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ABSTRACT

Diabetes mellitus (DM) is a major metabolic disease endangering global health, with diabetic ne-
phropathy (DN) as a primary complication lacking curative therapy. Sporoderm-broken spores of
Ganoderma lucidum (GLP), an herbal medicine, has been used for the treatment of metabolic disorders. In
this study, DN was induced in Sprague-Dawley rats using streptozotocin (STZ) and a high-fat diet (HFD),
and the protective mechanisms of GLP were investigated through transcriptomic, metabolomic, and
network pharmacology (NP) analyses. Our results demonstrated that GLP intervention ameliorated renal
damage and inflammation levels in DN rats. Integrative metabolomic and transcriptomic analysis
revealed that GLP treatment modulated glucose and cellular energy metabolisms by regulating relevant
genes. GLP significantly suppressed the inflammations by impacting glucose and energy metabolism-
related gene expression (Igfbp1 and Angptl4) and enhanced metabolic biomarkers of 4-Aminocatechol.
In addition, NP analysis further indicated that GLP may efficiently alleviate DN via immune-related
pathways. In conclusion, this study provides supportive evidence of the anti-inflammatory effects of
GLP supplements, highlighting their potential for promising clinical applications in treating DN.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

lead to major microvascular conditions, including retinopathy,
neuropathy, and diabetic nephropathy (DN) [2,3]. Further, it is re-

Diabetes mellitus (DM) is one of the major diseases endangering
global health, which is expected to affect 439 million people
worldwide by 2030 [ 1]. Metabolic alterations brought on by DM can
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ported that pathological characteristics of DN include extracellular
matrix accumulation in renal interstitial tissue, glomerular
mesangial expansion, glomerular sclerosis and hypertrophy [4].
Numerous research has indicated that the initiation and develop-
ment of DN are induced by multiple factors, including diet factors,
genetic alterations, early-stage hyperperfusion and hyperfiltration
of aberrant renal hemodynamics, and metabolic disorders induced
by hyperglycemia [5]. Currently, few effective and safe medicines
are available to treat DN. Therefore, there is a need to search safe
and effective drugs to prevent DN progression.

2095-1779/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chenyue831106@126.com
mailto:xueli157@zju.edu.cn
mailto:chenxiangjun@zju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2024.101105&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2024.101105
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2024.101105

L. Hu, L. Yu, Z. Cao et al.

The traditional Chinese medicine (TCM) utilized for thousands of
years in clinic is thought to be multi-targeting. A growing body of
studies have shown that compounds derived from TCM might lower
the likelihood of bronchitis, allergies, immunological disorders, and
cancers in a variety of ways [6,7]. For generations, a well-known
herbal medicinal mushroom, Ganoderma lucidum (G. lucidum), has
been utilized in Asian therapeutic settings for over 2000 years to
improve the immune system, extend longevity, and maintain overall
health [8], and has long been considered a magical or spiritually
potent herb in China [8]. Sporoderm-broken spores of Ganoderma
lucidum (GLP) contain a wider range of bioactive compounds,
including triterpenes, polysaccharides, proteins, fatty acids, and nu-
cleosides. They have been widely recognized for original pharma-
cological values, which include anti-inflammatory effects, anti-
cancer, anti-aging, antioxidant, and hypoglycemic properties [9,10].
And GLP also contributes to preventing the rapid metabolism of
other active components, improving loading rate and encapsulation
efficiency of ingredients, and ultimately enhancing the bioactivity
and pharmacological effects as nano-systems [11,12]. The traditional
uses of GLP are remarkably extensive, encompassing a wide range of
health conditions and disease states. These include, but are not
limited to metabolic disorders such as diabetes and metabolic syn-
drome; cardiovascular conditions like hypertension and hyperlipid-
emia; chronic diseases affecting the liver, kidneys, and respiratory
system; neurological disorders including Alzheimer's and Parkin-
son's diseases; various types of cancers; autoimmune conditions
such as rheumatoid arthritis and lupus [13—15].

DN is a complex disorder involving various pathological pro-
cesses, including inflammation, oxidative stress, metabolic dysre-
gulation, and fibrosis. The multifaceted pharmacological profile of
GLP positions it as a more promising candidate for addressing the
complex pathophysiology of DN compared to single-target in-
terventions. Previous studies have shown that G. lucidum poly-
saccharides could reduce inflammatory markers such as interleukin
(IL)-6, IL-16, and tumor necrosis factor-alpha (TNF-«), which play
significant roles in DN pathogenesis [16,17]. Also, G. lucidum poly-
saccharides reduce proteinuria, serum creatinine levels, and renal
hypertrophy, thus indicating protective effects on kidney function
in DN models [18]. Additionally, GLP improves glucose metabolism
and insulin sensitivity by modulating key metabolic pathways
[16,19]. Therefore, GLP may be a potentially safe and effective
therapy for DN. Nevertheless, above-mentioned existing evidence
of GLP on DN typically concentrated on a single clinical feature
[20,21]. The multi-therapeutic effects of GLP on DN have not been
elucidated.

More recently, novel advances in genomics, transcriptomics, and
metabolomics have revolutionized the search for therapeutic tar-
gets [22]. Additionally, network pharmacology (NP) method in-
tegrates conventional pharmacology, biology of systems and
biochemistry, drug interactions and activities with multiple key
targets that could be systematically elucidated. Herein, a multi-
omics approach, including transcriptomics, metabolomics, and NP
analysis in this study, allows for a more comprehensive under-
standing of the molecular mechanisms underlying GLP's effects.
This multi-omics approach can provide insights into the complex
interactions between GLP and the biological systems involved in
DN, potentially uncovering novel therapeutic targets and pathways.

2. Materials and methods
2.1. Materials
GLP was manufactured using the following methods: harvest-

ing, spore collection, purification, drying, sporoderm-breaking, and
extraction. In short, the fluidized-bed air-flow mill was firstly used
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to break the complete G. lucidum spore polysaccharide (raw mate-
rial), and removed the sporoderm by filtration, purification, con-
centration, and drying to produce the so-called GLP. It was supplied
by Zhejiang Jibaichuan Pharmaceutical Co., Ltd., which was ac-
quired from the cultivation in Hangzhou, Zhejiang, China (batch No.
20230105). This product was approved under drug production li-
cense No. 20190017. The product of GLP is brown powder with
slight odor and light or slightly bitter taste. Its characteristic com-
ponents such as polysaccharide (%) shall not be less than 0.8, and
triolein (%) shall not be less than 3.0. Its physical and chemical in-
dicators such as moisture (%) shall not exceed 9.0, total ash (%) shall
not exceed 3.0, impurities shall not be detected with foreign matter
such as mycelium and starch, and shall be tested under a micro-
scope; the difference in filling volume shall comply with the reg-
ulations: 1 g/bag (0.94—1.06 g), 2 g/bag (1.90—2.10 g), 5 g/bag
(4.75—-5.25 g), 50 g/can (50—52.5 g), 100 g (100—103 g); lead shall
not exceed 2 parts per million, cadmium shall not exceed 5 parts
per million, arsenic shall not exceed 1 part per million, mercury
shall not exceed 1 part per million, copper shall not exceed 20 parts
per million, chromium shall not exceed 2 parts per million, and
nickel shall not exceed 1 part per million. The wall breaking rate
shall not be less than 95%, the peroxide value shall not exceed 0.20.
Its microbial indicators are total aerobic bacteria (cfu/g) less than or
equal to 40,000, mold and yeast (cfu/g) less than or equal to 50,
Escherichia coli (MPN/g) less than or equal to 0.92, and Salmonella
less than or equal to 0/25 g. The detection method shall be in
accordance with the “Chinese Pharmacopoeia” and “Zhejiang
Province Traditional Chinese Medicine Processing Specifications”.

2.2. Animals and treatments

From the Shanghai laboratory animal centre, nine adult male
Sprague-Dawley rats (eight weeks, weight: 180—200 g) were ac-
quired, and they were fed in a free of bacteria environment. All rats
were kept in well-regulated environments (12 h of light/dark, 22 +
1 °C), with unlimited availability of distilled water and food. All
experimental operations were fully adhered to the Institutional
Animal Care and Use Committee of Zhejiang University, as well as
Provision and General Recommendation of the Chinese Laboratory
Association. After adaptive feeding for one week, rats were
randomly assigned to three groups (n = 5, respectively): the Control
group, high-fat diet (HFD)-fed group (DN) and GLP-treated HFD-fed
group (DN + GLP). Rats were given a high-sugar and HFD for four
weeks in both DN and DN + GLP (60% kcal fat, 20% kcal protein, and
20% kcal carbohydrate, #D12492; Research Diets, New Brunswick,
NJ, USA). The ingredient of HFD contains 4057 kcal, including 800
kcal Casein-80 Mesh, 12 kcal -Cystine, 500 kcal 1-Cystine, 275.2
kcal Sucrose, 275.2 kcal Soybean, 2205 kcal Oil Lard*, 40 kcal
Vitamin Mix. The detailed manufacturing process about the HFD is
as follows. The first step is the generation of a batch ticket which we
call a Production Checklist (PCL). The PCL is prepared electronically
and is scaled for the specified batch size. Each batch of diet is
prepared by a trained diet technician who works under the direct
supervision of the Production Manager. The macros are also
enabled to verify that the Research Diets, Inc. (RDI) Lot Number
entered for each ingredient. Upon completion of blending, the
Production Manager will inspect the batch and notify the Pelleting
Manager (PM) that the batch is ready for pelleting. The PM also
ensures that additional information such as the pellet mill used to
produce the pellets, the type of die used, and various other pa-
rameters are documented on the PCL for this batch. Upon
completion of the pelleting stage, the diet is placed into a tem-
perature- and humidity-controlled room so that moisture can be
removed from the product after two days drying. If determined to
be dry, then the diet can be removed from the drying room for
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sampling and packaging. A regular diet (#P1300F, Hangzhou Cel-
lojin Biotechnology Co., Ltd., Hangzhou, China) was provided to the
Control group. Then, rats in both DN group and DN + GLP group
received an intraperitoneal injection of streptozotocin (STZ) (40
mg/kg, # CSN11987, CSNpharm, Hangzhou, China) after fasting for
16 h in the fifth week. In order to generate a diabetic model, STZ
was dissolved in 0.1 M sodium citrate buffer (#T108601 Yonghua
Chemical Technology (Jiangsu) Co., Ltd., Changshu, Jiangsu, China,
pH 4.4). Equal doses of sodium citrate buffer were given to rats in
the Control group. Fasting blood glucose levels in rats were
detected 72 h following the injection, by piercing the ventral tail
vein, samples were taken using a one-touch glucose analyser. Rats
with blood glucose levels higher than 16.7 mmol/L were confirmed
as DN rats and were selected for further study. The DN + GLP group
was treated with GLP of 200 mg/kg every two days, while normal
saline was given to the DN and Control groups. The dose of 200 mg/
kg can be regarded as low dose to explore the potential effect of GLP
treatment, meanwhile, avoiding side toxicity along with long pe-
riods of GLP treatment based on supporting evidence [23—25].

For each week after inducing DN model, measurements of body
weight and blood glucose were taken in this study. Rats were fasted
for 12 h before the blood and urine collection following the 17-
week intervention. After centrifuging 200 pL of serum for 20 min
at4 °C, the samples were stored at —80 °C. Following an assessment
of the body weight, rats were euthanized, and kidney tissues were
obtained and preserved at —80 °C for further biochemical tests and
pathological assessment, and the ratio of kidney/body weight was
calculated.

2.3. Histological assessment

The kidney tissue of rats was fixed, sliced, and sealed, and then
stained with hematoxylin-eosin (H&E, #G1120, Solarbio, Beijing,
China) and Masson's trichrome (#G1346, Solarbio, Beijing, China).
With routine treatment, H&E and Masson's trichrome staining
were applied to adipose tissue of epididymis, respectively. Inverted
Fluorescence Microscope (LSM900, Zeiss, Netherlands) was utilized
immediately to observe the histopathological changes. In regard as
transmission electron microscopy (TEM), small pieces (1 mm x 1
mm x 1 mm) of kidney cortex were fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.4) for 2 h at 4 °C. Samples were post-
fixed in 1% osmium tetroxide for 1 h, then dehydrated through a
graded ethanol series. Tissues were embedded in Epon 812 resin.
Ultrathin sections (60—80 nm) were cut using an ultramicrotome
and collected on copper grids. Sections were stained with uranyl
acetate and lead citrate. Samples were examined using a Thermo
FEI Tecnai G2 spirit transmission electron microscope. Small pieces
(1 mm x 1 mm x 1 mm) of kidney cortex were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 h at 4 °Cin
scanning electron microscopy (SEM) analysis. Samples were
washed three times with 0.1 M phosphate buffer, then post-fixed
with 1% osmium tetroxide for 2 h. Tissues were dehydrated
through a graded ethanol series (30%, 50%, 70%, 90%, and 100%).
Samples were critical point dried, mounted on aluminum stubs,
and sputter-coated with gold-palladium. Specimens were exam-
ined using a Thermo FEI Nova Nano 450 scanning electron micro-
scope. Glomerular diameter was measured digitally for
standardizing the degree of glomerular damage, taking the average
of glomerular width and height from individual glomeruli. 10
random complete glomeruli with both hilum and urinary pole from
30 randomly selected fields of each animal were used as the
glomerular damage index for each animal. Glomerular sclerosis
percentages were assessed by recording the number of sclerotic
glomeruli in a total of 10 randomly selected fields of glomeruli. The
percentage of glomerular sclerosis was calculated as elation
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sclerotic glomeruli/total glomeruli number. Tubular injury scores
were scored using a semiquantitative grading system, evaluating on
a scale of 0—4 as follows: 0, no tubulointerstitial injury; 1, < 25%
injury; 2, 25%—50% injury; 3, 51%—75% injury; and 4, > 75% injury.
The higher the score is, the more severe the renal tubular injury is.
10 randomly selected fields in each mouse were examined for the
presence of tubules sclerotic lesions.

2.4. RNA extraction and nephritic transcriptome analysis

The TIANGEN RNAprep Pure Cell Kit (# DP431, Tiangen
Biochemical Technology (Beijing) Co., Ltd., Beijing, China) and
TRIzol reagent (# 9109, Takara, Beijing, China) were used to isolate
total RNA from three separate kidney cells and kidney tissue sam-
ples from each group, respectively. PrimeScript™ RT Master Mix (#
RRO36A, Takara, Beijing, China) was applied to perform reverse
transcription and library construction using 1 pg of total RNA in
accordance with the instructions of manufacturer. Utilizing Illu-
mina TruSeq™ RNA sample preparation kit to construct sequencing
libraries and then performed on Illumina HiSeq X Ten platform in a
2 x 150 bp paired-end configuration. After removing the connector
sequence and low quality reads, the original reads were converted
into clean reads alignment with the mouse reference genome
(mRatBN7.2) by bowtie2, to obtain mapping data. The fragments
per kilobase million (FPKM) algorithm was used to assess the ability
of RNA transcripts to discriminate Control, DN and DN + GLP
samples by incorporating principal component analysis (PCA).
Taking raw counts as the original expression amount of the gene,
“DESeq2” R package was implemented to screen differentially
expressed genes (DEGs) with a filter threshold of fold change (FC) >
1 and Benjamini and Hochberg (BH)-corrected false discovery rate
(P gpr) < 0.05. To annotate DEGs, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases were
applied to elucidate the potential enrichment pathways.

2.5. Untargeted nephritic metabolome analysis

Kidney samples that had been collected were extracted using a
20% methanol solution and processed according to previously
published techniques. Equal quantities of each extracted superna-
tant were combined to create a pooled quality control (QC) sample,
which was then injected on a regular basis (every three samples).
By applying an ultra-high pressure liquid chromatography (UHPLC)
system in conjunction with a triple quadrupole time of flight (TOF)
analyzer (Waters, Milford, MA, USA), all extracted metabolites were
examined. An hydrophilic interaction liquid chromatography
(HILIC) TSK gel Amide-80 column (250 mm x 2.0 mm, i.d., 5 pm)
with a 2.0 mm x 1 cm id. guard column of the same material
provided by Tosoh Bioscience (Tokyo, Japan) was used for analytical
separation of metabolites. The flow rate was 0.15 mL/min and
elution gradient was performed using solvent A (acetonitrile) and
solvent B (ammonium acetate 3 mM at pH5.5, adjusted with acetic
acid) as follows: 0—3 min, isocratic gradient at 5% B; 3—27 min,
linear gradient from 5% to 70 % B; 27—30 min, isocratic gradient at
70% B; 30—32 min back to the initial conditions at 5% B; and from 32
to 40 min, at 5% B. The full scan mode of the positive electrospray
ionisation was applied to operate mass spectrometer (MS). For
variations in the lockmass, the spectral peaks were automatically
corrected.

MSConvert function of ProteoWizard was used to convert MS
raw data files into the mzML format. Log-transformed processed
raw liquid chromatography-tandem mass spectrometry (LC-MS)
data were identified using the Metlin database. The scaled and
normalised data were then imported into R software (“Ropls” R
package) for multivariate analysis, incorporating principal
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component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA). To confirm differential metabo-
lites, the following criterions were used: FC (FC > 1 or < 0.5), var-
iable importance (VIP) (VIP > 1) value, and P value (P < 0.05).
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) was utilized
to perform KEGG metabolic pathway enrichment analysis based on
the differential metabolites that were found.

2.6. Transcriptome and metabolomics integration

The associations between identified differentially expressed
gene signatures and the normalised differential metabolites were
calculated using Spearman's correlation coefficients. A scaled
heatmap was created for the correlation matrix using the default
clustering method. Nominal P values (P < 0.05) were reported for
signature testing.

2.7. Network pharmacological analysis

The OMIM (https://www.omim.org/), GeneCards (https://www.
genecards.org/), and PharmGKB (https://www.pharmgkb.org/) da-
tabases were searched for target information pertaining to the
active drug components of GLP. The UniProtKB (https://www.
uniprot.org/) database was used to convert the target proteins
and gene names into standard target names. To obtain the DN-
relevant targets, “Diabetic Nephropathy” was searched as key-
words in DrugBank (https://www.drugbank.com/), DisGeNET
(https://www.disgenet.org/), therapeutic target database (TTD)
(https://db.idrblab.net/ttd/), and GeneCards (https://www.
genecards.org/). Similarly, gene symbol transformation of disease
targets was carried out using the Uniprot database (https://www.
uniprot.org/). Duplicates of the four databases were removed to
obtain disease target signals. Subsequently, the common targets of
DN and GLP, which were thought to be prospective targets in this
study, were obtained via the website (http://bioinformatics.psb.
ugent.be/webtools/Venn/).

The PPI network was constructed using these plausible targets
in the STRING database (https://string-db.org/), with a medium
confidence parameter of 0.400. Through the Closeness and Degree
topological analysis methods, the top 10 proteins were identified by
analysing the topological features of the constructed network
model applying the CytoHubba function in Cytoscape software. To
examine the KEGG enrichment pathways of the targets of GLP
acting on DN, the string database and ChiPlot tool were utilized.
Moreover, to visualise and create the target-pathway network di-
agram, the top 20 pathways and identified key targets were
uploaded into Cytoscape software.

2.8. Quantitative polymerase chain reaction (qPCR) and
biochemical assays

The renal tissue samples and blood samples of animal modelling
were collected to estimate the senescence-associated expression of
p16, p21, p27 and p53, and inflammation levels (including IL-1, IL-
6, TNF-q, IL-10, matrix metallopeptidase 3 (MMP3), monocyte che-
moattractant protein-1 (MCP-1), C-reactive protein (CRP), C-X3-C
motif chemokine receptor 1 (CX3CR1), C-X-C motif chemokine
ligand (CXCL)6 and LIT) according to qPCR as described previously,
respectively. From the differential expressed genes and enrichment
pathways, we selected eight genes (Igfbpl, Angptl4, Map3ki3,
Slc31a2, Abcb1b, Slc6a9, Sic5al and Erbb3) involving in glucose
metabolism-related and energy metabolism-related to validate our
findings. Reverse transcription was carried out in a thermocycler,
and qPCR (Applied BiosystemsTM, QuantStudio 5) was carried out
in triplicates utilizing complementary DNA (cDNA) templates and a
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SYBR green master mix (# 11201ES08, Yeason, Shanghai, China)
with particular primers. Each sample was measured for three times.
Using the 2 EAVARS: techniques, the relative expression level of the
corresponding messenger RNAs (mRNAs) was measured. Table S1
displays the primer sequences used in this study. Utilizing
Primer-BLAST from the NCBI webtool (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/), we designed certain primer pairs. Serum
creatinine was measured using a commercial kit (BIOSINO, Beijing,
China).

2.9. Western blot analysis

The nephridial tissue was homogenized using the phenyl-
methylsulfonyl fluoride (PMSF)- and protease-inhibiting ultrasonic
cell disruptor in RIPA lysis buffer (# BL504A, Biosharp, Hangzhou,
China) on ice. The proteins were transferred to nitrocellulose
membranes after being separated using 12% sodium dodecylsul-
phate polyacrylamide gel electrophoresis (SDS-PAGE) (# NO.
C631100, Sangon Biotech, Shanghai, China). After 1 h of room tem-
perature incubation with blocking buffer (5% BSA) (# NO. B600036,
Sangon Biotech, Shanghai, China), the cells were then incubated
with primary antibodies for an additional overnight at 4 °C. The
horseradish peroxidase-conjugated secondary antibody was incu-
bated for 2 h at the standard room temperature. Finally, using the
ECL detection kit (# BL520A, Biosharp, Hangzhou, China), the im-
munoblots were established, and the band intensity was measured
by Image] software.

2.10. Statistical analysis

The results represented at least three independent experiments
or five rats at least in each group. Prism 9.5 (GraphPad, La Jolla, CA,
USA) software was used for statistical analysis on the experimental
measurement data, which were presented as mean + standard er-
ror of the mean (SEM). The unpaired two-tailed Student's t-test was
performed to examine two group comparisons. One-way analysis of
variance (ANOVA) with Tukey's post-hoc test was applied for
multiple comparisons. P < 0.05 was regarded as statistically
significant.

3. Results

3.1. Effects of GLP supplementation on preventing DN-induced
nephritic function in rats

Schematic workflow of the animal experiments schedules was
presented in Fig. 1A. The DN group showed obvious weight loss
based on 17-week of induced modelling DN, with rats exhibiting a
decreasing trend in body weight in DN (419.00 + 19.73 g) compared
to Control (554.67 + 29.77 g) (Fig. 1B), as previous studies reported
[26,27]. Compared with the Control group (5.74 + 0.17 mmol/L), the
fast blood glucose level (20.82 + 0.64 mmol/L) was significantly
higher in the DN group, whereas no significant change was
observed in DN + GLP group (20.65 + 0.23 mmol/L) (Fig. 1C). Kid-
ney/body weight showed a significant increase in DN group when
compared to Control, however, no significant changes were
observed in DN + GLP compared with DN group (Fig. 1D). The urine
creatinine was observed to evaluate the renal function in the
induced DN model. Consistent with the previous report, the activity
levels of urine creatinine were higher in the DN group (83.00 +
56.63 umol/L) than the Control group (139.67 + 41.19 umol/L), while
they were significantly much lower in the DN + GLP group (37.67 +
17.79 pmol/L) in comparison to DN group (Fig. 1E). Fig. S1A
consistently showed higher urine proteins level in DN group
compared to Control group. DN has been reported to induce cellular
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Fig. 1. Experimental design workflow and amelioration of sporoderm-broken spores of Ganoderma lucidum (GLP) in this study. (A) Schematic of the experimental design. (B) Body
weight. (C) Fasting blood glucose. (D) Kidney/body weight ratio. (E) Urine creatinine. (F—L) Inflammatory cytokines including interleukin (IL)-6 (F), IL-18 (G), tumor necrosis factor-
alpha (TNF-«) (H), matrix metallopeptidase 3 (MMP3) (1), IL-10 (J), monocyte chemoattractant protein-1 (MCP-1) (K) and C-reactive protein (CRP) (L). Values are presented as mean +
standard error of the mean (SEM) (n = 5 in each group). Student's t-test was used for comparing Control vs. diabetic nephropathy (DN) and DN vs. GLP-treated high-fat diet (HFD)-

fed group (DN + GLP). “P < 0.05, “*P < 0.01,

.

P < 0.0001. mRNA: messenger RNA; STZ: streptozotocin; H&E: hematoxylin-eosin; qPCR: quantitative polymerase chain reaction; LC-

MS: liquid chromatography-tandem mass spectrometry.

senescence [28]. Thus, we also examined the changes of GLP treatment markedly and significantly attenuated the expres-
senescence-associated expression of p16, p21, p27 and p53 among sion of these senescence-associated markers (Figs. SIB—E). Blood
the three groups. As expected, DN group showed a significant in- inflammatory cytokines (IL-18, IL-6, TNF-q, IL-10, MMP3, MCP-1 and
crease of p16, p21, p27 expression level compared to Control, and CRP) were measured. IL-6, TNF-q, IL-10, MCP-1 and CRP levels were
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significantly higher in DN group when compared to Control group.
And IL-6, TNF-w, IL-10, MCP-1 and CRP in the DN + GLP groups
significantly lowered following GLP treatment as compared with
DN group under the same dietary intervention (Figs. 1F—L). These
findings suggested the better anti-inflammatory activity of GLP
treatment.

Furthermore, we found that GLP ameliorated DN-induced renal
damage (Figs. 2A and B). Non-diabetic rats displayed normal tissue
with well-organized cell layers, whereas inflammatory infiltration
and neovascularization were discovered in DN group (Fig. 2A).

A

Control

Glomerulus

H&E staining

Renal tubule

Glomerulus

Masson staining

Renal tubule

O
o
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According to Fig. 2B, the DN rats showed the increased Masson
trichrome-positive areas within the injured glomerulus and tubu-
lointerstitial compartment compared to non-diabetic rats. Notably,
GLP treatment apparently improved those morphologic lesions
with lower fibrosis and inflammatory infiltration. Glomerular
diameter, glomerular sclerosis ratio, and tubular injury scores were
measured to observe glomerular and renal injury (Figs. 2C—E).
Notably, treatment with GLP markedly improved renal injury
compared with DN rats in regards of tubular injury scores (Fig. 2E).
Likewise, compared with Control group, TEM analysis showed

DN+GLP
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5 g 5

4 o | —
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Fig. 2. Amelioration of sporoderm-broken spores of Ganoderma lucidum (GLP) on high-fat diet (HFD)-induced diabetic nephropathy (DN) rats. (A, B) Representative histology of
glomerulus and renal tubule were assessed by hematoxylin-eosin (H&E) staining (A) and Masson staining (B), respectively. (C—E) Glomerular diameter (C), glomerular sclerosis ratio

(D), and tubular injury scores (E) were measured to observe glomerular hypertrophy and renal injury. *P < 0.05, **P < 0.01,

whk

P < 0.001. DN + GLP: GLP-treated HFD-fed group.
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Fig. 3. Effects of sporoderm-broken spores of Ganoderma lucidum (GLP) treatment on kidney transcriptome. (A) Principal component analysis (PCA) plot. (B—D) Volcano plot of
significant differentially expressed genes (DEGs) of diabetic nephropathy (DN) vs. Control (B), GLP-treated HFD-fed group (DN + GLP) vs. DN (C), and DN + GLP vs. Control (D). Red
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dots, upregulated; blue dots, downregulated. (E) The heatmap analysis of DEGs in Control, DN and DN + GLP groups. Red, upregulated differential genes; green, downregulated
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severe podocyte foot processes fusion or effacement in DN group,
and results of SEM indicated that some podocyte foot processes
exhibited fusion and disordered arrangement relative to DN group.
After treatment with GLP, the foot process effacement ameliorated,
suggesting the protective effects of GLP against podocyte injury
(Fig. S2A). Further western bolt analysis visualized that DN group
showed a statistically significant increase in the Bax/Bcl-2 ratio
compared to Control group, and DN + GLP group lowered the Bax/
Bcl-2 ratio compared with DN group, indicating the amelioration of
GLP treatment via controlling cellular apoptosis (Figs. S2B and C).

A

GO enrichment
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3.2. Effects of GLP supplementation on nephritic transcriptome

Kidney tissue samples were extracted for RNA sequencing
(RNAseq) analysis from Control, DN, and DN + GLP groups. DN and
DN + GLP intervention groups were distinguished from Control
group according to PCA analysis, and principal component 1 (PC1)
filtering separated DN + GLP from DN and Control group, which
accounted for 46% (Fig. 3A). 444 DEGs were found in DN group
compared to Control group from differential expression analysis,
among which 189 DEGs were downregulated and 255 DEGs were
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and KEGG term.
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upregulated, respectively (Fig. 3B and Table S2). In comparison to
DN, 348 DEGs were identified in DN + GLP (Fig. 3C and Table S3), in
addition, GLP treatment induced 507 DEGs compared to Control
(Fig. 3D and Table S4). Key DEGs were presented using a heatmap
(Fig. 3E). Notably, a total of 18 DEGs were upregulated in DN
compared to Control group, whereas the expression levels were
consistently downregulated in DN + GLP compared to DN group.
Among them, eight genes (Igfbpl, Angptld, Map3ki3, Slc31a2,
Abcb1b, Slc6a9, Slc5al and Erbb3) were related to glucose

Scores plot DN vs. Control
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metabolism and cellular energy metabolism, with Igfbpl and
Angptl4 showing as the top ranking two signals (Fig. 3F). To further
identify transcriptome differences related to glucose and energy
metabolism, the mRNA expression levels of these eight genes were
further determined by qPCR (Figs. 3G and S3A—F). Results accu-
rately showed that DN enhanced Igfbp1 (P < 0.05) and Angptl4 (P <
0.05) compared to Control group. Compared with DN group, DN +
GLP significantly decreased the expression level of Igfbpl and
Angptl4 (P < 0.05). Altogether, these findings indicated that GLP
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intervention had much effect on modulating kidney transcription
in a variety of glucose and energy metabolism molecular processes.

The abundance of possible signalling pathways induced by di-
etary components and GLP intervention was estimated by GO
enrichment analysis. DN vs. Control yielded the most abundant
DEGs, response to vitamin, regulation of cell growth, humoral im-
mune response mediated by circulating immunoglobulin and
immunoglobulin mediated immune response were the main bio-
logical processes (Fig. 4A and Table S5). Circadian regulation of gene
expression, response to glucose, and phosphatidylinositol meta-
bolic process were mostly enriched in DN + GLP vs. DN (Fig. 4B and
Table S6). Response to nutrient, metabolic process, response to
hypoxia, and sulfur compound metabolic process were enriched in
DN + GLP when compared to Control (Fig. 4C and Table S7). KEGG
analysis was then carried out for the DEGs that were acquired from
each of the three subgroups, which yielded the results of enriched
pathways directly associated with advanced glycation endproduct-
receptor for advanced glycation endproducts (AGE-RAGE) signal-
ling pathway in diabetic complications and phosphoinositide 3-
kinase (PI3K) - protein kinase B (AKT) signalling pathway in DN
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vs. Control (Fig. 4D and Table S8), phospholipase D signalling
pathway, parathyroid hormone synthesis, secretion and action, and
glycine, serine and threonine metabolism in DN + GLP vs. DN (Fig.
4E and Table S9), mammalian target of rapamycin (mTOR) signal-
ling pathway, and inflammatory mediator regulation of the tran-
sient receptor potential (TRP) channels in DN + GLP vs. Control (Fig.
4F and Table S10). Interestingly, our analysis revealed that meta-
bolic process pathway was primarily enriched in all group com-
parisons according to KEGG enrichment analysis.

3.3. Effects of GLP supplementation on nephritic metabolic profiles

Ultra performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) was performed to examine metabolic dif-
ferences between Control vs. DN, DN vs. DN + GLP, and Control vs.
DN + GLP comparisons. There was a total of 495 annotated metab-
olites identified. Significant differences among all groups were found
by PCA analysis in both positive and negative models (Figs. 5A—D).
44 metabolites in DN group had VIP scores > 1.5 and P < 0.05 in
comparison with Control (Fig. 5E and Table S11), ie, 3-

DN + GLP vs. DN
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Fig. 6. Correlation analysis amongst differentially expressed genes (DEGs) and differentially accumulated metabolites. (A, B) Spearman's correlation of metabolome and tran-
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scriptome analysis in diabetic nephropathy (DN) vs. Control (A), and sporoderm-broken spores of Ganoderma lucidum (GLP)-treated high-fat diet (HFD)-fed (DN + GLP) vs. DN (B). "P
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ketosphingosine (VIP = 1.97), p-octopine (VIP = 1.96), and (5-L-
glutamyl)-i-glutamate (VIP = 1.95). 13 metabolites had VIP scores >
1.5 and P < 0.05 in DN + GLP relative to DN group (Fig. 5F and Table
S12), i.e., isopentenyl adenosine (VIP = 2.23), 4-Aminocatechol (VIP
= 2.12), and p-octopine (VIP = 2.01). 22 metabolites had VIP scores >
1.5 and P < 0.05 in DN + GLP when comparing to Control (Fig. 5G and
Table S13), i.e., cis-aconitic acid (VIP = 1.80), formiminoglutamic acid
(VIP = 1.76), and 9-0OxoODE (VIP = 1.74). OPLS-DA analysis indicated
that potential metabolites including 4-Aminocatechol were signifi-
cantly decreased in DN model compared to Control (P < 0.05), and
increased abundance of p-Octopine and Uracil was observed in DN
relative to Control groups. Nevertheless, GLP treatment reversed this
trend (Figs. 5E and F). Differential metabolites between DN and
Control were mostly enriched in Fc epsilon refractive index (RI)
signalling pathway, inflammatory mediator regulation of TRP chan-
nels, peroxisome proliferators-activated receptors (PPARs) and
gonadotropin-releasing hormone (GnRH) signalling pathway ac-
cording to KEGG enrichment analysis (Fig. 5H). In comparison of DN
+ GLP and DN, differential metabolic features mainly enriched in
pantothenate and coenzyme A (CoA) biosynthesis and pyrimidine
metabolism (Fig. 51). For the comparison of DN + GLP and Control,
pathways of IL-17-producing T helper (Th17) cell differentiation,
Intestinal immune network for IgA production, and forkhead box
transcription factors class O (FoxO) signalling pathway were simi-
larly enriched (Fig. 5]). Additionally, the network analysis of key
differential metabolites and KEGG general metabolic pathway was
visualized in Figs. S4A and B.

3.4. Integrated analysis of metabolome and transcriptome in energy
metabolism

To further investigate the changes in metabolic pathway
response to GLP intervention, a comprehensive correlation analysis
was carried out by integrating differential metabolites and DEGs.
Here, the correlation between differential metabolites and top 40
DEGs (20 downregulated and 20 upregulated DEGs, respectively)
was examined using Spearman's correlation coefficient. As shown
in Figs. 6A and B, and S5, Angptl4 was negatively correlated with 4-
Aminocatechol and positively correlated with p-Octopine, and
Igfbp1 was negatively correlated with p-Octopine in DN relative to
Control (P < 0.05) (Fig. 6A). Igfbp1 showed a significantly negative
correlation with 4-Aminocatechol in DN + GLP compared to DN
(Fig. 6B). Collectively, these correlation findings indicated that GLP
could alleviate the influence of high-fat dietary factors by regu-
lating key genes expression level and metabolic biomarkers in rats.

3.5. Validation analysis in human DN

Considering that transcriptomic regulations have been identi-
fied as independent biomarkers of human disease, validation
analysis was performed for the transcriptomic comparison be-
tween DN patients and healthy controls utilizing human tran-
scriptome data (GSE104954 dataset). Fig. S6A presented the DEGs
between DN patients and healthy controls. It was apparently
indicated that immune cytokines (i.e., CXCL6 and CX3CR1) upre-
gulated in DN patients. Figs. S6B and C showed the expression level
of Igfbp1 and Angptl4, which were key signatures identified from
DN rat model, and Igfbp1 was significantly overexpressed in DN
patients (P < 0.05). As shown in Figs. S6D and E, 405 GO enrichment
pathways and 15 KEGG pathways transcriptional level changed.
Consistent with our above findings from rats’ DN model, GO
pathways were related to immune-associated pathways including
positive regulation of cytokine production and humoral immune
response, and cellular metabolism pathways (Fig. S6D). Amongst
the KEGG pathways, autoimmune diseases (i.e.,, rheumatoid
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arthritis and asthma) and AGE-RACE signalling pathways in dia-
betic complications were verified in the present study, which
consistently indicated the immunoregulation in DN (Fig. S6E). Im-
mune cytokines (CX3CR1, CXCL6 and LIT) were further validated
among DN and DN + GLP rats, results suggested that DN rats
showed higher immune infiltration than Control group, and GLP
treatment could lower these inflammatory factors levels consis-
tently (Figs. S6F—H).

3.6. The nephritic pharmacological function of GLP by integrating
NP

Eighty-eight active targets in GLP were obtained from the
GeneCards, OMIM, and PharmGKB databases after removing du-
plicates (Fig. 7A). According to DrugBank, DisGeNET, TTD and
GeneCards databases, 1,720 possible targets of DN were retrieved
(Fig. 7B). Thirty-three common targets were showed in a Venn
diagram and used for further investigation (Fig. 7C). Afterwards,
protein interaction networks of the constituents and putative tar-
gets of DN disease were constructed using STRING database,
acquiring 33 nodes and 138 edges in the STRING results (Fig. 7D).
The findings suggested that immune-related proteins (CXCL8, FBJ
murine osteosarcoma viral oncogene homolog (FOS), toll-like re-
ceptor 4 (TLR4), IL-10, IL-4) could be possible targets for DN. Ten
key targets above were confirmed by topological network analysis
of crucial nodes based on 11 algorithms (Figs. 7E and S7). The String
and ChiPlot platforms were used to perform KEGG analysis based
on the common targets of active GLP-DN. Top 20 significantly
enriched pathways were identified in our study, including PD-L1
expression and PD-1 checkpoint pathway in cancer, IL-17 signal-
ling pathway, Toll-like receptor signalling pathway, Cytokine-
cytokine receptor signalling pathway, and T cell receptor signal-
ling pathway (Figs. 7F and G). These findings stimulate the potential
mechanisms for GLP in treating DN by immunoregulation, sup-
porting the above findings from transcriptome and metabolome
analysis.

4. Discussion

Studies have shown that GLP had a wide array of pharmaco-
logical properties, such as antioxidant, immunomodulatory effects
[29,30], anticancer [31], regulating blood glucose levels, hep-
atoprotective effects, neuroprotective properties, etc. [30,32,33].
Accumulating evidence supports the link between disturbances of
metabolism levels and DN [34], which provides potential new
therapeutic avenues for patients with DN. These diverse phar-
macological properties underscore the potential of GLP as a
multifaceted natural therapeutic agent for DN. In this
experimental-based research, we firstly investigated the role of
GLP treatment on kidney function of HFD-induced DN by tran-
scriptome, metabolome, and NP analyses. Then examined the
correlation between differential metabolites and the key features
of gene expression, aiming to illustrate potential beneficial effects
of GLP. In our study, we revealed that the GLP treatment improved
kidney damage and inflammation levels in DN rats (Figs. 1, 2, S1,
and S2).

The kidney is essential for energy metabolism and glucose cir-
culation [35,36]. Nephritic transcriptome was conducted to un-
derstand the amelioration of GLP on renal-associated metabolic
processes (Figs. 3, 4, and S3). Notably, GLP profoundly altered the
glucose metabolism-related and cellular energy metabolism-
related genes in the kidney (such as Igfbp1 and Angptl4) upregu-
lated in DN group compared to Control group, and downregulated
after GLP treatment. Dysregulation of insulin-like growth factor
binding protein 1 (IGFBP-1) as well as insulin-like growth factors
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Fig. 7. Network pharmacology (NP) of intersecting targets of sporoderm-broken spores of Ganoderma lucidum (GLP) towards diabetic nephropathy (DN). (A) Screening of GLP
targets. (B) Screening of DN-related targets. (C) Venn diagram showed the common targets of DN and GLP. (D) Protein—protein interaction (PPI) network analysis of drug-disease
intersection targets. (E) Frequency of the top 10 most frequent target genes based on 11 algorithms. (F) Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of key targets (P < 0.05). Key targets and pathways are marked with red rectangles. (G) Visualization of KEGG pathways and selected key targets through
Cytoscape. DN + GLP: GLP-treated high-fat diet (HFD)-fed group; TTD, therapeutic target database; IL: interleukin; CXCL: C-X-C motif chemokine ligand; TLR4: toll-like receptor 4;
CCL: C-C motif chemokine ligand; FOS: FB] murine osteosarcoma viral oncogene homolog; MAPK: mitogen activated protein kinase.

(IGFs) in serum induces metabolic disorders (e.g., type 2 diabetes) type 1 diabetes (T1D) and DN [38]. Meanwhile, levels of circulating
and cardiovascular disease [37]. Another clinical observation has Angptl4 showed a significant increase in patients with DN, inter-
demonstrated that higher circulating IGFBP-1 levels are linked to estingly, the elevation in Angptl4 correlated significantly with
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clinical markers of DN including serum creatinine, epidermal
growth factor receptor (eGFR), as well as IGFBP-1 [39]. These results
suggested that the Igfbp1 and Angptl4 levels were probably attrib-
uted to the regulation of development of DN. Combined with
enriched GO terms and KEGG pathway, the study revealed that GLP
may alleviate DN through the regulation of genes related to glucose
metabolism and energy metabolism.

Evidence of DN-induced energy expenditure and glucose meta-
bolism contributes to chronic inflammatory status. Complementary
data extracted from patients with DN and healthy controls, findings
about immune regulating genes and higher Igfbp1 expression level in
DN patients were identified, consistently indicating the immuno-
regulation in DN (Fig. S6). As expected, the therapeutic targets of GLP
identified by metabolome and NP method were immune-related
proteins, such as inflammatory cytokines (i.e., CXCL8, FOS, TLR4).
Nephritic metabolome further indicated the distinct differences in
DN and GLP treatment (Figs. 5 and S4). The abundance of potential
biomarkers of p-Octopine and Uracil was shown to be significantly
increased by DN. Additionally, significant decrease of 4-
Aminocatechol was identified with DN model. Further integration
transcriptome and metabolome analysis hinted that 4-
Aminocatechol was negatively correlated with genes enriched in
the energy metabolism pathway and inflammatory response, sug-
gesting that 4-Aminocatechol might be vital in regulating inflam-
mation and metabolic changes (Figs. 5, 6, S4 and S5). Collectively,
these findings could provide a better understanding of GLP alleviate
kidney damage by suppressing the expression of Igfbp1 and Angpti4
through glucose related and energy metabolism pathways, and
enhancing immunoregulation (Fig. 8).

Recent studies have suggested several potential mechanisms
that G. lucidum may improve DN-related kidney injury, including
PI3K/AKT/mTOR signalling pathway [16], autophagy activation [16],
anti-apoptotic effects [40], and inflammatory pathways [41], which
were verified by our multi-omics data (Figs. 3—7). Taken the find-
ings together, it suggested that GLP treatment alleviates
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inflammation and renal injury by reducing inflammatory cytokines
(such as CXCL6 and CX3CR1) and suppressing Igfbp1 and Angptl4
expression in renal tissues. The potential mechanisms through
which GLP exerts its effects on glucose metabolism may involve
enhancing insulin sensitivity by upregulating the expression and
translocation of glucose transporter 4 (GLUT4) [42], suppressing
hepatic gluconeogenesis-related enzymes such as phosphoenol-
pyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase) [43], activating AMP-activated protein kinase (AMPK) to
promote glucose uptake and fatty acid oxidation [44], and
enhancing the incretin effect [45]. Moreover, the potential mech-
anisms by which GLP exerts its effects on inflammation may be
involved in suppressing the nuclear factor-kappa B (NF-kB) sig-
nalling pathway, activating mitogen activated protein Kkinase
(MAPK) pathways, particularly p38 and extracellular regulated ki-
nase 1/2 (ERK1/2), enhancing the activity of antioxidant enzymes
such as superoxide dismutase (SOD) and catalase, and inhibiting
the Nod-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome [46—48]. To date, the precise molecular mecha-
nisms by which GLP ameliorates DN still require further validation
and human clinical studies.

While our study focused on the effects of GLP in its native form,
recent advancements in nanomedicine offer exciting possibilities
for enhancing its therapeutic potential. For example, Zhang et al.
[49] created GLP-coated gold nanoparticles with enhanced anti-
oxidant and immunomodulatory activities. Similarly, another study
developed GLP-loaded chitosan nanoparticles with improved sta-
bility and enhanced immunomodulatory effects [50]. These nano-
formulation approaches could potentially be applied to our findings
to further improve GLP's efficacy in treating DN. Future studies
could explore the use of such nanocarriers to enhance GLP delivery
to the kidneys, potentially amplifying its beneficial effects on
glucose metabolism, inflammation, and renal function as identified
in our multi-omics analysis. However, limitations and unresolved
issues should be acknowledged that i) these findings are lacking
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Fig. 8. Proposed mechanism of sporoderm-broken spores of Ganoderma lucidum (GLP) treatment on ameliorating diabetic nephropathy (DN) rats. IL: interleukin; TNF-o.: tumor
necrosis factor-alpha; MCP-1: monocyte chemoattractant protein-1; CRP: C-reactive protein ; CX3CR1: C-X3-C motif chemokine receptor 1; CXCL: C-X-C motif chemokine ligand.
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clinical manifestations as seen in DN patients; ii) though we have
revealed potential protective and anti-immunity role of GLP in DN
rats, further exploration is required to compare the specific thera-
peutic effects of GLP with other herbal medicine known for the
therapy of DN; and iii) the molecular mechanisms of downstream
regulatory key molecules on metabolome disturbance resulting
from an DN model are unclear. More thorough profiles of GLP uti-
lization in vivo and targeted metabolomic analysis are needed to
ascertain our findings in additional studies.

5. Conclusion

In sum, this is the first study to demonstrate that low dose of
GLP improved renal damage and inflammation levels in DN rat
models. Our analysis of transcriptomic data from DN patients and
healthy controls revealed elevated expression of key genes,
including IGF-related genes and inflammatory cytokines in DN
patients. Importantly, these findings align with and validate our
observations in the DN rat model. Specifically, these results
potentially showed that GLP treatment ameliorated DN by sup-
pressing the expression of Igfbpl and Angptl4 and enhancing
metabolic biomarkers of 4-Aminocatechol through glucose related
and energy metabolism pathways, and enhancing immunoregula-
tion. This comprehensive integration analysis using tran-
scriptomics, metabolomics, and NP represents an advanced
analytical approach in pharmaceutical research, which also high-
lights the possibility of the future application of GLP as a protective
and anti-immunity therapeutic herb in DN patients.
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