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Multi-omics exploration
demonstrated the antidepressant
effects of chrysophanol on
diabetes-depression comorbidity
rats via inflammatory, and
neurodegenerative axes

Xue-jian Hu, Dan Ge, Xiao-Lan Ma & Yan Yang™*

The escalating prevalence of diabetes-depression comorbidity (DDC) necessitates novel therapies
targeting shared pathophysiological pathways, which needs to decipher the underlying molecular
mechanisms. This study elucidates the therapeutic potential of chrysophanol, a natural anthraquinone,
in streptozotocin (STZ) and chronic unpredictable mild stress (CUMS)-induced DDC rat model.
Behavioral assessments, biochemical profiling, and integrated multi-omics analyses (RNA-seq and
proteomics) were employed to decipher underlying mechanisms. Successful model establishment
was confirmed by prolonged immobility time in the tail suspension test (p <0.01) and reduced general
health scores. Chrysophanol treatment restored serum brain-derived neurotrophic factor (BDNF)
levels (p<0.01) and ameliorated dyslipidemia (total cholesterol: p<0.05). RNA-seq results revealed
that chrysophanol regulated expression of hundreds of genes, which were enriched in synaptic vesicle
cycling (downregulation of Sh3gl2, Camk5), CNS myelination, and axonal ensheathment pathways.
Proteomic profile demonstrated the suppression of neurodegenerative markers and activation of
axonal regeneration pathways. Notably, chrysophanol downregulated synaptic proteins associated
with leukocyte chemotaxis (Pla2g7, Mdk) and glutamatergic synapses (/tpr2, Slc1al) while upregulated
axonal development, regeneration, and PPARY signaling proteins (Apoa4, Apoal, Apod), suggesting
anti-inflammatory effects and disease-modifying potential through synaptic/axonal regulation.
Integrated multi-omics identified overlapping targets linked to neuronal repair (Ankrd27) and iron
metabolism (Fth1). These findings suggest chrysophanol as a multitarget agent alleviating DDC

via synergistic restoration of neuroplasticity, suppression of neuroinflammation, and rebalancing

of metabolic homeostasis, implying a mechanistic foundation for developing chrysophanol-based
therapies of diabetes-associated neuropsychiatric disorders.

Keywords Chrysophanol, Diabetes-depression comorbidity (DDC), RNA-seq, Proteomics,
Neuroinflammation

The global prevalence of diabetes mellitus (DM), a metabolic disease, is a matter of significant concern. Current
trends indicate an upward trend in its incidence, with projections suggesting that by the year 2050, it is expected
to affect a total of 1.31 billion individuals on a global scale!. In addition to hyperglycaemia and microvascular
complications, the prevalence of depression is significantly higher in diabetics than in non-diabetics?, by a factor
of about two?. This bidirectional relationship creates a vicious cycle: depression exacerbates poor glycemic
control through medication non-adherence, while chronic hyperglycemia and inflammatory pathways potentiate
neurochemical imbalances that worsen depressive symptomatology.
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Depressive disorder represents a prevalent psychiatric condition characterized not only by affective
symptoms but also by frequently comorbid cognitive dysfunction that often demonstrates treatment resistance.
Notably, persistent residual cognitive impairment may endure beyond the achievement of clinical remission in
affective symptoms, constituting a critical therapeutic challenge in mood disorder management*. Studies suggest
that multiple converging pathogenic mechanisms in depressive disorder-associated cognitive dysfunctions,
including but not limited to sustained neuroinflammatory responses, inflammatory response, dysregulated
oxidative/nitrosative stress cascades, mitochondrial bioenergetic deficits, and impaired neurotrophic support®.
Emerging evidence indicates that depression patients exhibit elevated levels of inflammatory biomarkers in
both peripheral blood and cerebrospinal fluid, including cytokines and their soluble receptors, acute-phase
proteins, chemokines, adhesion molecules, and prostaglandins. Notably, these inflammatory mediators have
been mechanistically linked to core depressive symptoms such as fatigue, cognitive dysfunction, and sleep
disturbances®. The central inflammatory dysfunction can induce chronic inflammation, progressive neuronal
damage, and reduced brain-derived neurotrophic factor (BDNF) expression—a key neurotrophin whose
depletion is directly associated with cognitive impairment”3. The diabetes-depression comorbidity (DDC)
appears driven by shared pathophysiological axes: chronic inflammation, hypothalamic-pituitary-adrenal (HPA)
axis dysregulation, oxidative stress amplification, and neurotrophic factor deficiency’~!2. These convergent
mechanisms create a self-perpetuating cycle where hyperglycemia-induced neuroinflammation exacerbates
depressive behaviors, while depression-associated cortisol dysregulation further impairs glucose metabolism.
This pathological synergy underscores the urgent need for therapeutic agents targeting multiple nodes in these
interacting pathways.

Chrysophanol is a 1,8-dihydroxy-3-methyl derivative of the 9,10-anthracenedionic ring isolated from
the traditional Chinese medicine Rheum palmatum L. (rhubarb)!*!4. Chrysophanol has a wide range of
pharmacological effects and biological activities, including anti-inflammatory!>!®, antioxidant!”, antibacterial'$,
anticancer. Particularly noteworthy are its neuroprotective effects, with emerging evidence demonstrating
efficacy in mitigating neurological disorders through antidepressant action!’and neuronal preservation®.
Chrysophanol has been shown in preclinical investigations to alleviate cognition deficits and neuronal death
in streptozotocin-induced diabetic encephalopathy?!. Furthermore, it demonstrates neuroprotective efficacy in
motor neuron disorders including multiple sclerosis?’and Parkinson’s disease through modulation of oxidative
stress and inflammatory pathways?’. Recent studies have shown that chrysophanol reduces oxidative stress
and pyroptosis in diabetic nephropathy mice through the Keap1/Nrf2 pathway'®and inhibits the production
of inflammatory factors by blocking the MAPK pathway in microglia. In addition, chrysophanol targets the
p38, ERK and JNK signaling pathways in cells to inhibit the expression of pro-inflammatory factors®. In
hippocampal tissue, chrysophanol increases the activity of AChE and BDNF and down-regulates the levels of
pro-inflammatory cytokines and oxidative stress?%. It also inhibits the over-activation of astrocytes in the CA3
region of the hippocampus?!. Despite these advances, a critical knowledge gap persists regarding chrysophanol’s
therapeutic potential in DDC. The compound’s established effects on neuroinflammation, oxidative stress,
and neurotrophic regulation - all key contributors to DDC pathogenesis - strongly suggest possible synergistic
therapeutic benefits. However, systematic investigation remains lacking to delineate its specific mechanisms and
efficacy in this complex comorbidity. This study aims to address this unmet need by comprehensively evaluating
chrysophanol’s therapeutic effects and molecular targets in DDC models.

The aim of this study was to investigate the impact of chrysophanol on DDC by establishing an animal
model of DM comorbid with depression. To this end, a multifaceted approach was adopted that encompassed
biochemical assays, molecular biology, transcriptomics, and proteomics techniques. The investigation focused
on elucidating its modulation of the inflammatory microenvironment in hippocampal tissue, HPA axis function,
and neuroplasticity. The findings of this study serve to provide a robust experimental basis for the development
of multi-targeted therapeutic strategies for the treatment of diabetes mellitus in individuals who also suffer from
depression, which are based on naturally occurring products.

Materials and methods

Animals and model

Previous study has demonstrated that thyroid hormones and associated diseases showed obvious difference
between female and male patients®, so we used one gender rats to eliminate the impact of gender. Male Sprague-
Dawley rats (6-8 weeks old, SPF grade) were purchased from the Beijing Huafukang Bio-technology Co., Ltd,
and the animals were acclimatized for one week under standard laboratory conditions (22 + 1 °C, 12-h light/
dark cycle, ad libitum access to food and water). We have presented the working flow of animal experiment and
following multi-omics experiments (Fig. 1A). Rats were then randomly assigned to a normal control group and
a diabetes mellitus (DM) model group. The DM model group received high-fat diet (Feed formula: 20% lard, 1%
cholesterol, 0.2% bile salt, 20% sugar, 58.8% breeding feed, Medicience Jiangsu) feeding for 4 weeks followed by
a single intraperitoneal injection of 30 mg-kg™ streptozotocin (STZ, CasNo: 18883-66-4, = 75% a-anomer basis,
> 98% (HPLC)). After the administration of STZ, the rats were observed for a period of three days. Those rats
with fasting blood glucose levels of > 16.7mmol-L™", as determined on two consecutive days, were designated as
diabetic and thus included in the study.

Subsequently, DM rats underwent chronic unpredictable mild stress (CUMS) for 5 weeks to induce depression-
like phenotypes. The CUMS paradigm consisted of daily exposure to one of nine randomized stressors: water
deprivation (12 h); Damp bedding (24 h); Light/dark cycle reversal (24 h); Cage tilting (24 h); stroboscopic
illumination (24 h); Tail pinch (1 min); Swimming in cold water (4 °C, 5 min); Food deprivation (12 h); restraint
(24 h). Stressors were administered in a pseudorandom sequence to ensure no consecutive repetition”26. All
CUMS animals were individually housed throughout the stress protocol to enhance social isolation effects. The
normal control group remained group-housed under standard conditions without stress exposure.
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Fig. 1. Construction of rat model of DDC. (A) Working flow and pipeline of this study. (B) FBG levels after
intervention. (C) Serum concentration of TC. (D) Serum concentration of LDL-C. (E) General condition
score. (F) The immobility rate in tail suspension test. (G) Percentage of sucrose preference of all groups.

(H) The test’s overall average swimming speed. (I) Number of platform crossings. (J) First crossing of the
platform latency. (K) Serum concentration of BDNE (B-D & G-K: *p-value <0.05, **p-value <0.01, ***p-
value <0.001, ***p-value < 0.0001, one-way ANOVA followed by Dunnett’s test.); (E & F: n=3 for each group,
*p-value <0.05, Student’s t-test.). Each dot point represented individual animal data point.
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Following successful establishment of the diabetic depression model, rats were randomly stratified into three
experimental groups after a statistical justification for the chosen group sizes (n=6/group):

Diabetic depression model (DDC) control.

DDC + chrysophanol low-dose (CHR-L, 0.1 mg-kg™'-d™").

DDC + chrysophanol high-dose (CHR-H, 10 mg-kg™'-d™").

All treatments were administered via oral gavage once daily for 14 consecutive days. Chrysophanol (CasNo:
481-74-3, 2 97% purity, Jskchem manufacturer). Dose selection was based on preliminary pharmacokinetic
studies and literature reports of effective antidepressant ranges®!-*#27-39,

All experimental procedures involving animals were approved by the Animal Experimental Ethic Committee
of the Second Hospital of Lanzhou University (Approval No. D2021-208). All methods were carried out in
accordance with relevant guidelines and regulations of the Lanzhou City, and are reported in accordance with the
ARRIVE guidelines (https://arriveguidelines.org). Rats were humanely euthanized at the end of the experiment
using overdose of sodium pentobarbital, in accordance with the ethical protocols approved by the committee.

Validation of depression in animals

General condition score

3 model groups and 3 blank groups were randomly selected and scored for general condition: Healthy condition
was marked as 3 points, erect or dirty hair was marked as 1 point, and intermediate condition was recorded as 2
points. Each score was recorded by single-blind scoring method.

Tail suspension test

The other behavioral despair test is the tail suspension test (TST). Each rat was suspended upside down by the
tail at 30 cm above the ground and recorded with a camera for six minutes®!. Two observers who were blinded
to the kind of treatment measured the duration of immobility time.

Sucrose preference test

The sucrose preference test (SPT) was performed at the end of the intervention. First day of training, two bottles
of 1% sugared water; second day, one bottle of sugared water and one bottle of plain water, changing position
every two hours; 24 h fasting and water fasting from the end of the shift on the second night; single cage feeding
with one bottle of water and one bottle of sugared water on the third shift day; end of experiment before the
end of the shift on the fourth day. The sucrose preference rate was calculated by the percentage between sucrose
consumption and surcrose + water consumption.

Water maze test

It is imperative that each rat is tested four times. Ideally, a minimum interval of 15 min should be observed
between each test. Initially, each rat should be tested once, and then returned to the initial group to repeat the
process. The rats and mice were positioned in the pool with their heads facing upwards. The size of water maze
was 160 cm in diameter and 40 cm in depth. The temperature of water was 20+ 1 “C. The green sign on the side
of the pool served as visual cues for spatial orientation. In each iteration of the experiment, they were gradually
immersed in the pool in accordance with the directions E, S, W, and EN, respectively. The observation of the
rats and mice ascending the platform was recorded on video. If the platform was reached within 60 s, the time
taken to ascend was immediately recorded, and the recording was terminated. If the subjects did not ascend
to the platform within 60 s, they were guided to do so with the assistance of an object. Thereafter, they were
permitted a period of five seconds to acclimatize to the platform before being returned to their cages. The initial
five-day period was dedicated to training for four trials per day, with each of the four directions being trained on
an individual basis. The initial training day involved a sequence of movements directed from S > E - westsouth
(WS) > eastnorth (EN). The subsequent day’s training sequence proceeded from WS > S > EN > E. The third
day’s training involved a sequence from EN > WS > E > S. The fourth day’s training involved a sequence from
E > EN > S > WS. The fifth day’s training involved a sequence from S > E > WS > EN. The sixth day focused
exclusively on the SE direction, and the final day marked the conclusion of the formal experiments using probe
test without the platform. After saving the experiment to the relevant file, the data and video from the preceding
day’s experiment are exported and analyzed by SuperMaze.

Enzyme-linked immunosorbent assay

In line with the manufacturer’s guidelines, rat-specific enzyme-linked immunosorbent assay (ELISA) Kits
(Catalog No: E-EL-R1235, Elabscience, WuHan, China) were used to assess BDNF (Brain Derived Neurotrophic
Factor) in rat serum.

Fasting blood sugar levels (FBG)

A portable glucometer (Roche Accu-Chek) was used to assess blood glucose levels 15 h after the last treatment.
A drop of blood was taken from each rat using the tail vein puncture technique and placed on the glucometer
strip loaded in the device for blood glucose measurement.

Blood sampling and analysis

At the experimental endpoint, rats were anaesthetized with pentobarbital overdose and blood samples were
collected. After achieving total anesthesia, the abdomen was dissected to allow access to the vena cava, and
blood sampling. Afterward, the blood sample was centrifuged at 3,500 rpm for 10 min, and the serum was
separated and used for subsequent analyses. Serum total cholesterol (TC), low-density lipoprotein (LDL-C)
concentrations were assessed through enzymatic colorimetric methods using commercial kits (Catalog No:
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701132 and 70104, Biobase, Shandong, China) on an automated biochemical analyzer (Biobase, BK-600, China).
Complex calibrator (Catalog No: 91072, Biobase, Shandong, China).

RNA-seq and data analysis

Total RNA was treated with RQ1 DNase (Promega) to remove DNA. The quality and quantity of the purified
RNA were determined by measuring the absorbance at 260 nm/280nm (A260/A280) using smartspec plus
(BioRad). RNA integrity was further verified by 1.5% agarose gel electrophoresis.

For each sample, 1 pg of total RNA was used for RNA-seq library preparation. mRNAs were captured by
VAHTS mRNA capture Beads (Vazyme, N401). The purified RNA was used for directional RNA-seq library
preparation by KAPA Stranded mRNA-Seq Kit for Illumina’ Platforms (KK8544). Polyadenylated mRNAs were
purified and fragmented. Fragmented mRNAs were converted into double strand cDNA. Following end repair
and A tailing, the DNAs were ligated to Diluted Roche Adaptor (KK8726). After purification of ligation product
and size fractioning to 300-500 bps, the ligated products were amplified, purified, quantified, stored at -80°C
before sequencing. The strand marked with dUTP (the 2nd cDNA strand) was not amplified, allowing strand-
specific sequencing. For sequencing, the libraries were prepared following the manufacturer’s instructions and
applied to illumina Novaseq 6000 system for 150 nt paired-end sequencing.

After obtaining the raw RNA-seq data, the fragments were evaluated using FastQC software. Clean reads were
compared to the rat genome using HISAT2 software® with a tolerance of one mismatch. DESeq23? was fitted to
a negative binomial distribution model, and a Wald test or a likelihood ratio test was performed for differential
expression analysis of genes. The results were analyzed using fold change (FC) and P-value to determine whether
a gene was differentially expressed. The criteria for significant differential expression were: log,FC > 0.5 and p-
value < 0.05.

Proteome and data analysis

Samples were taken from the — 80 °C refrigerator, and an appropriate amount of tissue samples were thoroughly
ground into powder in a mortar pre-cooled with liquid nitrogen, the powder was collected in a new centrifuge
tube, and the pre-mixed lysis solution (8 M urea, 1% protease inhibitor) was slowly added to the sample tube,
and the sample was lysed by ultrasonic lysis in the ultrasonic crusher. Centrifugation (4 °C, 15000 g, 10 min)
was performed to remove the cell residue, and the supernatant was transferred to a new centrifuge tube, and the
supernatant protein concentration was determined using the BCA method.

The analysis utilizes the nanoflow rate Vanquish Neo system (Thermo Fisher Scientific) for chromatographic
separation, and samples post high-efficiencyliquid chromatography separation are subjected to Data Independent
Acquisition (DIA) mass spectrometry using the Astral high-resolution mass spectrometer (Thermo Scientific).
Protein Functional Enrichment GO terms, KEGG pathway and protein domain enrichment analysis of DEPs
was performed using Fisher’s exact test (with the identified proteins as background). To identify proteins with
significant expression differences between groups, the threshold for differential expression was set as an absolute
fold change (FC) > 1.3 and P-value < 0.05.

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)

After reverse transcription, the cDNA was used for qPCR, which was performed on the ABI QuantStudio 5,
followed by denaturing at 95°C for 10 min, 40 cycles of denaturing at 95°C for 15 s and annealing and extension
at 60°C for 1 min. Each sample had three technical replicates. The concentration of each transcript was then
normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and mRNA level using 2~ 22CT method
to analysis®. Comparisons were performed with the two-way ANOVA or the paired Student’s ¢-test by using
GraphPad Prism software (Version number 8.0, San Diego, CA). The primer sequences were shown in Table SI.

Statistical analysis

For data presentation, the results were shown as mean + standard deviation. Student’s unpaired t-test and one-
way ANOVA followed by Dunnett’s test were used to analyze data. A P-value < 0.05 was considered as statistically
significant. All statistical analyses were done with the GraphPad Prism 10.1.2 software.

Results

Chrysophanol affects the progression of DDC in rats

To explore how chrysophanol affects the behaviors of DDC rats, we first established the DDC rat model and
treated them with low- and high-dose chrysophanol, then we tested their behaviors and assessed expression
pattern of genes and proteins by multi-omics methods (Fig. 1A). To validate the establishment of the DDC
rat model, systematic serum biochemical testing and behavioral assessments were performed. The model
group exhibited significantly increased FBG compared to age-matched controls (Fig. 1B, F=22.31, P=0.0003).
Concurrently, lipid profile assessments demonstrated marked elevations in both total cholesterol (TC) and low-
density lipoprotein cholesterol (LDL-C) levels in the model group relative to controls (p<0.01) (Fig. 1C-D,
F=8.91, P=0.0008 for C, and F=9.95, P=0.0004 for D), consistent with characteristic dyslipidemia observed in
diabetic pathophysiology. The changes in depression-related behaviors in rats were monitored using the general
condition score, tail suspension test (TST), sucrose preference test (SPT), and water maze test (Fig. 1E-J, F=7.47,
P=0.0017 for G; F=10.44, P=0.0004 for H; F=4.21, P=0.0239 for I; F=17.11, P<0.0001 for J). Compared to
the control group, the general condition score and sucrose preference rate in the DDC rats were significantly
reduced, but immobility rate significantly increased. The water maze test showed that chrysophanol could
reverse the effect of modeling on the average swimming speed (p <0.01), number of platform crossings (p <0.05)
and first crossing of the platform latency (p<0.001) of rats. Serum biochemical analysis revealed distinct
metabolic alterations among experimental groups. Notably, BDNF levels were significantly elevated in the high-
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dose chrysophanol group compared with the model group (p<0.01) (Fig. 1K, F=8.10, P=0.0007). These data
demonstrate two key findings: (1) the successful establishment of a depressive-like phenotype under diabetic
conditions; and (2) chrysophanol administration significantly ameliorates depression-associated behaviors,
potentially exerting antidepressant effects via targeted modulation of neurotrophic factor signaling pathways.

Chrysophanol affects DDC by upregulating neurogenesis-related genes

To further explore the effect of chrysophanol on diabetes-depression comorbidity, we performed RNA-seq to
identify the potential mechanisms of chrysophanol using the tissues from the hippocampal region obtained from
model and chrysophanol high-dose treatment groups, as well as their control samples. To analyze the expression
profile of the samples between the different groups, we performed PCA analysis (Fig. 2A) using the list of FPKM
values of all expressed genes as input, which showed obvious clustering for the three groups. The differentially
expressed genes (DEGs) between these two groups were conducted by applying the DESeq2 software. Based on
the result, there were a total of 395 DEGs in the ChryM group compared with the model group, of which 187 DEGs
were up-regulated and 208 DEGs were down-regulated. To visualize the differential expression patterns, heatmap
and volcano plots were generated where each row represents one gene (Fig. 2B-C). Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed on the DEGs
to further investigate the mechanisms by which chrysophanol acts Down-regulated GO functional pathways
revealed that the synaptic vesicle recycling (SVC) (Sh3gl2, Camk5), neuroepithelial cell differentiation, astrocyte
differentiation was significantly enriched in the comparison between ChryM group versus model group (Fig. 2D),
suggesting chrysophanol’s suppression of hyperactive neurotransmitter release and glial dysregulation in DDC.
Concurrently the central nervous system myelination (Plp1/Mal/Nkx6-2/Mobp/Mag), axon ensheathment in
central nervous system and regulation of neurogenesis (Ankrd27/Ist1/Rgs14/Mbp/Atf5/Mag) was Up-regulated
(Fig. 2E-F). The synaptic vesicle cycle, a fundamental biological mechanism governing neurotransmitter release
and synaptic plasticity, emerged as a key regulatory node in chrysophanol’s anti-DDC action. Our transcriptomic
profiling revealed targeted suppression of synaptic vesicle recycling components, particularly Sh3gl2 (synaptic
endocytosis regulator) and Scamp5 (secretory vesicle trafficking modulator), suggesting chrysophanol’s capacity
to modulate neurotransmission in DDC pathophysiology. Concurrently, chrysophanol enhanced CNS axon
ensheathment pathways, a dual-layered glial process involving both myelinating oligodendrocytes and non-
myelinating astrocytes. This bidirectional regulation, suppressing pathogenic synaptic overactivity while
promoting axonal insulation, positions chrysophanol as a unique neuro-glial interface modulator. In summary,
we speculate that chrysophanol may influence depression development through a number of different molecular
mechanisms in DDC.

In the comparison between model group vs. control group, a total of 590 DEGs were found, of which 258
were up-regulated and 332 were down-regulated (Figure S1A-B). In contrast to control group, GO enrichment
analysis in the model group revealed axonogenesis, telencephalon development, glial cell differentiation,
oligodendrocyte differentiation was significantly enriched (Figure S1C-D). KEGG pathway classification showed
that glutamatergic synapse was significantly enriched in the ChryM group compared to the model group (Figure
S1E). Glutamatergic synapses, which use glutamate (Glu) as their main neurotransmitter, are an important
neurotransmitter transmission mechanism. The ionotropic glutamate receptor in glutamatergic synapses
plays an important role in nerve signaling and brain function. The results of the present study suggest that
chrysophanol may play an important role in the progression of DDC in rats by modulating neural signaling. This
includes, but is not limited to, synaptic vesicle cycling, neuroepithelial, astrocyte glial and oligodendrocyte cell
differentiation, central nervous system myelination, axon ensheathment in central nervous system, axonogenesis
and glutamatergic synapses.

Chrysophanol affects DDC by modulating synaptic and inflammation-related proteins

To explore mechanisms underlying the chrysophanol on diabetes-depression comorbidity, MS-based high-
throughput proteomics was performed for large-scale protein characterization. To assess the reproducibility
across samples, we calculated the Pearson’s correlation coefficient (PCC) analysis and heatmap presentation
effectively illustrated the degree of correlation between any two samples (Fig. 3A). We also performed principal
component analysis (PCA), and found that the three groups were clearly separated at the first and second
components (Figure S2A). A threshold of absolute FC> 1.3 and p-value <0.05 was applied to identify proteins
with significant expression differences between groups. Comparative proteomic analysis revealed distinct
expression profiles among experimental groups. Compared with the model group, the ChryM-treated group
exhibited differential expression of 470 proteins, including 252 upregulated and 218 downregulated proteins
(Fig. 3B). In contrast, the model group showed substantial proteomic dysregulation relative to the control group,
with 437 proteins upregulated and 352 downregulated (Figure S2B).

These quantitative alterations suggest that ChryM intervention may partially reverse disease-associated protein
expression patterns observed in the diabetic depression model. Functional classification analysis of differential
proteins revealed distinct expression patterns between the model group and the ChryM group across multiple
biological systems (Fig. 3C). Specifically, in the nervous system, 31 proteins were significantly downregulated
whereas only 4 proteins exhibited upregulation following chrysophanol intervention. The immune system
demonstrated a similar trend with predominant downregulation (17 proteins) over upregulation (9 proteins).
Within the lipid metabolism group, the treatment induced downregulation of 8 proteins and upregulation of
6 proteins, indicating a moderate regulatory effect. Notably, under Human Diseases classification, proteins
associated with neurodegenerative diseases showed the most pronounced suppression, with 24 downregulated
versus 14 upregulated species. Intriguingly, substance dependence-related proteins presented discordant
regulatory patterns between subgroups —13 downregulated with 3 upregulated in the primary analysis,
contrasting with 2 downregulated and 4 upregulated proteins observed in immune disease-related pathways.
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Fig. 2. Transcriptomic profiling of ChryM_vs_M. (A) PCA results. (B) DEGs Heatmap. (C) DEGs volcano
plot. (D) GO down analysis results. (E) GO up analysis results. (F) Heatmaps of expressed genes in GO
Enrichment. (n=3 for each group).

These differential expressions suggest system-specific pharmacological effects of chrysophanol intervention.
Comparative proteomic analysis demonstrated significant alterations across multiple biological systems between
the model and control groups (Figure S2C). In neurological parameters, we identified 16 downregulated and
21 upregulated proteins associated with neural signaling pathways. The endocrine system exhibited notable
changes, with 41 proteins showing decreased expression versus 29 displaying increased abundance. Immune-
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Fig. 3. Proteomic profiling between ChryM vs. M comparison. (A) Sample correlation results. (B) DEP
volcano plot. (C) KEGG classify of DEPs between ChryM vs. M groups. (n=3 for each group).

related proteins presented a distinct pattern, demonstrating 34 downregulations compared to 16 upregulations.
Metabolic pathway analysis revealed system-specific modulations: Lipid metabolism: 16 downregulated vs.
12 upregulated proteins; Amino acid metabolism: 13 downregulated vs. 30 upregulated proteins. Notably,
disease-associated protein clusters showed marked differential expression: Neurodegenerative pathways: 17
downregulated vs. 34 upregulated proteins; Endocrine-metabolic disorders: 5 downregulated vs. 9 upregulated
proteins; Immune-related pathologies: 4 downregulated vs. 2 upregulated proteins.
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The experimental results demonstrated that chrysophanol treatment significantly downregulated the
expression of neural-associated proteins, immune-related proteins, and neurodegenerative disease-associated
proteins in diabetic depression model rats. This regulatory pattern suggests that chrysophanol may exert
therapeutic effects through multiple biological pathways: (1) The reduction of neural system-related proteins
potentially modulates neuronal excitability and pathological processes, thereby attenuating neurological damage;
(2) The inhibition of inflammatory mediators in immune-related pathways indicates its anti-inflammatory
properties and possible immunomodulatory potential; (3) The downregulation of neurodegenerative markers,
including B-amyloid and a-synuclein proteins, implies a neuroprotective mechanism that may decelerate
disease progression. Notably, chrysophanol’s regulatory effects on lipid metabolism-associated histoproteins
further suggest its involvement in maintaining metabolic homeostasis. Collectively, these findings propose
that chrysophanol ameliorates diabetic depression through a multi-target mechanism involving coordinated
suppression of neuroinflammatory pathways, mitigation of neurodegenerative processes, and regulation of
metabolic dysfunction.

To delineate the functional enrichment patterns of differentially expressed proteins, we conducted
Gene Ontology (GO) and pathway analyses, visualized through bubble charts. The top 20 significantly
enriched functional categories (P<0.05) were systematically identified, revealing distinct biological pathway
modulations across experimental groups. Comparative GO analysis of biological processes showed pronounced
upregulation of immune-related pathways in the ChryM group versus the model group, including immune
response, complement activation, and classical pathway regulation. Concurrently, neural repair mechanisms
were markedly enhanced, as evidenced by enriched terms such as neuronal projection regeneration, axonal
development, axonal regeneration, peripheral nervous system axon regeneration, and response to axonal injury.
Conversely, pro-inflammatory processes were significantly suppressed, particularly leukocyte chemotaxis and
leukocyte migration during inflammatory responses (Fig. 4). In the model group, biological processes associated
with metabolic homeostasis exhibited notable downregulation. Specifically, lipid biosynthetic processes and
NLRP3 inflammasome complex assembly were significantly attenuated compared to controls (Figure S3). In
conclusion, the above results suggest that chrysophanol achieves its antidepressant function by promoting
axonal development and regeneration and inhibiting inflammatory responses.
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Comparative KEGG pathway analysis revealed distinct metabolic and neurological pathway modulations in
ChryM group compared to the model group. The significant downregulation of Alzheimer’s disease-associated
pathways and synaptic dysfunction markers (cholinergic/glutamatergic/dopaminergic synapses) in ChryM-
treated rats suggests chrysophanol may mitigate diabetes-associated cognitive decline by targeting amyloidogenic
and synaptic vesicle cycling processes. Enhanced axonal regeneration coupled with suppression of synaptic
transmission hyperactivation implies a dual-action mechanism—repairing neural damage while preventing
excitotoxicity. The ChryM group upregulated the Peroxisomal proliferating-activated receptor (PPAR) signaling
pathway compared to the diabetic model group, indicating the potent PPARy agonism of chrysophanol. This
nuclear receptor activation mechanism effectively reversed diabetes-induced lipid dysregulation by modulating
downstream targets including FABP4 (fatty acid binding protein 4) and CD36 (fatty acid translocase), thereby
restoring hepatic insulin sensitivity. The coordinated upregulation of cholesterol metabolism and complement
cascades further suggests that chrysophanol orchestrates lipid-inflammatory crosstalk through PPAR-
mediated transcriptional reprogramming. Coordinated activation of cholesterol metabolism and complement
cascades suggests a regulatory loop where lipid modulation influences inflammatory responses, critical in
diabetic depression pathophysiology (Fig. 5). The model group’s upregulated glycolysis/TCA cycle and fatty
acid biosynthesis reflect compensatory hypermetabolism, a hallmark of insulin resistance and mitochondrial
dysfunction in diabetic encephalopathy. Downregulated lysosomal function, PPAR signalling pathway and
complement cascades in the model group imply defective protein clearance and chronic low-grade inflammation,
potentially exacerbating depressive phenotypes (Figure S4). In summary, these results indicate that chrysophanol
can modulate the synapse pathways and inflammatory processes, which is associated with diabetic depressive
disorder and in line with previous findings®.

Based on the above analysis of the functional enrichment results, key pathways involved in the regulation
of chrysophanol were screened and heatmap analysis was performed to reveal its regulatory effects on key
proteins and their underlying mechanisms (Fig. 6). It is worth noting that chrysophanol is involved in the
regulation of inflammatory pathways through the dynamic regulation of Lgals3 (galectin-3), Adam17 (ADAM
metallopeptidase domain 17), Itgam (integrin subunit alpha M), Fadd (FAS-associated death domain protein),
and other proteins, and enhances neuroplasticity through the regulation of synaptic proteins such as Mdk
(midkine), Grin3a (glutamate ionotropic receptor NMDA type subunit 3 A), Slclal (solute carrier family 1
member 1), etc. It also exerts a potential neuroprotective effect through the regulation of Mdk, Grin3a, Slclal
and other synaptic proteins. The above results suggest that chrysophanol may ameliorate diabetic depression-
like behavior in rats through its neuroprotective and anti-inflammatory functions.
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Fig. 5. KEGG enrichment of ChryM-vs-M.
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Overlap results between RNA-seq and proteome results

Integrative analysis of DEGs and DEPs revealed that Ankrd27, Fth1, Smad3, and Cryab were upregulated in both
the transcriptome and proteome, whereas Gpr3711, Sncg, Pla2g7, and B2m were downregulated in both multi-
omics datasets (Fig. 7). This cross-omics validation identifies Ankrd27 (neuronal vesicle trafficking), Fth1 (iron
homeostasis), Smad3 (TGF-p signaling), and Cryab (stress chaperone) as core effectors mediating chrysophanol’s
dual regulation of synaptic resilience and metabolic reprogramming in DDC pathogenesis. Finally, we selected
five genes, including Ankrd27, Fthl, Cryab, Sncg, and Gpr37I1, and validated their changed expression levels
using RT-qPCR experiment. We found that Ankrd27, Fthl, and Cryab were significantly increased in ChyM
group and showed consistent expression pattern with the RNA-seq result (Fig. 7D), while Sncg and Gpr3711 were
downregulated in ChyM group (Fig. 7E).

Discussion
The escalating global burden of DM and major depressive disorder (MDD) comorbidity represents a critical public
health challenge. To elucidate the underlying molecular mechanisms linking these pathologies, this preclinical
investigation systematically evaluated the therapeutic potential of chrysophanol, a bioactive anthraquinone
derivative from rhubarb, on depression-like phenotypes in a STZ and CUMS induced DDC rat model. The
present study elucidates the multi-target mechanisms underlying the therapeutic effects of chrysophanol in a
DDC model through integrated transcriptomic and proteomic analyses. Our findings reveal that chrysophanol
modulates critical biological pathways associated with neuroprotection, synaptic plasticity, immune regulation,
and metabolic homeostasis, providing a molecular foundation for its efficacy in mitigating DDC progression.
Our experimental results demonstrated the successful establishment of a depression model through general
condition scoring, TST, SPT and water maze test, which aligns with the findings reported by Kilic et al.”. SPT
experiment shows lower sucrose preference in model group®®. Furthermore, accumulating evidence implicates
dysregulation of the brain-derived neurotrophic factor (BDNF) system in the pathophysiology of depression®*”.
The present study contributes novel insights to this field, as our serum BDNF analysis revealed that chrysophanol
may exert antidepressant effects through modulation of BDNF levels. Consistent with the diabetes modeling
methodology employed in our study, Zhao et al. observed depression-like behavioral alterations in type 2 diabetes
mellitus mice induced by high-fat diet combined with intraperitoneal STZ injection®®. In agreement with the
findings of Hoseini et al.*%, our lipid profile analysis demonstrated significant elevations in total cholesterol (TC)
and low-density lipoprotein cholesterol (LDL-C) levels in diabetic rats. The dual verification through behavioral
and metabolic parameters strengthens the construct validity of our comorbid depression-diabetes model.
RNA-seq data revealed that chrysophanol significantly modulates genes involved in synaptic vesicle cycling,
central nervous system (CNS) myelination, and axon ensheathment. The downregulation of synaptic vesicle
cycling pathways (Fig. 2C), in concert with proteomic validation (Fig. 5), suggests a potential normalization of
neurotransmitter release dynamics, which may counteract synaptic dysfunction induced by STZ and CUMS.
The synaptic vesicle transport related genes (sh3g12, scamp5, sncg and amph) are down-regulated, resulting in the
accumulation of intracellular glutamate’. Concurrently, the upregulation of myelination-related pathways (Fig.
2D) implies enhanced axonal integrity and neuronal communication, aligning with prior studies highlighting
myelination deficits in diabetic encephalopathy and depression*!. Proteomic profiling further corroborated these
findings, demonstrating chrysophanol-induced suppression of neurodegenerative markers (e.g., p-amyloid and
a-synuclein) and potentiation of axonal regeneration pathways (Fig. 4). This dual action—repairing neuronal
damage and mitigating excitotoxicity—may synergistically ameliorate cognitive and affective symptoms in
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Fig. 7. Overlap Gene. (A) Venn plot of the overlapped genes between DEGs and DEPs. (B) Heatmap presented
the expression pattern of overlapped genes in RNA-seq. (C) Heatmap presented the expression pattern of
overlapped proteins in Proteome results (n =3 for each group). (D) Bar plot presented the RNA-seq and RT-
qPCR results of up-regulated genes. (E) The same as (D) but for the down-regulated genes. For RT-qPCR, each
of the three biological replicates had three technical replicates. **P-value <0.01, ****P-value < 0.0001, two-way
ANOVA.

diabetic depression comorbidity (DDC). Meanwhile, further experiments should be conducted to validate the
anti-amyloid and anti-synuclein effects of chrysophanol by performing immunofluorescence in hippocampus,
which will be considered in following study.

Integrated transcriptomic and proteomic analyses unveiled the anti-inflammatory properties of
chrysophanol. The downregulation of leukocyte chemotaxis and migration pathways in the proteomic profile
(Fig. 4), coupled with KEGG enrichment of glutamatergic synapse regulation (Figure S1E), indicates suppression
of neuroinflammation, a hallmark of diabetic depression®. This observation aligns with previous study that
identified leukocyte chemotaxis as a critical mediator in mild cognitive impairment (MCI) and Alzheimer’s
disease (AD) pathogenesis*2. Notably, the upregulation of peroxisome proliferator-activated receptor (PPAR)
signaling (Fig. 5) and lipid metabolism-associated proteins (FABP4 and CD36) suggests chrysophanol restores
metabolic homeostasis via PPARy agonism. In support of this mechanism, it is also demonstrated that
naringenin and naringenin-loaded hybridized nanoparticles (NAR-HNPs) alleviate diabetes mellitus (DM)-
induced depression by activating the PPAR-y/NLRP3 axis, thereby modulating neurotransmission and exerting
antioxidative/anti-inflammatory effects*?. Neurotransmission is involved in the regulation of mood, appetite,
energy expenditure, and behavior, and is highly associated with T2D-induced depression*®*>. Consistently, Zhao
et al. reported chrysophanol-mediated upregulation of PPARG expression suppresses neuroinflammation and
apoptosis®t.

Proteomic profiling further revealed chrysophanol-induced activation of axonal development/regeneration
pathways and enhanced responses to axonal injury (Fig. 4), implicating axonal plasticity modulation in its
antidepressant action. These findings resonate with Silva et al., who established axonal remodeling as a key
mediator in chronic stress-induced depression?’. Intriguingly, significant downregulation of Alzheimer’s
disease-associated pathways highlights chrysophanol’s potential to mitigate CNS pathologies. The coordinated
downregulation of multiple synaptic pathways—including cholinergic, serotonergic, dopaminergic, and
glutamatergic synapses—suggests dynamic synaptic remodeling may underpin chrysophanol’s neuroprotective
efficacy against neurological disorders*®.

Scientific Reports |

(2025) 15:42678

| https://doi.org/10.1038/s41598-025-26745-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Integrative analysis identified overlapping molecules (e.g., Ankrd27, Fth1) showing concordant regulation
at both mRNA and protein levels (Fig. 6). Ankrd27, implicated in vesicular trafficking and involved in the
regulation of neurite growth®. Fth1, a ferroptosis regulator, associated with neurodegeneration with brain iron
accumulation®, also related vesicle-mediated transport, may serve as key nodes in chrysophanol’s therapeutic
network. The downregulation of neurodegenerative®>? and immune-related®*** proteins (e.g., B2m, Pla2g7)
further underscores its multi-target action. These findings align with emerging paradigms advocating
polypharmacology for complex comorbidities like DDC>>>¢.

While this study provides mechanistic insights, there are several limitations, including the lack of functional
validation (e.g., knock-out models), the lack of protein or immunofluorescence validation, and restricted sample
size for generalization. Meanwhile, one standard positive control drug, such as fluoxetine, was not properly
included in the omics study. As the omics datasets provided potential pathways and molecular targets of
chrysophanol with small sample size, future work and long-term eflicacy assessment should be conducted to
explore dose-dependent effects, in vivo behavioral correlations, and direct interactions between chrysophanol
and identified targets (e.g. PPARY) with more samples in each group. Additionally, investigating sex-specific
responses and long-term safety profiles will be critical for clinical translation. Finally, several studies have
also showed the drawbacks of chrysophanol, such as limited pharmacokinetic data, possible toxicity, and
bioavailability issues®”%, it is necessary to make a more objective evaluation on the efficacy of chrysophanol and
further investigate a proper therapeutic method for chrysophanol in future.

Conclusion

The present study delineates a comprehensive molecular framework underlying chrysophanols potential
therapeutic efficacy in DDC, revealing its multimodal action through two synergistic axes: (1) Neuroplasticity
Restoration. Transcriptomic profiling identified chrysophanol-mediated suppression of synaptic vesicle
cycling components (Sh3gl2 and Camk5) and enhancement of CNS myelination (Plpl and Mal), indicating
normalization of glutamate neurotransmission hyperactivation and oligodendrocyte-mediated axonal repair;
Proteomic validation demonstrated upregulation of axonal regeneration markers (ANKRD27 and CRYAB) and
downregulation of neurodegenerative proteins, synergistically reversing diabetes-induced synaptic dysfunction.
(2) Anti-Inflammatory Reprogramming. Dual-omics convergence revealed suppression of leukocyte chemotaxis
(Pla2g7, Mdk) and NLRP3 inflammasome activation, coupled with PPARy pathway potentiation (FABP4,
CD36). This dual modulation attenuates neuroinflammation while restoring lipid metabolic homeostasis. Spatial
regulation of glutamatergic synapse components (Grin3a, Slclal) further highlights chrysophanol’s capacity to
mitigate excitotoxicity-driven neuronal damage.

In summary, chrysophanol ameliorates DDC probably through coordinated modulation of neuroplasticity,
inflammation, and metabolism. Its ability to target overlapping pathways at both transcriptional and translational
levels implies its potential as a multi-modal therapeutic agent. These findings pave the way for further preclinical
optimization and clinical evaluation of chrysophanol in diabetes-associated neuropsychiatric disorders.

Data availability
The data discussed in this publication have been deposited in NCBI’'s Gene Expression Omnibus and can be
viewed through GEO Series accession number GSE296320 for RNA-seq.
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