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Kidney diseases endanger human health and place a heavy burden on global health care systems. The current
study aimed to explore the beneficial advances of alginate oligosaccharides (AOS) as a functional food on kidney
structure and function, and the underlying mechanisms with a busulfan disrupted kidney model. We found that
AOS improved the busulfan disrupted renal tubules. Busulfan increased the protein levels of kidney injury marker
kidney injury molecule-1, apoptosis marker caspase 3 and inflammation marker TNF-α while they were recov
ered by AOS. On the other hand, AOS promoted the expression of proteins involved in vascular development
α-SMA, CD34 and TGF-β which were decreased by busulfan. Furthermore, AOS elevated the beneficial blood
metabolites levels while reduced the harmful blood metabolites levels. Therefore, AOS can be applied to improve
kidney function for the patients who take chemotherapeutics such as busulfan or other patients with chronic
kidney diseases.

1. Introduction
Kidney diseases include acute kidney injury (AKI) and chronic kid
ney disease (CKD), the former can lead to the latter (George et al., 2019).
CKD is a worldwide health problem affecting more than 11% of the
whole population (Hill et al., 2016). CKD is a growing problem caused
by a number of factors such as genetic, age, diet, and even chemother
apeutics (Abdollahifar et al., 2020; Holditch et al, 2019; Zattera et al.,
2017; Mehta et al., 2015; Ingsathit et al., 2010), which leads to high
mortality rates (Koyner et al., 2014). Busulfan is a very good chemical
used to treat various hematologic malignancies, immunodeficiencies,
chronic myelogenous leukemia in children and adults prior to bone
marrow transplantation (Qu et al., 2018; Galaup & Paci, 2013).
Although anti-cancer drugs have saved countless lives and made great
contributions to medical care, the nephrotoxicity is not negligible
(Abdollahifar et al., 2020; Xing et al., 2020; Holditch et al, 2019; Zattera
et al., 2017; Yang et al., 2013). Chemotherapeutics induced kidney
diseases include glomerular disease (progression of tubular and
glomerular scarring with the loss of the microvasculature; Fogo, 2006;
Kang et al., 2002), tubular atrophy (tubular epithelial cells exhibit a

persistent inflammatory response; Miguel et al., 2021; Gewin et al.,
2017), and nephrolithiasis (Assayag et al., 2017; Mehta et al., 2015; Oun
et al., 2018). Moreover, the treatment of CKD imposes a high economic
cost to health systems.
As a treatment for nephrotoxicity, the safety should be considered
first. Alginate oligosaccharides (AOS) are bio-degraded products of
alginate which is a naturally occurring anionic polymer extracted from
seaweeds, such as kelp and macrocystis (Xing et al., 2020). AOS have
been received wide attention because of their low molecular weight,
high biological activity and good solubility with a variety of biological
activities, such as antitumor activity, counteracting oxidation, antiinflammation, modulating gut microbiota (Wang et al., 2020a; Han
et al., 2019; Hu et al., 2019; Zhou et al., 2015; Chi et al., 2009; Ueno
et al., 2012). The U.S. Food and Drug Administration has considered
AOS to be safe biopolymers (reference no. 21CFR184.1724) (Zhao et al.,
2020a). We recently found that AOS are an excellent natural product for
rescuing busulfan disrupted spermatogenesis and increasing semen
quality (Zhao et al., 2020a). Kidney is an important organ for repro
duction (Opuwari & Monsees, 2020; Yang et al., 2013), and busulfan not
only disrupts testicular function but also induces kidney damage.
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2. Materials and methods

However, it is unknown that AOS have beneficial effects on kidney. The
hypothesis of the current study was that AOS may improve kidney
functions to benefit spermatogenesis because AOS is such excellent
natural product with many advanced characteristics. The purpose of this
study was to explore the beneficial advances of AOS as a functional food
on kidney structure and function, and the underlying mechanisms.

2.1. Study design
This study was approved by the Qingdao Agriculture University
Animal Care and Use Committee (QAUR2020106). Mice were main
tained under a light: dark cycle of 12:12 h, at a temperature of 23 ℃ and
humidity of 50%–70%, and animals had free access to food (chow diet)
and water as reported in our previous studies (Zhao et al., 2020a, 2020b;
Fig. 1. AOS improved busulfan disrupted
kidney tubules by TEM analysis. (A) Study
design. (B) Kidney ultrastructure at a low
magnification. Red arrow: the gap between
basement membranes of adjacent renal tubules.
n = 6/groups. (C) Kidney ultrastructure at a high
magnification (zoomed images). Red arrow:
microvilli at the free end of the renal tubular
epithelium. n = 6/groups. (D) Quantitative data
for intertubular space, microvilli and mitochon
drial cristae. n = 6/groups. (E) BUN (blood urea
nitrogen) levels in plasma(mmol/L). n = 6/
groups. (F) Scr (serum creatinine) levels in
plasma(µmol/L). n = 6/groups. (G) CAT (cata
lase) activity in renal tissue (U/mg protein). n =
6/groups. Data are expressed as average ± SEM.
a, b, c indicate a significant difference among
different groups (P < 0.05). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this
article.)
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Zhang et al., 2019a). ICR male mice of 3 weeks of age were given a single
injection of busulfan (40 mg/kg BW; Zhang et al., 2021; Zhao et al.,
2020a,b; Jung et al., 2015). The next day, the mice were dosed with
ddH2O as the control or AOS 10 mg/kg BW daily (0.1 mL/mouse/d in
ddH2O) by oral gavage. Alginate oligosaccharides (AOS) used in this
study was donated by Qingdao Bozhihuili CO., LTD (Zhao et al., 2020b).
AOS were dissolved in ddH2O as stock solution, then the working dosing
solution was freshly diluted daily and administered continuously for five
weeks. There were four treatment groups (30 animals/group): (1) A0
(blank control, ddH2O); (2) A10 (AOS 10 mg/kg BW); (3) BA0 (busulfan,
plus dosing with ddH2O); and (4) BA10 (busulfan, plus AOS 10 mg/kg
BW). After treatment, the mice were humanely terminated for the
collection of samples for analysis (Fig. 1A).

micrograms of total RNA were used to make the first strand of com
plementary DNA (cDNA; in 20 μl) using an RT2 First Strand Kit (Cat. No:
AT311-03, Transgen Biotech, P. R. China) following the manufacturer’s
instructions. The generated first-strand cDNAs (20 μl) were diluted to
150 μl with double-deionized water (ddH2O). Then, 1 μl was used for
one PCR reaction (in a 96-well plate). Each PCR reaction (12 μl) con
tained 6 μl of qPCR Master Mix (Roche, Germany), 1 μl of diluted firststand cDNA, 0.6 μl primers (10 mM), and 4.4 μl of ddH2O. The primers
for qPCR analysis were synthesized by Invitrogen and are presented in
Supplementary Table 1. The primers for qPCR analysis were synthesized
by Invitrogen. qPCR was conducted by using a Roche LightCycler 480
(Roche, German) with the following program-step 1: 95 ℃, 10 min; step
2: 40 cycles of 95 ℃, 15 s; 60 ℃,1 min; step 3: dissociation curve, step 4:
cool down. n = 3/group.

2.2. Ultrastructural pathological determination by transmission electron
microscopy (TEM)

2.6. Plasma metabolome measurements by LC-MS/MS

The procedure for TEM analysis has been published in our previous
article (Zhao et al., 2020b). Briefly, the kidney samples were taken and
fixed for 2 h in 2% glutaraldehyde made in sodium phosphate buffer
(0.1 M, pH7.2–7.4). Samples were washed 6 times (15 min each time)
with phosphate buffer to remove fixative. The samples were then fixed
for 2 h in 1% OsO4 made in sodium phosphate buffer (0.1 M, pH7.2–7.4).
Samples were washed and dehydrated in ethanol at increasing concen
trations up to 100%. Then the samples were permeated in a mixture of
resin and acetone of gradually increasing resin concentration. Next
samples were embedded and cured at 37 degrees for 12 h, 45 degrees for
12 h, 60 degrees for 48 h. Finally, the samples were ultrathin sectioned
at 50 nm and then double stained with lead-uranium. Then the sections
could be imaged on a JEM-2010F TEM (JEOL Ltd., Japan). n = 6/group.

Plasm metabolites were quantified as reported in our previous arti
cles (Zhang et al., 2021; Zhao et al., 2020a). Plasma samples were
collected and immediately stored at − 80 ◦ C. Before LC-MS/MS analysis,
the samples were thawed on ice and processed to remove proteins. Then
samples were detected by ACQUITY UPLC and AB Sciex Triple TOF 5600
(LC/MS). Fifteen samples/groups were analyzed for plasma samples.
The HPLC conditions employed an ACQUITY UPLC BEH C18 column
(100 mm × 2.1 mm, 1.7 μm), solvent A [aqueous solution with 0.1% (v/
v) formic acid], and solvent B [acetonitrile with 0.1% (v/v) formic acid]
with a gradient program. The flow rate was 0.4 mL/min and the injec
tion volume was 5 μl. Progenesis QI v2.3 (Nonlinear Dynamics, New
castle, UK) was implemented to normalize the peaks. Then the Human
Metabolome Database (HMDB), Lipidmaps (v2.3), and METLIN software
were used to qualify the data. Moreover, the data were processed with
SIMCA software (version 14.0, Umetrics, Umeå, Sweden) following
pathway enrichment analysis using the KEGG database (https://www.
genome.jp/KEGG/pathway.html). n = 15/group.

2.3. Measurement of blood parameters for renal function
Plasma samples were collected and immediately stored at − 80 ◦ C.
After samples thawing, BUN, serum creatinine (Scr) and serum cystatin
C levels were assessed by assay kits according to the manufacturer’s
instructions [Nanjing, P.R. China; BUN (Cat. #: C013-2-1); Scr (Cat. #:
C011-2-1); cystatin C (Cat. #: H336-1)] (Chu et al. 2018). n = 6/group.

2.7. Immunofluorescence staining (IHF)
Kidney IHF analysis was followed our previous reports (Zhang et al.,
2021; Zhao et al., 2020a). Briefly, the prepared kidney sections (5 μm)
were dewaxed and rehydrated. The sections were subsequently sub
jected to antigen repair and then blocked with BDT, followed by incu
bation with primary antibody (1:150 in BDT; Supplementary Table 2)
overnight stay at 4℃. The next day, the sections were incubated with
secondary Antibody (1:150 in BDT). Next, Hoechst 33342 was used to
stain the nucleus of the cell. The sections were imaged using a Nikon
Eclipse TE2000-U fluorescence microscope (Nikon, Inc., Melville, NY),
and the captured images were analyzed using ImagePro software. A
minimum of 1000 cells were counted for each section, and three tissue
sections per animal were analyzed. The data were expressed as the
percentage of total cells counted. n = 6/group.

2.4. Determination of oxidative parameters in kidney samples
The kidney tissues and saline (1:9) were ground and centrifuged for
10 min (2000 r/min), the precipitate was discarded and the supernatant
was collected. The activity of catalase (CAT), superoxide dismutase
(SOD) and glutathione peroxidase (GPX), and the levels of the gluta
thione (GSH) in renal homogenate supernatants were measured by
commercially available assay kits [Nanjing, P.R. China; Catalase (Cat. #:
A007-1-1); SOD (Cat. #: A001-3-2); GPX1 (Cat. #: A005-1-2); GSH (Cat.
#: A006-2-1)] (Chu et al. 2018). All procedures were performed ac
cording to the manufacturer’s instructions. n = 6/group.
2.5. RNA-seq and q-RT-PCR analysis
RNA extraction and RNA-seq sequencing were described previously
(Zhang et al., 2020). Total renal RNA was isolated using TRIzol Reagent
(Invitrogen) and purified using a Pure-Link1 RNA Mini Kit (Cat:
12183018A; Life Technologies) following the manufacturers’ protocol.
The library products were prepared for sequencing in an Illumina
HiSeqTM 2500. The read number of each gene was transformed into
RPKM (reads per kilo bases per million reads), and then differentially
expressed genes were identified using the DEGseq package and the
MARS (MA-plot-based method with random sampling model) method.
Data were then analyzed by GO enrichment, KEGG enrichment, and
multiple enrichment online (Metascape: https://metascape.org/gp/
index.html#/ main/step1). mRNA q-RT-PCR was consistent as
described in our previous pblication (Liu et al., 2016). Briefly, two

2.8. Western blotting (WB)
Kidney WB analysis was followed our previous reports (Zhang et al.,
2021; Zhao et al., 2020a). Proteins from kidney tissue were lysed in RIPA
buffer containing a protease inhibitor mixture. The total protein was
separated on SDS-PAGE gels. The proteins were then transferred onto
PVDF membranes and then blocked with 5% BSA (dissolved in TBST) for
1 h and incubated with the primary antibody (Supplementary Table 2)
overnight at 4℃. The next day the PVAF membrane was washed with
TBST and incubated with secondary antibody (1:1000 in TBST) for 1 h at
room temperature. Finally, bands of protein were visualized and
analyzed. n = 3/group.
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2.9. Statistical analyses

3. Results

Data were analyzed using SPSS statistical software (IBM Co., NY,
USA) with one-way analysis of variance (ANOVA) followed by LSD
multiple comparison tests. All groups were compared with each other
for every parameter. The data were shown as the mean ± SEM. Statis
tical significance was based on p < 0.05.

3.1. AOS protected busulfan disturbed renal tubular epithelial cells
As shown in Fig. 1A, we collected kidney tissue samples from 4
groups: A0 (blank control, ddH2O), A10 (AOS 10 mg/kg BW in ddH2O)
BA0 (busulfan alone), BA10 (busulfan plus AOS 10 mg/kg BW in
ddH2O). After evaluation of the ultrastructure and RNA-seq data, we
found A10 group was similar to A0 group. Therefore, all the data present
in this study were just three groups: A0, BA0, and BA10. The ultra
structure was determined by TEM to search the protective effects of AOS
on kidney. The major changes were in the inter-tubular space and
microvilli of the kidney (Fig. 1B and C). The basement membrane
arrangement between adjacent renal tubules in the BA0 group was
looser than that in the A0 group, which was recovered by AOS 10 mg/kg

2.10. Data availability
Kidney RNA-seq raw data were deposited in NCBI’s Gene Expression
Omnibus under accession number GSE143243.

Fig. 2. RNA-seq data. (A) Venn diagram of
the number of differentially expressed genes
between each comparation. n = 3/groups.
(B) Enrichment analysis for the genes
increased in BA0 vs. A0 while decreased in
BA10 vs. BA0 by Metascape online. (C) Q-RTPCR data for selected genes related to kidney
function (Fold change to A0 group). The data
were normalized to house-keeping genes
(GAPDH and beta-actin). n = 6/groups. (D)
Q-RT-PCR data for Klotho (Fold change to A0
group). The data were normalized to housekeeping genes (GAPDH and beta-actin). n
= 6/groups. Data are expressed as average
± SEM. a, b, c indicate a significant differ
ence among different groups (P < 0.05).
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(BA10 group; Fig. 1B, C and D). The number of renal tubular microvilli
in the BA0 group was less than that in the A0 and BA10 group, and the
microvilli growth condition in BA0 group was less developed than that
in A0 and BA10 group (Fig. 1C and D). In addition, the mitochondria
were damaged by busulfan (B0 group) while improved by AOS (BA10
group) with a clear structure of the inner cristae (Fig. 1C). As reported by
other studies (Abdollahifar et al., 2020), busulfan damaged the devel
opment of renal tubular epithelial cells, while AOS could protect the
normal development of renal tubules. Moreover, as shown in Fig. 1E and
F, busulfan caused the increase in BUN (blood urea nitrogen) and serum
creatinine (Scr) in mouse blood samples, while AOS decreased them,
which was consistent with other reports (Abdollahifar et al., 2020; Pan
et al., 2021).

genes while decreased the expression of 142 genes (Fig. 2A; BA0 vs. A0).
Compared to busulfan, AOS increased the expression of 480 genes while
decreased the expression of 811 genes (Fig. 2A; BA10 vs. BA0). It was
interesting to notice that most of the increased genes (728 out of 1299
genes) by BA0 were decreased by BA10 (Fig. 2A). And 78 out of 142
genes decreased by BA0 were increased by BA10 (Fig. 2A). The functions
of the increased 728 genes by BA0 while decreased by BA10 were
enriched by the Metascape online. A few pathways related kidney
functions were uncovered such as “ion transport”, “amine transport”,
“aldosterone synthesis and secretion”, “regulation of membrane poten
tial”, and so on (Fig. 2B). 13 genes from enrichment analysis related to
kidney functions (aldosterone synthesis and secretion, regulation of ion
transport) were selected for q-RT-PCR analysis to confirm the RNA-seq
data. The genes Lipe, Hsd3b1 and Agtr1b were enriched in “aldoste
rone synthesis and secretion” pathways, the genes Dpp6, Htr3a, Kcna1,
Kcnma1, Fxyd3, Scn3a, Atp1a2 and Kcnk2 were enriched in “regulation
of ion transport” pathway. In addition, the genes Slc22a3 and Slc29a4
are associated with renal drug transport (Zazuli, et al., 2020; Ange
noorth et al., 2020). It was found that q-RT-PCR data and RNA-seq data
matched well (Fig. 2C). Furthermore, Klotho is an anti-aging factor and
AOS can upregulate its expression, which is consistent in the previous
studies (Pan, et al., 2021) (Fig. 2D) and our investigation. These data
indicated that AOS has a protective effect on the kidney at the gene level.

3.2. AOS improved the antioxidant capacity of the kidney
AOS is known to have antioxidant activity. Therefore, we determined
the activity of CAT, SOD and GPX, and the levels of the GSH in kidney
tissues. In current study, busulfan decreased CAT activity in mouse
kidney, while AOS significantly increased it (Fig. 1F). In addition, AOS
increased the GSH levels in kidney tissues (Fig. 1G) although it was not
significant. However, SOD and GPX activity was similar across all the
treatment groups. These data demonstrated that AOS could improve the
antioxidant capacity of the kidney.
3.3. AOS protected the kidney at the gene level

3.4. AOS prevented kidney cell injury and decreased cellular
inflammation

To search how AOS protect kidney development and function, firstly,
the changes of gene expression in the kidney were determined by RNAseq. Compared to control, busulfan increased the expression of 1299

AOS not only improved the ultrastructure of kidney cells by TEM
analysis, but also inhibited the kidney cell injury at the protein levels
(Fig. 3). BA0 increased the protein level of kidney injury molecule-1
Fig. 3. AOS improved busulfan induced
kidney injury. (A) Western blotting analysis
of KIM-1 and caspase 3 of kidney samples. n
= 3/groups. (B) Quantitative data for WB of
KIM-1 and caspase 3 (Fold change to A0
group). n = 3/groups. (C) Immunofluores
cence staining for TNF-α in kidney. n = 3/
groups. (D) Quantitative data for immuno
fluorescence staining analysis of TNF-α. n =
6/groups. Data are expressed as average ±
SEM. a, b, c indicate a significant difference
among different groups (P < 0.05).
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(KIM-1) which was decreased by BA10 (Fig. 3A and B). At the same time
the cell apoptosis protein caspase 3 was elevated by BA0 while reduced
by BA10 (Fig. 3A and B). Moreover, the inflammatory maker TNF-α was
increased by BA0 while was decreased by BA10 (Fig. 3C and D).
Moreover, there was a positive correlation between the level of TNF- α
and the kidney intertubular space, and negative correlations between
the level of TNF- α and kidney microvilli, between level of TNF- α and
mitochondrial cristae, and level of TNF- α and klotho gene expression
level. The data herein indicated that AOS protected renal tubules by

eliminating the cellular inflammatory and apoptosis.
3.5. AOS promoted kidney vascular development
The mammalian kidney is a highly vascularized organ, and it has
reported that endothelial cells in the renal vascular system undergoes
significant damage and necrosis in ischemic kidney injury (Wang et al.,
2020b; Mohamed & Sequeira-Lopez, 2019). In current investigation, we
found busulfan disturbed kidney blood vessels (Fig. 4). Busulfan

Fig. 4. AOS ameliorated busulfan disturbed kidney vasculature. (A) Immunofluorescence staining for α-SMA and CD34 in kidney. n = 6/groups. (B) Quantitative
data for immunofluorescence staining analysis of α-SMA (% of positive cells). n = 6/groups. (C) Quantitative data for immunofluorescence staining analysis of CD34
(% of positive cells). n = 6/groups.(D) Western blotting analysis of TGF-β in kidney. n = 6/groups. (E) Quantitative data for WB of TGF- β (Fold change to A0 group).
n = 3/groups. Data is presented as average ± SEM. a, b, c indicate a significant difference among different groups (P < 0.05).
6
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integrity of the renal tubules structure. In addition, it has been reported
that busulfan reduced kidney antioxidant capacity, while AOS could
increase kidney antioxidant capacity. (Abdollahifar et al, 2020; Pan, et
al, 2021). In current investigation, AOS increased renal CAT activity and
GSH levels which was in good agreement with the previous studies.
To explore the underlying mechanisms of AOS improved busulfan
disrupted kidney function, RNA-seq analysis was performed to investi
gate the gene expression pattern. We found busulfan increased the
expression of many genes which could be returned to normal levels by
AOS. Drugs and metabolites are excreted out of the body via the
glomerulus and tubules, however, it may lead to the accumulation of
harmful substances and eventually nephrotoxicity if they function
abnormally (Zazuli, et al., 2020). In that study, the gene expression in
“renal drug transport” pathway was enhanced in mice injected with
Bacitracin, while AOS attenuated the toxicity of busulfan and reduced
the expression of these genes. Overexpression of the anti-aging factor
Klotho reduces systemic oxidative stress, and AOS has been reported to
upregulate the expression of gene Klotho (Pan et al., 2021) In current
study, AOS increased the expression of Klotho and improved the anti
oxidant capacity of the kidney, which was in good agreement with the
study of Pan et al. It is interesting to notice that busulfan increased the
expression of genes involved in “ion transport”, “aldosterone synthesis
and secretion”. Although aldosterone is a steroid hormone that
enhanced the renal reabsorption of ions and water molecules, it has been
proved to induce kidney inflammation, fibrosis, foot cell damage
(Fourkiotis et al., 2012; Brem et al., 2011). Inflammatory response and
apoptosis may occur in renal tubular epithelial cells during kidney
injury (Zhang et al., 2019b; Cantaluppi et al., 2014). The data suggested
that busulfan may induce inflammation while AOS recovered it. Actu
ally, we found that busulfan increased the protein level of kidney injury
molecule-1 (KIM-1, also known as TIM-1; a marker of renal tubular
injury) which was consist with early report that KIM-1 was significantly
upregulated in damaged renal tubules (Han et al., 2002). However, AOS
could decrease the expression of KIM-1 which verified that AOS was
beneficial to the renal tubules. At the same time, busulfan increased the
protein levels of inflammatory protein TNF-α and apoptotic protein
caspase 3 while they were reduced by AOS. TNF-α is an inflammatory
factor produced by macrophages/monocytes that causes necrosis and
apoptosis (Idriss & Naismith, 2000). Caspase 3 is a pivotal protein that
had been proved to induce apoptosis (Porter & Jänicke, 1999). The in
crease in apoptotic protein caspase 3 may be due to TNF-α which
contributed to kidney tubular injury, while AOS alleviated the renal
injury by reducing TNF-α expression. The data suggested that AOS could
protect renal tubular epithelial cells by inhibiting apoptosis and in
flammatory responses.
The mammalian kidney is a highly vascularized organ (Mohamed &
Sequeira-Lopez, 2019), and the normal development of blood vessels is
inextricably linked to the functioning of the kidney (Long et al., 2005).
In our investigation, we found that busulfan inhibited the expression of
vasculature related proteins α-smooth muscle actin (α-SMA), CD34 and
TGF-β, while AOS promoted the expression of these proteins. CD34,
α-SMA and TGF-β play vital roles in vascular development and mainte
nance (Mohamed & Sequeira-Lopez, 2019; Zhu et al., 2019; Pusztaszeri
et al., 2006; Zacchigna et al., 2006). Our data indicated that AOS also
had a protective effect on the development of renal blood vessels.
The function of the kidney is to filter the blood and remove metabolic
waste, on the other hand blood metabolites also affect the function of the
kidney. AOS increased many beneficial metabolites which were
decreased by busulfan as discussed below. 4-Methylcatechol prevented
streptozocin induced renal damage by suppressing reactive oxygen
species (ROS) production and inflammation (Gezginci-Oktayoglu et al.,
2018). Tuftsin-phosphorylcholine (TPC) was effective in ameliorating
lupus nephritis in a mouse model (Shemer et al., 2018). Melatonin
reduced chemical-induced nephrotoxicity by inhibiting oxidative stress,
inflammation and apoptosis (Raza & Naureen, 2020). 3-Hydroxyflavone
had a protective effect on nicotine-induced oxidative stress in rat

decreased the protein levels of blood vessel markers α-SMA and CD34 in
the kidney (Zhu et al., 2019; Pusztaszeri et al., 2006), while AOS
upregulated their expression levels (Fig. 4A-C). VCAM and ICAM were
no difference across the treatment groups. TGF-β plays important role in
vascular development and maintenance (Zacchigna et al., 2006).
Busulfan significantly decreased TGF-β1 protein level while it was
recovered by AOS in the kidney (Fig. 4D and E). These data confirmed
that AOS was beneficial to kidney vascular development, AOS may
protected the renal tubules by reducing the degree of renal vascular
damage.
3.6. AOS improved blood metabolites to ameliorate busulfan disrupted
kidney
In our previous study, we have found that AOS improved blood
metabolites to improve spermatogenesis. In this current study, we found
AOS ameliorated busulfan disrupted kidney via the improvement in
blood metabolites (Data Set 1). We found many blood metabolites
related to kidney functions have been changed (Fig. 5). Busulfan
reduced the expression of these compounds that are beneficial to the
kidney, while AOS increased the levels of them (Fig. 5A-J). These
compounds included 4-Methylcatechol, Tuftsin, Melatonin radical, 3Hydroxyflavone, Ganoderic acid beta, Emodin, Daidzein, 5,7-Dihydrox
yflavone, Apigenin and Candesartan. On the other hand, busulfan
increased the levels of harmful compounds to the kidney, while AOS
reduced them: Clomipramine, p-Cresol glucuronide, p-Cresol, Hypo
xanthine and Nifedipine (Fig. 5K-O). The data suggested that AOS
benefited blood metabolites to ameliorate kidney functions.
4. Discussion
Chronic kidney disease is a worldwide health problem with a high
economic cost to global health systems, and the global prevalence of
chronic kidney disease is over 11% (Hill et al., 2016). Renal tubular
epithelial cells are the main cells of the kidney and perform the physi
ological functions of reabsorption and excretion of water and solutes
(Zhao et al., 2020c; Thomasova et al., 2016). However, renal tubular
epithelial cells are susceptible to injury, such as toxins, hypoxia, me
chanical damage, etc. Renal tubular atrophy is also one of the main
hallmarks of chronic kidney diseases (Gewin et al., 2017). Moreover,
during chronic kidney disease, renal tubular epithelial cells show a
persistent inflammatory and profibrotic response (Miguel et al., 2021).
Abdollahifar et al. have reported that busulfan caused nephrotoxicity
with the increase in serum BUN and serum creatinine (Src) levels,
reactive oxygen species production, and structural damage in rat kidney
(Abdollahifar et al., 2020). In current investigation, we used busulfan
disrupted mouse kidney as a model to explore the beneficial advance of
AOS on the improvement of kidney function. We found that AOS
improved busulfan disrupted renal tubules by TEM ultrastructural
pathological analysis. We observed that busulfan was harmful to renal
tubular epithelial cells evidenced by a larger gap in the basement
membrane arrangement between adjacent tubules, and the decrease in
the number of microvilli in renal tubular epithelial cells. Fortunately,
AOS could promote the tight arrangement of renal tubules and increase
the number of microvilli in renal tubular epithelial cells. Normal prox
imal tubule epithelial cells have a large number of dense and wellarranged microvilli which form a brush-like rim and enlarge the sur
face area of the free surface of the cells. The microvilli are rich of
alkaline phosphatase and ATPase which are closely related to the
reabsorption function of the cells. Not only in terms of pathological
changes, but also AOS reduced the levels of BUN and Scr in the blood,
and it is clear that AOS improved the kidney function that was destroyed
by busulfan. It has showed that renal tubular epithelial cell injury could
lead to acute or chronic kidney injury, possibly due to the involvement
of inflammatory mediators or the onset of apoptosis (Cantaluppi et al.,
2014). AOS may ensure normal kidney function by protecting the
7
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Fig. 5. AOS improved blood metabolite levels. (A)-(J) Expression of metabolites beneficial to the kidney in the A0, BA0 and BA10 group which were increased by
BA10 while decreased by B0 (relative amount). (K)-(O) Expression of metabolites harmful to the kidney in the A0, BA0 and BA10 group which were decreased by
BA10 while increased by B0 (relative amount). n = 15, *P < 0.05.
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proximal renal tubule cells (Sengupta et al., 2017). Ganoderic acid A had
antioxidant, anti-inflammatory and anti-fibrotic effects against carbon
tetrachloride-induced nephrotoxicity (Ma et al., 2021). Emodin
ameliorated renal injury in BXSB mice probably by modulating TNFα/ICAM-1 (Yuan et al., 2020). Daidzein reduced cisplatin-induced
nephrotoxicity in mice by modulating inflammation, oxidative stress
and cell death (Meng et al., 2017). 5,7-Dihydroxyflavone inhibited
adenine-induced chronic kidney disease in rats (Ali et al., 2015). Api
genin significantly attenuated cisplatin-induced kidney injury through
antioxidant and anti-inflammatory effects (He et al., 2016). Candesartan
played a protective role after kidney injury possibly by inhibiting
inflammation in kidney epithelial cells (Yu et al., 2019). In addition,
AOS decreased some harmful metabolites which were increased by
busulfan. Clomipramine induced interstitial nephritis may cause
reversible acute renal failure (Onishi et al., 2007). Chronic kidney dis
ease (CKD) is characterized by accumulation of protein-bound uremic
toxins such as p-cresol glucuronide which originates from gut (Gryp
et al., 2020). Protein-bound uremic toxins, such as p-cresol, accumu
lating in the plasma, contributed to the progression of chronic kidney
disease (CKD) (Guerrero et al., 2020). Hypoxanthine altered antioxidant
defense and induced lipid peroxidation in rat kidney (Rodrigues et al.,
2014). Lipid accumulation in renal cells is implicated in the pathogen
esis of obesity-associated kidney disease, and nifedipine exposure
induced a significant accumulation of cytoplasmic free fatty acids (FFA)
and stimulated the production of reactive oxygen species and upregu
lated the expression of KIM-1 (kidney injury molecule-1) (Lin et al.,
2019). These metabolites may contribute to kidney failure, chronic
kidney disease, lipid peroxidation, and the production of reactive oxy
gen species. Altogether, the data indicated that AOS could protect the
kidney by improving blood metabolites.
In summary, AOS is beneficial to renal tubular epithelial cells via
inhibiting inflammatory and apoptosis responses, and promoting
vascular development Which is in line with previous studies by Pan
et al., 2021 and Terakado et al., 2012. The improved kidney function by
AOS may be helpful for the ameliorating busulfan disrupted spermato
genesis in our previous study. As natural product with many biological
advantages, AOS can be a potent therapeutic agent to improve kidney
function for the patients who have to take chemotherapeutics such as
busulfan or other kinds of patients with chronic kidney disease.
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