protein concentrations were determined using the BCA assay (Beyotime, China). Proteins were separated 
by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% nonfat milk in 
PBST for 1 hour at room temperature, followed by overnight incubation at 4 °C with primary antibodies: Tumour necrosis 
factor-α (TNF-α; 1:1000, ABclonal China, A11534); interleukin (IL)-1β (1:1000, ABclonal, A16288); IL-6 (1:1000, ABclonal, 
A2447); AKR1B1 (1:1000, ABclonal, A13944); MMP2 (1:1000, ABclonal, A6247); and β-actin (1:3000, ABclonal, AC026). 
Membranes were then incubated with appropriate secondary antibodies (goat anti-rabbit/mouse HRP) for 1 hour at 
room temperature. Visualization was performed using enhanced chemiluminescence, and images were captured with the 
ChemiDoc Touch Imaging System (BioRad, Hercules, CA, Untied States). Band intensities were quantified using ImageJ 
software.

Immunofluorescence staining
The immunofluorescence staining test was performed as described previously[27]. Mice were anesthetized and thereafter 
transcardially perfused with 0.1 M phosphate-buffered saline (PBS; pH 7.4), followed by fresh 4% paraformaldehyde 
(PFA; pH 7.4). Brains were swiftly excised, postfixed in 4% PFA for 24 hours, transferred to 0.1 M PBS with 0.2% sodium 
azide (w/v), and preserved at 4 °C until sectioning. The region was immersed in 15% sucrose for 1 day, followed by a 
minimum further 2 days in 30% sucrose. The brain was sectioned using a vibrating microtome. Slices from the anterior 
cingulate cortex (ACC) were prepared for immunohistochemical fluorescence detection of Ionized Calcium-Binding 
Adapter Molecule 1 (Iba1). Sections were blocked in 0.1 M PBS supplemented with 2% Triton X-100 (PBST) and 2% 
normal goat serum for 2 hours at ambient temperature with agitation. Subsequently, sections were incubated in PBST 
supplemented with 2% NGS and rabbit anti-Iba1 (1:1,000, Wako). Sections were subsequently washed three times for 10 
min in PBST, incubated in PBST containing 2% normal goat serum with goat anti-chicken secondary antisera conjugated 
to Alexa Fluor® 594 (1:1000, Abcam, United Kingdom) for 1 hour at room temperature, washed three times for 10 minutes 
in PBST, and mounted on Superfrost Plus slides using Prolong Gold antifade reagent with 4′,6-diamidino-2-phenylindole 
(DAPI; Invitrogen, Carlsbad, CA, United States). Mounted slides were preserved at 4 °C prior to confocal imaging.

Morphometric analysis for microglia
Morphometric analysis for microglia was conducted as described previously[28]. Confocal fluorescent microscopy (Nikon 
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A1) yielded high-quality images with distinct cellular architecture. We used a 40 × objective to examine the target area 
layer by layer and recreated the cellular architecture in three dimensions using multi-plane virtual-Z mode. Each region 
had a minimum of 5 Iba1+ cells, and 10 pictures of individual microglia were captured per mouse. The analyzed images 
underwent skeletonization using ImageJ skeleton analysis, and the terminal sites of microglia were quantified alongside 
the measurement of their longest branch length. We conducted Sholl analysis on binary pictures with Sholl analysis tools 
for ImageJ. The quantity of intersection sites among concentric circles was quantified to assess the complexity of cells.

BV-2 cell culture
The BV-2 cell line, acquired from OriCell (Shanghai, China), was cultured in Dulbecco's modified Eagle's medium basic 
(1 ×) media (Gibco, United States, C11995500BT) supplemented with 10% fetal bovine serum (EVERY GREEN, Italy, 
23010702) and 1% penicillin/streptomycin (Solarbio, China) within a humidity-regulated incubator at 37 °C with 5% CO2. 
The cells were grown to 80% confluence and transfected using lentivirus AKR1B1-shRNA technology (mouse AKR1B1-
targeting shRNA was obtained from GenePharma, China), as described previously[14]. The cells post-transfection were 
evaluated using G418 (Roche, Switzerland). Cell lines exhibiting a stable knockdown of AKR1B1 were selected for further 
investigation.

Metabolic extracellular flux analysis
The ideal cell density was established in advance, and the experiments were conducted as previously outlined[29]. 
Quadruplicates or quintuplicates of BV-2 cell lines were cultured on XF-96 plates under normal glucose (25 mmol/L) or 
elevated glucose (75 mmol/L) conditions. At specified time intervals, microglia were rinsed and assessed in XF Running 
buffer A (XF assay medium, 10 mmol/L glucose, 1 mmol/L sodium pyruvate, 2 mmol/L L-glutamine) for oxygen 
consumption rate (OCR) measurements, or in XF Running buffer B (XF assay medium, 2 mmol/L L-glutamine) for 
extracellular acidification rate (ECAR) observations. Measurements were acquired in real-time under basal conditions 
without drug treatment and following sequential administration of various drugs: 1 μM oligomycin, 1 μM carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 1 μM rotenone combined with 5 μM antimycin A for the 
MitoStress assay, or 10 mmol/L glucose, 1 μM oligomycin, and 50 mmol/L 2-deoxy-d-glucose (2-DG) for the glycolysis 
stress experiment. The OCR measurement under basal settings without medications indicates the basal OCR, while ECAR 
measurements with glucose addition denote the basal ECAR. ATP production, reflecting the peak capacity of mi-
tochondrial respiration, was determined by the difference between the basal OCR and the maximal OCR following FCCP 
administration. Glycolytic reserve, indicative of cellular glycolytic capacity under energy stress, was determined by the 
difference between basal and peak ECAR following oligomycin administration.

Target screening
The structural information of aucubin was retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/)
[30]. To predict potential drug targets, SwissTargetPrediction (http://swisstargetprediction.ch/) was utilized[31]. Uti-
lizing "diabetic neuropathic pain" as a search term, GeneCards (https://www.genecards.org/)[32] and OMIM (https://
www.omim.org) were queried to gather relevant disease targets. After merging and eliminating duplicates from the 
obtained data, the common targets between drug and disease were determined using Venny 2.1 (https://bioinfogp.cnb.
csic.es/tools/venny/). These shared targets represent the potential targets of aucubin in treating DNP.

Construction of protein-protein interaction network
The common targets were input into the STRING database (https://string-db.org)[33], with the species set to Homo 
sapiens to construct the protein-protein interaction (PPI) network of aucubin targets for DNP. Cytoscape 3.10.1[34] 
software, along with the MCODE plugin, was used for further analysis. The minimum score threshold (Degree Cutoff) 
was set to 2, the Node Score Cutoff was 0.2, and networks with a maximum connection number of 2 (K-Core) were 
excluded. The depth of core nodes was limited to 100.

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes signaling pathway analysis
To gain insight into the functions of genes associated with aucubin treatment of DNP, Gene Ontology (GO) annotation 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using the clusterProfiler 
package in R software[35]. P < 0.05 was considered significantly enriched. Visualization of the GO and KEGG results was 
conducted using the ggplot2 and GOplot R[36] packages, respectively.

Molecular docking
Aucubin was used as the ligand, and the potential target proteins were designated as receptors. The 3D structures of key 
core targets were downloaded from the PDB database (https://www.rcsb.org/). Preprocessing of the target structures 
was performed using PyMOL software. The 3D structure of aucubin was downloaded in SDF format from PubChem and 
converted to Mol2 format using Open Babel 2.4.1. Molecular docking between aucubin and the key core targets was 
conducted using AutoDock Tools 1.5.7 to validate the interaction activity. The conformation with the lowest binding 
energy was selected for subsequent docking mode analysis, and visualization was performed using PyMOL software. 
Binding energy < 0 kJ/mol indicated spontaneous binding. It is generally accepted that binding energy < -5 kcal/mol 
indicates a good binding activity between the ligand and the receptor[37,38].
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Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.0 software (La Jolla, CA, United States). Group comparisons 
were conducted using one-way or two-way analysis of variance, followed by post hoc tests for multiple comparisons. 
Results are presented as the mean ± SE of the mean. A significance level of P < 0.05 was established.

RESULTS
Aucubin alleviated STZ-induced DNP and anxiety-like behavior
Adult wide type C57BL/6 mice were treated with aucubin (10 mg/kg) daily for eight consecutive days, starting on day 28 
post-STZ administration (Figure 1). The blood glucose levels and body weight of the mice were measured following STZ 
administration. Blood glucose levels significantly increased 72 hours post-STZ injection, indicating successful induction of 
diabetes. Aucubin administration during the final 8 days significantly reduced blood glucose levels in the STZ + aucubin 
group compared to the STZ group (Figure 2A). The STZ + Veh and STZ + aucubin groups exhibited significant body 
weight loss compared to the controls (Figure 2B). During the acclimation periods of mice, the STZ mice exhibited elevated 
blood glucose levels and a reduction in weight, absent any further specific conditions. These results demonstrated that 
aucubin effectively reduced STZ-induced hyperglycemia.

The efficacy of aucubin in alleviating DNP was evaluated through assessments of mechanical allodynia and thermal 
hypersensitivity. PWT for mechanical allodynia was significantly reduced within 14 days post-STZ injection, and PWL for 
thermal hypersensitivity was significantly decreased within 7 d, indicating successful induction of DNP (Figure 2C and 
D). Aucubin significantly increased both PWT and PWL in STZ-injected mice, demonstrating its effectiveness in 
mitigating mechanical allodynia and thermal hypersensitivity (Figure 2C and D).

To assess anxiety-like behavior associated with chronic pain, the OFT and EPM test were performed. Neither STZ nor 
aucubin altered locomotor activity, as demonstrated by no significant differences in total distance traveled during the 
tests (Figure 2E). However, STZ-treated mice exhibited decreased central distance in the OFT compared to controls, 
indicating anxiety-like behavior (Figure 2F). Aucubin treatment significantly increased central distance in STZ-injected 
mice (Figure 2E and F). In the EPM test, the decrease in the open arms of mice entering the open arm entries can be used 
as an index to judge the anxiety behavior of mice[39,40]. The STZ-treated mice showed a significant reduction in open 
arm entries compared to the controls, while aucubin administration reversed this effect (Figure 2G and H). These findings 
indicated that aucubin mitigated STZ-induced anxiety-like behavior.

Aucubin alleviated STZ-induced inflammatory responses
To assess the effect of aucubin on STZ-induced inflammatory responses, we measured expression of the inflammatory 
markers IL-1β, IL-6 and TNF-α. Western blotting indicated that IL-1β, IL-6 and TNF-α were significantly elevated in the 
spinal cord in the STZ mice compared to the controls (Figure 3A and B). Aucubin treatment resulted in a significant 
reduction of these inflammatory cytokines in STZ-treated mice (Figure 3A and B). Expression of nuclear factor-κB (NF-
κB) p65 was increased in the nucleus and decreased in the cytoplasm in STZ-treated mice. Aucubin reversed STZ-induced 
activation of the NF-κB p65 pathway (Figure 3C and D). These results suggested that aucubin attenuated STZ-induced 
inflammatory responses in the spinal cord.

Previous report identified that microglia-meditated hyperactivity of ACCGlu neurons under diabetic conditions through 
which pain is generated[41]. We performed morphometric analysis of microglia in the ACC. The findings indicated that 
the increased soma size and maximum branch length in STZ mice signified microglial activation, but aucubin mitigated 
this activation in the ACC (Figure 3E-G). The aforementioned studies demonstrated that aucubin mitigated STZ-induced 
inflammatory reactions.

Aucubin reduced aerobic glycolysis and inflammation in BV-2 cells
Glycolysis offers a rapid energy source to fulfill the requirements of microglial proliferation, polarization, chemotaxis, 
and other functions during inflammatory reactions[42]. We investigated the impact of aucubin on glycolysis and ATP 
synthesis in the BV-2 cell line. Aucubin reduced elevated mRNA levels of TNF-α, IL-1β and IL-6, which were induced by 
high glucose, in relation to the inflammatory response (Figure 4A). We evaluated the ECAR and OCR in the BV-2 cell line 
subjected to different glucose concentrations. The levels of basal glycolysis and glycolytic reserve increased in response to 
increasing glucose levels (Figure 4B and C). Conversely, the BV-2 cell line subjected to elevated glucose concentrations 
exhibited a more pronounced reduction in baseline and maximal OCR and ATP production, relative to those treated with 
normal glucose concentrations (Figure 4B and C). The data demonstrated that high glucose levels augmented inflam-
mation by promoting aerobic glycolysis in microglia. Aucubin significantly diminished the basal glycolysis and glycolytic 
reserve stimulated by elevated glucose levels and reinstated the decline in basal and maximal OCR and ATP generation 
(Figure 4D and E). These data demonstrated that aucubin reduced glycolysis and inflammation in microglia under high 
glucose stimulation.

Potential target proteins of aucubin in DNP
To find the potential target proteins of aucubin in DNP, we utilized the SwissTargetPrediction database to compre-
hensively screen 100 potential target proteins. Concurrently, an extensive search of the GeneCards and OMIM databases 
yielded 1028 proteins associated with DNP. After removing duplicates, the intersection of these datasets was visualized 
using a Venn diagram, revealing 22 candidate target proteins common to both sets (Figure 5A). These proteins were 
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Figure 2 Aucubin alleviate streptozotocin-induced diabetic neuropathic pain and anxiety-like behavior. A: Blood glucose level of the diabetic 
neuropathic pain diabetic neuropathic pain (DNP): Mice after aucubin treatment; B: Body weight of the DNP mice after aucubin treatment; C: Mechanical paw 
withdrawal threshold in mice; D: Thermal paw withdrawal latency in mice; E: Total distance traveled in the open field test (OFT); F: Distance traveled by mice in the 
central area in the OFT after streptozotocin streptozotocin (STZ): Injection; G: Total distance traveled in the elevated plus maze (EPM); H: Number of entries of mice 
into the open arms in the EPM after STZ injection. Data are presented as means ± SEM (n = 10). aP < 0.05, bP < 0.01 control (CON) + vehicle (Veh) vs STZ + Veh; cP 
< 0.05, dP < 0.01 STZ + Veh vs STZ + aucubin. CON: Control; STZ: Streptozotocin; Veh: Vehicle; Auc: Aucubin; PWT: Paw withdrawal threshold; OFT: Open field 
test; EPM: Elevated plus maze.

posited as potential targets of aucubin for alleviating DNP. The KEGG pathway analysis of the 22 candidate proteins 
identified their enrichment in 20 signaling pathways, using a significance threshold of P < 0.05. The eight most prominent 
pathways were selected for detailed visualization (Figure 5B), highlighting that these key pathways may be involved in 
the potential therapeutic effects of aucubin, notably those related to galactose metabolism. The GO analysis of the 22 
target proteins revealed significant enrichment in various biological processes (BP), cellular components (CC), and 
molecular functions (MF). A total of 72 BP terms were significantly enriched (P < 0.05), encompassing cell signaling, 
metabolic processes, cell proliferation and differentiation, inflammation, and immune responses. We identified 22 
significantly enriched CC terms (P < 0.05), primarily related to components of the nervous system, cell membranes, and 
extracellular structures. Twelve MF terms were significantly enriched, including protein and carbohydrate hydrolysis 
activities (e.g., peptidases, endopeptidases and α-1,4-glucosidase), as well as interactions with ions (zinc ion binding), 
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Figure 3 Aucubin releases streptozotocin-induced inflammatory responses. A: Representative bands of tumour necrosis factor-α (TNF-α), interleukin 
(IL)-1β, and IL-6; B; Quantitative analysis of the relative expression of TNF-α, IL-1β, and IL-6 (n = 3); C: Representative bands of nuclear factor-κB (NF-κB) in 
cytoplasmic protein and nuclear protein; D: Quantitative analysis of the relative expression of NF-kappa B in cytoplasmic protein and nuclear protein (n = 3); E: 
Representative images of immunofluorescence of iba1; F-H: Sholl analysis of microglia of interscetion numbers (F); area of soma (G); and max branch length (H). 
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Data are expressed as mean ± SEM. aP < 0.01 streptozotocin (STZ) + vehicle (Veh) vs STZ + aucubin; bP < 0.01 control + Veh vs STZ + Veh. CON: Control; STZ: 
Streptozotocin; Veh: Vehicle; Auc: Aucubin; TNF-α: Tumour necrosis factor-α; IL: Interleukin.

Figure 4 Aucubin reduced aerobic glycolysis and inflammation in the BV-2 cell. A: the mRNA levels of pro-inflammatory cytokine; B-E: The 
experimental program of the extracellular acidification rate (B and C) and oxygen consumption rate (D and E) of BV-2 measured by Seahorse XFe96 Extracellular 
Flux Analyzer. Data are expressed as mean ± SEM. n = 6. aP < 0.01 high glucose vs high glucose + auccubin (Auc); bP < 0.01 normal glucose vs high glucose; cP < 
0.05 high glucose vs high glucose + Auc; dP < 0.05 normal glucose vs high glucose. ECAR: Extracellular acidification rate; 2-DG: 2-deoxy-d-glucose; OCR: Oxygen 
consumption rate; FCCP: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Auc: Aucubin; TNF-α: Tumour necrosis factor-α; IL: Interleukin.
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Figure 5 The potential target proteins of aucubin on the diabetic neuropathic pain. A: Venn diagram showing the potential target genes for aucubin in 
treating diabetic neuropathic pain; B: Kyoto Encyclopedia of Genes and Genomes pathway analysis of the potential target genes; C-E: Molecular docking between 
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the target 3 proteins (MMP2, MMP9, and AKR1B1) and aucubin (Auc) conducted using Auto Dock Tool 1.5.7; F: mRNA levels of MMP9, MMP2, and AKR1B1 in mice 
after streptozotocin (STZ) and Auc treatment. (n = 6); G: Representative bands of Western blot for MMP2 and AKR1B1 in mice after STZ and Auc treatment; H: 
Quantitative analysis of the relative expression of MMP2 and AKR1B1 (n = 3). Data are expressed as mean ± SEM. aP < 0.05, bP < 0.01 CON + vehicle (Veh) vs STZ 
+ Veh; cP < 0.05, dP < 0.01 STZ +Veh vs STZ + Auc. CON: Control; STZ: Streptozotocin; Auc: Aucubin; Veh: Vehicle.

small molecules (G protein-coupled adenosine receptor activity), proteins (calcium ion binding, protein homodimer-
ization), and carbohydrates (carbohydrate binding). Supplementary Figure 1A illustrates the top eight terms in BP, CC 
and MF categories based on their P values.

To elucidate the interactions among the 22 putative target proteins of aucubin, we used the STRING database. This 
refined our list to 19 proteins, which were then used to construct a PPI network (Supplementary Figure 1B). In this 
network, the size of each node indicates the degree of interaction, highlighting the extensive connectivity among these 
genes. Using the mcode plugin in Cytoscape 3.10.1, we identified key subnetworks within the PPI network. Supple-
mentary Figure 1C shows these subnetworks, which comprised 10 genes: SI, ACE, AKR1B1, HK1, MGAM, IL2, MMP1, 
MMP2, MMP9 and STAT3.

The molecular docking between the possible target proteins and aucubin was investigated using Auto Dock Tool 1.5.7, 
based on the findings from the PPI network analysis. The docking findings were imported into PyMol for visualization, 
displaying the hydrogen bonds between the 10 proteins and the amino acids of aucubin. The binding energy of potential 
targets and contacts are listed in Table 1. It is generally accepted that binding energy < -5 kcal/mol indicates good 
binding activity between ligands and receptors[37,38].

According to the binding energy, MMP2, MMP9 and AKR1B1, demonstrated strong binding affinity with aucubin 
(Figure 5C-E). Aucubin interacted with the key residues for activity and potency of these proteins, suggesting inhibition 
of the activity of these proteins. The target proteins with the highest binding energy were MMP2, MMP9 and AKR1B1. 
Multiple hydrogen bonding interactions were found between the amino acid active groups of MMP2 and aucubin. 
Hydrogen bonds were observed to be established at ALA-136, LEU-137 and HIS-120. MMP9 and aucubin formed 
hydrogen bonds with ALA-242, LEU-243, PRO-246, ALA-189 and ARG-249. AKR1B1 and aucubin formed hydrogen 
bonds with ALA-299, LEU-300 and SER-302.

To validate the role of AKR1B1, MMP2 and MMP9 in the effect of aucubin on STZ-induced DNP, we conducted RT-
PCR and western blotting. RT-PCR indicated a significant increase in the mRNA levels of AKR1B1, MMP2 and MMP9 in 
STZ-treated mice (Figure 5F). Aucubin treatment ameliorated the mRNA levels of AKR1B1 and MMP2 post-STZ therapy 
(Figure 5F). Western blotting confirmed increased expression of AKR1B1 and MMP2 in STZ-treated mice, with aucubin 
significantly suppressing AKR1B1 expression (Figure 5G and H). These findings suggested that AKR1B1 was a primary 
molecular target of aucubin in managing DNP.

Aucubin failed to restore aerobic glycolysis and inflammation in the context of AKR1B1 deficiency
To ascertain the function of AKR1B1 in the impact of aucubin on aerobic glycolysis and inflammation during high 
glucose stimulation, the BV-2 cell line was transfected with lentiviral AKR1B1-shRNA. Western blotting indicated 
effective transfection of lentivirus AKR1B1-shRNA (Figure 6A). Aucubin reduced the production of TNF-α and IL-1β 
cytokines generated by elevated glucose levels (Figure 6B). Aucubin, however, did not restore inflammation in the BV-2 
cell line transfected with AKR1B1-shRNA lentivirus (Figure 6B). ECAR and OCR were utilized to evaluate the glycolytic 
and oxidative metabolism in BV-2 cells. Aucubin reduced glycolysis in microglia under high glucose stimulation. In the 
context of AKR1B1 Loss, aucubin failed to restore basal glycolysis and glycolytic reserve in ECAR (Figure 6C and D) and 
did not reinstate basal maximal OCR and ATP generation in OCR experiments (Figure 6E and F). The data suggested that 
AKR1B1 served as a principal molecular target of aucubin in relation to aerobic glycolysis and inflammation in DNP.

DISCUSSION
This study aimed to clarify the effects and possible targets of aucubin on DNP caused by STZ. Our research demonstrated 
that aucubin markedly reduced pain and anxiety-like behavior in STZ-induced diabetic mice. Furthermore, aucubin 
reinstated microglial aerobic glycolysis and mitigated inflammation. Utilizing the SwissTargetPrediction database, we 
discovered 22 prospective protein targets for aucubin related to DNP. Analysis of PPI networks and molecular docking 
experiments identified the principal targets. Western blotting demonstrated an elevated expression of AKR1B1 sub-
sequent to STZ therapy. Aucubin did not repair aerobic glycolysis and inflammation in the setting of AKR1B1 depletion. 
The findings indicate that aucubin could be a potential therapeutic drug for DNP, with AKR1B1 identified as a major 
target.

Various animal models have been used to investigate the underlying mechanisms of DNP. Commonly used models 
include STZ-induced rat and mouse models, chemically and nutritionally induced models, type 1 insulinopenic BB/Wor 
rats, type 2 hyperinsulinemic diabetic BBZDR/Wor rats, Zucker diabetic fatty rats, and transgenic/knock-out models
[43]. STZ, a nitrosourea analog (2-deoxy-2(3-methyl-3-nitrosoureido)-D-glucopyranose), induces toxicity by damaging the 
DNA of pancreatic β-cells, leading to insulin deficiency[44]. Its similarity to glucose allows it to be transported via the 
GLUT2 glucose transporter. The susceptibility to STZ varies among animals based on age, species and strain[43]. In this 
study, we used intraperitoneal injection of 150 mg/kg STZ to induce DNP in mice. Within 72 hours, most mice developed 
hyperglycemia and experienced weight loss, consistent with previous reports[45].

https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/a000de06-436e-4f60-9568-5f00fd5fb002/103915-supplementary-material.pdf
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Table 1 The binding energy of potential targets and contacts (kcal/mol)

Potential targets Affinity (kcal/mol) Contacts

ACE -4.37 ALA-356 ASP-358

MMP2 -7.35 ALA-136 LEU-137 HIS-120 ARG-149

MMP9 -7.35 ALA-189 PRO-246 ALA-242 LEU-243 ARG-249

SI -3.09 GLU-687 ARG-682 ILE-763 ASP-796 GLU-678

AKR1B1 -9.35 ALA-299 LEU-300 SER-302

MGAM -4.64 CYS-15 PHE-161 ASN-71

HK1 -2.22 ASP-648

MMP1 -5.5 GLU-135 LYS-151 PHE-149 SER-142

IL-2 -4.43 GLU-60 ASN-90 SER-87 GLU-67

STAT3 -2.78 TYR-686 LYS-573 ALA-578 LEU-577 LEU-579

We assessed STZ-induced pain by measuring mechanical allodynia and thermal hypersensitivity. Aucubin (10 mg/kg) 
was administered for eight consecutive days, starting on day 28 post-STZ injection. Aucubin reduced elevated glucose 
levels, PWT and PWL induced by STZ. Additionally, STZ-treated mice showed reduced movement in the central area of 
an OFT, indicative of anxiety-like behavior. Aucubin treatment mitigated this anxiety-like behavior, further supporting its 
therapeutic potential.

Aucubin, chemically known as 1,4a,5,7a-Tetrahydro-5-hydroxy-7-hydroxymethylcyclopenta(c)pyran-1-yl-beta-D-
glucopyranoside, is an iridoid glycoside frequently found in traditional medicinal plants[46]. It exhibits diverse pharma-
cological properties, including antioxidant, anti-inflammatory, antitumor, hepatoprotective, neuroprotective and oste-
oprotective effects[46]. Research has demonstrated that aucubin can prevent P12 cell damage through its ability to block 
mitochondrial-mediated necrosis and balancing endogenous oxidant-antioxidant levels[47]. Aucubin has been shown to 
inhibit the activation of astrocytes and microglia, reducing the production of proinflammatory cytokines such as TNF-α, 
IL-1β and high mobility group box 1 in epilepsy models[48]. Aucubin significantly mitigates neuronal death in the CA1 
region of the hippocampus, thereby enhancing working memory in diabetic encephalopathy models[49,50].

Glycolysis plays a pivotal role in regulating neuroinflammation, with data suggesting that microglia can transition 
from mitochondrial oxidative phosphorylation to aerobic glycolysis under stress conditions[29]. Numerous investigations 
have established that the glycolysis product might augment the microglial secretion of proinflammatory cytokines, such 
as IL-6, TNF-α and IL-1β. The reduction of pain and neuroinflammation by the glycolysis inhibitor 2-DG reinforces the 
association between glycolysis and DNP pathogenesis. Our results in BV-2 cell line cultures indicated that aucubin 
reinstated microglial aerobic glycolysis and inflammation in high glucose environments. These in vitro data augment our 
in vivo findings, emphasizing the impact of aucubin on neuroinflammation and metabolic alterations in DNP. Despite 
these findings, the mechanisms by which aucubin exerts its effects on neuroinflammation and metabolic shifts associated 
with DNP remain unclear. This study aimed to elucidate these mechanisms by identifying proteins associated with 
aucubin through extensive database searches. GO and PPI analyses suggested that galactose metabolism plays a sig-
nificant role in the physiological effects of aucubin on DNP. Galactose is crucial in human metabolism, particularly in 
energy transport and the galactosylation of complex molecules[51]. Clinical studies have shown a strong correlation 
between DNP and galactose metabolism[52]. Animal models of galactose poisoning exhibit increased polyol pathway 
activity, leading to neuropathy resembling human diabetic neuropathy, which can be mitigated by aldose reductase 
inhibition[53]. Further evidence suggests that polyol metabolism, influenced by the AKR1B1 gene, is involved in diabetic 
neuropathy. Young individuals with type 1 diabetes often show impaired indicators of peripheral and autonomic 
neuropathy linked to homozygous AKR1B1 polymorphisms. Parameters such as pupillary dilation, vibration sensation 
thresholds, nerve conduction studies, and postural blood pressure tests correlate with AKR1B1 gene variants[12]. Patients 
with painful diabetic neuropathy exhibit significant alterations in exon 1 of the AKR1B1 gene[54]. In this study, we 
observed that STZ treatment increased both mRNA levels and expression of AKR1B1. Aucubin normalized this elevated 
expression. To verify the role of AKR1B1 in the effect of aucubin on aerobic glycolysis and inflammation upon high 
glucose stimulation, the BV-2 cell line was transfected with AKR1B1-shRNA lentivirus. In the context of AKR1B1 
deficiency, aucubin did not restore the levels of basal glycolysis and glycolytic reserve in ECAR and did not restore the 
basal, maximal OCR and ATP production in OCR assays. These findings highlight the potential role of AKR1B1 as a 
therapeutic target for aucubin on aerobic glycolysis and inflammation in DNP.

PPI network and molecular docking analyses suggest that the effects of aucubin on DNP may be mediated by MMP2 
and MMP9. MMPs are zinc-dependent endopeptidases crucial for extracellular matrix (ECM) remodeling[55]. Pa-
thological conditions can lead to abnormal MMP activity, causing ECM disturbances. Hyperglycemia, a key feature of 
diabetes, induces oxidative stress and inflammation, elevating MMP expression in both central and peripheral nervous 
systems[56]. These MMP-induced ECM changes increase the sensitivity of peripheral and central nerves, contributing to 
DNP[56]. Recent research has shown that reversing allodynia is possible through the administration of endogenous 
MMP-9 and MMP-2 inhibitors following peripheral nerve injury, although the effect is temporary, lasting only 3-24 hours
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Figure 6 Aucubin fails to restore aerobic glycolysis and inflammation in the context of AKR1B1 deficiency. A: The expression level of AKR1B1 
after transfecting AKR1B1 shRNA lentivirus. The quantitative analysis of the relative expression of AKR1B1 below. Data are expressed as mean ± SEM (n = 4); B: 
The mRNA levels of pro-inflammatory cytokine; C-F: The experimental program of extracellular acidification rate (C and D) and the oxygen consumption rate (E and 
F) of BV-2 measured by Seahorse XFe96 Extracellular Flux Analyzer. Data are expressed as mean ± SEM (n = 6). aP < 0.01, bP < 0.05, high glucose vs high glucose 
+ aucubin. NS: No significance; Auc: Aucubin; 2-DG: 2-deoxy-d-glucose; ECAR: Extracellular acidification rate; OCR: Oxygen consumption rate.
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[57]. Inhibitor-I was used to inhibit MMP-9, starting 2 days before and continuing 5 days post-injury, and delayed the 
onset of allodynia by at least 6 days. Daily intrathecal injections of a synthetic MMP-2 inhibitor (Inhibitor-III) reduced 
allodynia for up to 10 days[58].

Our study observed a significant increase in the mRNA levels of MMP-2 and MMP-9 in STZ-induced diabetic mice. 
Aucubin treatment ameliorated the elevated mRNA levels of MMP-2 following STZ administration. Western blotting 
confirmed increased MMP-2 expression in STZ-treated mice; however, aucubin did not decrease MMP-2 expression in 
these mice. While these data does not conclusively establish the role of MMPs in the effects of aucubin on DNP, further 
investigation into MMP-2 and MMP-9 inhibitors as potential therapeutic agents is warranted.

This study had some limitations. The impact of aucubin on other neuroinflammation animal models, such as complete 
freund's adjuvant-induced pain or LPS-induced pain via AKR1B1, was not observed. Further fundamental research 
should be conducted. Our results indicate that AKR1B1 may act as a potential target protein mediating the effects of 
aucubin. Cryo-electron microscopy to acquire high-resolution three-dimensional interaction structures between AKR1B1 
and aucubin represents a promising avenue for further investigation. Approximately 370 clinical trials concerning painful 
diabetic neuropathies were listed on the clinicaltrials.gov website. Nevertheless, the impact of aucubin on painful diabetic 
neuropathies has not been determined. The clinical efficacy of aucubin necessitates further consideration.

The precise etiology of DNP remains incompletely understood. Aucubin, derived from natural medicine, shows 
significant promise in alleviating STZ-induced aerobic glycolysis and inflammation in DNP. The results of AKR1B1-
shRNA lentivirus transfected in microglia cell lines highlight AKR1B1 as a potential target protein mediating the effects 
of aucubin.

CONCLUSION
This study provides a crucial theoretical foundation for developing new therapeutic approaches for DNP. Aucubin 
mitigates the elevation of microglial aerobic glycolysis and inflammation in DNP via aldose reductase.
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