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Metabolomics reveal the mechanism for anti-renal fibrosis effects
of an n-butanol extract from Amygdalus mongolica
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To reveal the mechanism of anti-renal fibrosis effects of an
n-butanol extract from Amygdalus mongolica, renal fibrosis
was induced with unilateral ureteral obstruction (UUO)
and then treated with an n-butanol extract (BUT) from
Amygdalus mongolica (Rosaceae). Sixty male Sprague-Dawley
rats were randomly divided into the sham-operated, renal
fibrosis (RF) model, benazepril hydrochloride-treated
model (1.5 mg kg) and BUT-treated (1.75, 1.5 and 1.25 g
kg™) groups and the respective drugs were administered
intragastrically for 21 days. Related biochemical indices in
rat serum were determined and histopathological mor-
phology observed. Serum metabolomics was assessed with
HPLC-Q-TOF-MS. The BUT reduced levels of blood urea
nitrogen, serum creatinine and albumin and lowered the
content of malondialdehyde and hydroxyproline in tissues.
The activity of superoxide dismutase in tissues was incre-
ased and an improvement in the severity of RF was observed.
Sixteen possible biomarkers were identified by metabolomic
analysis and six key metabolic pathways, including the
TCA cycle and tyrosine metabolism, were analyzed. After
treatment with the extract, 8, 12 and 9 possible biomarkers
could be detected in the high-, medium- and low-dose
groups, respectively. Key biomarkers of RF, identified using
metabolomics, were most affected by the medium dose. A.
mongolica BUT extract displays a protective effect on RF in
rats and should be investigated as a candidate drug for the
treatment of the disease.

Keywords: Amygdalus mongolica, renal fibrosis, protective
effect, metabolomics, mechanism

Renal fibrosis (RF) is a major health threat globally. Ten percent of the human popula-

tion is affected by chronic kidney disease (CKD) and RF (1, 2). RF is the final common
pathway of various renal injuries, leading to CKD and end-stage renal disease (3). Therefore,
inhibiting renal fibrosis could delay or prevent CKD (4). Currently, very few therapeutics
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are available for effective RF treatment. Traditional Chinese medicine (TCM) formulations
are promising alternatives for the prevention and treatment of RF (5). Exploring RF treat-
ment with TCM is gaining attention in the medical community. More importantly, the
mechanistic basis of TCM action has been increasingly elucidated through metabolomics.
Finding biomarkers for early diagnosis and drugs for RF intervention has become a research
emphasis (6).

Amygdalus mongolica Maxim, family Rosaceae, is a deciduous shrub native to the Mon-
golian Plateau (7, 8). The seeds of A. mongolica, used as “Yu Li Ren” (Pruni semen, a tradi-
tional Chinese medicine), have been used for the treatment of cough and for reducing
phlegm production, constipation and edema (9). Yu Li Ren is a TCM used in the adjuvant
treatment of nephropathy and glomerulonephritis (10, 11). Recent reports have shown that
A. mongolica contains amygdalin, alkaloids and other pharmacological components (5).
Previous studies showed that the content of amygdalin in the n-butanol extract (BUT) of
A. mongolica was 47.72 %. BUT can counter lipid peroxidation, reduction of oxidative stress
and certain protective effects on the liver and its effective dose range is 1.02.0 g kg™ (12, 13).
Studies have documented that amygdalin can induce cell apoptosis and is a potent anti-
fibrotic agent. Amygdalin has been used to treat different types of cancers and organ fibro-
sis (12). A recent study showed that A. mongolica total extract (TOT) had the effect of anti-
renal fibrosis in rats (13). In addition, the petroleum ether and BUT of A. mongolica were the
effective active sites to prevent pulmonary fibrosis and RF (5, 14-16). However, the mecha-
nisms underlying the antifibrotic effects of A. mongolica BUT are still unclear. Thus, meta-
bolomics technology was used to study the mechanism and dose of the A. mongolica BUT
on RF in this research, in order to find the optimal dose.

Metabolomics analyzes a broad spectrum of metabolites to illustrate changes in
metabolite profiles to clarify relationships between metabolites and corresponding
physiological and pathological states. The approach can be used to screen for sensitive
biomarkers and is a powerful tool for examining the efficacy of TCM and for identifying
mechanisms of drug action (17). TCM metabolism is a dynamic process due to multiple
components and targets, which make it complex with extensive efficacy output. Bridging
metabolism and TCM efficacy is necessary to address important problems in TCM
research; metabolomics has obvious advantages for studying the basis and mechanism of
action of TCM (18, 19).

EXPERIMENTAL

Chemicals and reagents

The seeds of A. mongolica were collected from Alashan Yabulai Gobi (104°48'09" E
40°11'24"N) and identified as A. mongolica by Professor Shi Song-li of School of Pharmacy,
Baotou Medical College. Following reagents were purchased: benazepril hydrochloride
(Beijing Novartis Pharmaceutical Co., Ltd., China); pentobarbital sodium (Merck, Germany);
sodium carboxymethyl cellulose (Analytical Pure, Tianjin Kaitong Chemical Reagent Co.,
Ltd., China); penicillin sodium for injection (North China Pharmaceutical Co., Ltd., China,
batch number: F7116323); HE and Masson dyeing kits (Nanjing Jiancheng Technology Co.,
Ltd., China); methanol (LC-MS grade, Honeywell, USA, 67-56-1); acetonitrile (LC-MS grade,
Honeywell, 75-05-8); and formic acid (LC-MS grade, Sigma-Aldrich, USA, 64-18-6).
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Animals, groups and treatment

Sixth SPF grade SD male rats weighing 170-200 g were purchased from the Department
of Medical Sciences of Peking University, license number SCXK (Beijing, China) 2011 Mel 0012.

Animal studies were approved by the Ethics Committee of Baotou Medical College
(approval number: 20190314). After 1 week of adaptive feeding, 60 SD rats were randomly
divided into 6 groups: disease model group (MOD), sham operation group (SDG), benaze-
pril-treated group (BH, 1.5 mg kg™!) and the high (BUT-H, 1.75 g kg™!), medium (BUT-M,
1.5 g kg™) and low (BUT-L, 1.25 g kg™) dose groups (1 = 10 for each group). The rat disease
model of renal fibrosis was prepared by unilateral ureteral obstruction (UUO) (20). The
MOD is used to estimate differences with SDG and used for pharmacology studies. Only
the left ureter was separated but not ligated and the abdominal cavity was closed in the
sham operation group (SDG) for normal control. The animals in the SDG and MOD groups
were daily given an oral gavage of 4 mL normal saline instead of plant extract. The benaze-
pril, as a positive control drug, has a good renoprotective effect in RF (21), which was used
to compare the efficacy of n-butanol extract. Treatments, including BH, BUT-H, BUT-M,
BUT-L, were administered by intragastric gavage, once a day at the same time for 21 days.

The LD5, of amygdalin was approximately 522 mg kg™ (12). The contents of amygdalin
were 233, 200 and 167 mg kg, in the high, medium and low dose BUT groups, respectively.

Preparation of n-butanol extract of A. mongolica and chemical analysis

The n-butanol extract of A. mongolica was prepared according to the published method
(16). The BUT extract liquor was concentrated using rotary evaporation (27.95 % yield). BUT
was dissolved in 0.5 % sodium carboxymethyl cellulose to prepare high, medium and low
dose groups with concentrations of 0.098, 0.084 and 0.07 g mL~, respectively.

The A. mongolica BUT was separated and purified using the chromatographic and
spectroscopic methods as described in previous studies. Finally, amygdalin was isolated
and shown to account for 47.72 % of the BUT content in A. mongolica (16).

Animal specimen collection

The animals were weighed and anaesthetized using an intraperitoneal injection of 3 %
pentobarbital 24 h after the last drug administration. Blood was drawn from the abdomi-
nal aorta and centrifuged at 3000 rpm for 10 min. The serum for biochemical and metabo-
lomic analysis, the left kidney for lobe histopathology analysis was collected according to
previous studies (13, 16).

Determination of biochemical indexes and pathological analysis

Biochemical indexes detection and histological examination were as described in pre-
vious studies (13, 22).

UPLC-Q-TOF/MS assay

Liquid phase gradient elution conditions and the mass spectrometry conditions were
as in previous studies (16).
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Data analysis

The raw data processing and candidate identification were the same as for previous
studies (16). Principal component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) were used to visually analyze cluster results and potential biomarkers
were screened using values of variable importance of projection (VIP) and t-tests. The
metabolic pathways of differentially altered metabolites were analyzed by MetPA using
MetaboAnalystsoftware4.0. Metabolites in these pathways were selected as key biomark-
ers for RE. Levels of biomarkers were analyzed by ROC with GraphPadPrismb5 to test diag-
nostic power.

The software SPSS17.0 was used to analyze the experimental data and the experimental
results are expressed as means + SD.

RESULTS AND DISCUSSION

Recent studies showed that BUT of A. mongolica was effective in the prevention of RF
(5, 13-16). However, the optimal dose and the mechanisms underlying the antifibrotic
effects of BUT are still unclear. In this study, the effects of high, medium and low doses of
BUT on the biochemical parameters and histopathology of renal fibrosis rats were investi-
gated in a preliminary experiment. The metabolomics studies were conducted to further
explore their mechanism, in order to find the optimal dose.

Effects of n-butanol extract on biochemical indexes levels

Biochemical assays were performed to assess the effect of drug treatment on the kid-
ney functions of rats. For positive control, we chose benazepril, an angiotensin Il inhibitor
that reduces plasma aldosterone levels, increases vasodilatation, lowers blood pressure,
relieves oxidative stress, increases glomerular filtration rate and reduces proteinuria (5).
As shown in Fig. 1, the levels of serum blood urea nitrogen (BUN), serum creatinine (Scr),
serum albumin (ALB) and tissue superoxide dismutase (SOD) and hydroxyproline (HYP)
were significantly higher in the MOD versus SDG groups, whereas the tissue SOD activity
was significantly reduced (p < 0.01), indicating successful RF modelling. In the current
study, we demonstrated that treatment with BH, as well as the low and medium doses of
BUT, showed protective effects against UUO-induced kidney injury in vivo. These results
displayed serum BUN, Scr, ALB, tissue MOD and HYP levels were significantly decreased,
but SOD activities were significantly increased (p < 0.01). Thus, BUT reduces damage to
renal tubular cells, inhibits free radical accumulation, alleviates lipid peroxidation, delays
fibrosis and protects rats from RF induced by UUO. BUT-L and BUT-M showed the most
significant effect (p <0.01).

Pathological changes of kidney tissue

Histopathologic changes in renal tissue were obviously caused by the degree of renal
injury and fibrosis (5). Renal injury was analyzed using the HE and Masson stain, as seen
in Fig. 2. There were no abnormal pathological changes in glomerular structure or renal
tubules of the SDG rats, while the UUO rats exhibited severe tubular atrophy, interstitial
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Fig. 1. Serum or tissue levels of biochemical markers in rats treated with different A. mongolica
extracts: a) levels of blood urea nitrogen (BUN), b) levels of serum creatinine (Scr), c) levels of serum
albumin (ALB), d) activity of superoxide dismutase (SOD), e) content of malondialdehyde (MDA),
f) content of tissue hydroxyproline (HYP). All values represent the mean + SD. *p < 0.05, ** p < 0.01 com-
pared to the MOD group. # p <0.05 and ## p <0.01 compared to the SDG group. MOD: disease model
group; SDG: sham operation group; BH: benazepril-treated group; BUT-H: n-butanol extract high
dose group; BUT-M: n-butanol extract middle dose group; BUT-L: n-butanol extract low dose group.

fibrosis and inflammation (16). Treatment with BH, BUT-L, BUT-M and BUT-H reduced
renal interstitial inflammatory and interstitial fibrosis alleviated. Consistent with the results
of biochemical indices, BUT-L and BUT-M showed the most significant effect (p <0.01). The
content of amygdalin was 233 mg kg™, in the high dose group of BUT, which was close to
the LD50 of amygdalin 552 mg kg™. Taken together, both BH and the low and medium
doses of BUT can protect kidney tissues from UUO-induced fibrosis.

Cluster analysis of serum metabolic spectra in experimental groups

In this study, serum blood samples from each group were analyzed via a metabolo-
mics approach, using UPLC-Q-TOF/MS followed by multivariate data analysis by means
of PCA and PLS-DA (Fig. 3). The PCA diagram directly illustrates distinctions among
samples (Fig. 3a,b). As shown in the PCA score plots, all groups in this study were clus-
tered; MOD and SDG are obviously separated; BUT-L, BUT-M and BUT-H were distinct
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Fig. 2. Pathological changes in renal tissue: a)-f), m) representative images of HE staining (x200) and
score; g)-1) representative images of Masson dyeing (x200), a), g) SDG, b), h) MOD, ¢) i) BH, d), j) BUT-
L, e), k) BUT-M, f), I) BUT-H. Values represent the mean + SD. *p <0.05 and **p < 0.01 compared to the
MOD group. # p <0.05 and ## p <0.01 compared to the SDG group. MOD: disease model group; SDG:
sham operation group; BH: benazepril-treated group; BUT-H: n-butanol extract high dose group;
BUT-M: n-butanol extract middle dose group; BUT-L: n-butanol extract low dose group.

from MOD and closer to SDG. Next, we performed supervised PLS-DA to maximize the
separation between each group (Fig. 3c,d). PLS-DA, on the other hand, showed further
separation of MOD from SDG, BUT-L, BUT-M and BUT-H. The treatment groups were
closer to SDG and BUT-M being the most similar, consistent with pharmacological results.

Screening and identification of potential biomarkers

As shown in the PCA (Fig. 4a,b) and PLS-DA (Fig. 4c,d) score plots, MOD and SDG had
good differentiation in both the positive and negative ion modes, which indicated distinct
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Fig. 3. PCA and PLS-DA score plots of SDG, MOD, BH, BUT-L, BUT-M and BUT-H: a), b) PCA score
plot in positive and negative ion mode respectively, c), d) PLS-DA score plot in positive and negative
ion mode respectively. The circles represent their respective cluster of samples within the same
group. MOD: disease model group; SDG: sham operation group; BH: benazepril-treated group; BUT-
H: n-butanol extract high dose group; BUT-M: n-butanol extract middle dose group; BUT-L: n-butanol
extract low dose group.

metabolomic profiles (5). The V-plot map (Volcano Plot) (Fig. 4e-1) of MOD compared with
SDG, BUT-L, BUT-M and BUT-H obtaining 1285, 1589, 1314 and 1351 differential metabo-
lites, respectively. Based on pharmacological and metabolomic results described above,
BUT-M showed advantages in anti-renal fibrosis. Therefore, this paper compared MOD
and BUT-M to investigate the mechanism of BUT anti-renal fibrosis. Finally, sixteen dif-
ferentially abundant metabolites (10 in positive ion mode and 6 in negative ion mode) were
detected in the model group relative to the BUT-M based on VIP > 1 and p < 0.05 (Supple-
mentary Table I, 5a) and their content variations were shown in a heat map (Fig. 5b). A
Venn diagram (Fig. 5c) shows the results of potential biomarkers for significant callbacks
in each group. BUT-H, BUT-M and BUT-L could respectively callback 9, 12 and 8 potential
biomarkers while simultaneously acting on 6 of the same potential biomarkers together.
From this, the medium-dose (1.5 g kg™) was more effective in normalizing or reversing
metabolites.

Diagnostic potential of key metabolites

ROC analysis further verified the diagnostic potential of sixteen potential biomarkers
in MOD compared to BUT-M: 0.7 < AUC < 0.9 indicates the diagnostic accuracy of a bio-
marker; AUC > 0.9 indicates a very high accuracy. Except for alpha-CEHC (AUC = 0.5556),
the AUC values of the other fifteen potential diagnostic biomarkers were greater than 0.7
and all fifteen metabolites displayed diagnostic accuracy (Fig. 5d,e).
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Fig. 4. a), b) PCA diagram showing good clustering of samples within the same group in positive and
negative ion mode of MOD and SDG, c), d) PLS-DA diagram in positive and negative ion mode of
MOD and SDG (5), e)-1) volcano plot map in positive and negative ion mode of MOD compared with
SDG, BUT-L, BUT-M and BUT-H. MOD: disease model group, SDG: sham operation group, BH: bena-
zepril-treated group, BUT-H: n-butanol extract high dose group, BUT-M: n-butanol extract middle
dose group, BUT-L: n-butanol extract low dose group.

Analysis of related metabolic pathways and screening of key biomarkers

Metabolomic pathway analysis was further performed for the fifteen potential diag-
nostic metabolites using the MetPA web-based tool to identify crucial biomarkers. As
shown in Fig. 5f, six metabolic pathways were markedly dysregulated (-log P) > 2 and
impact > 0.02). Finally, five crucial serum metabolites were identified from these pathways
(Supplementary Table II). Metabolomics analyses showed that BUT-M mainly targets six
metabolic pathways, which are affected during RF and lead to aberrant levels of succinic
acid, L-tyrosine, bilirubin, L-cystathionine and mevalonic acid. The medium BUT dose
was effective on all six metabolic pathways and restored the key biomarkers, therefore, we
considered it the optimal dose for antifibrotic effects.

Metabolomic results showed that BUT-M decreased the level of succinic acid and acts
on the citrate (TCA) cycle. In this pathway, succinic acid enters the TCA cycle, affecting
tyrosine metabolism, cysteine and methionine metabolism and porphyrin and chlorophyll
metabolism pathways. Further, BUT-M decreased the level of L-tyrosine and bilirubin and
increased the level of L-cystathionine. Succinic acid is used as an antispasmodic, expecto-
rant and diuretic. L-cystathionine is produced by the reaction of O-succinyl homoserine
with cysteine. Mingzhu Zhu (23) and others have shown that L-cystathionine inhibits the
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Fig. 5. Differential analysis of metabolite and metabolic pathway analysis of crucial biomarkers:
a) Heat map of the differentially abundant metabolites in all groups. The degree of colour saturation
indicates the metabolite expression with green and red, respectively indicating the lowest and
highest expression, b) p-value heat map of the differential abundance of metabolites in all groups. The
degree of colour saturation indicates intergroup differences in metabolite expression values with
green and red respectively indicating non-significant and significant differences, c) Venn diagram of
BUT-L, BUT-M and BUT-H biomarkers. Standard red is a key biomarker, d, ) ROC analysis of 13
potential biomarkers, f) metabolic pathway analysis of crucial biomarkers. BUT-H: n-butanol extract
high dose group; BUT-M: n-butanol extract middle dose group; BUT-L: n-butanol extract low dose

group.

expression of MCP-1THP-1-derived ox-LDL and exerts its anti-inflammatory effect. Biliru-
bin is the main metabolite of iron porphyrin compounds in vivo that can inhibit the oxida-
tion of linoleic acid and phospholipids. Hou-Dong (24) and other researchers have shown
that bilirubin alleviates bleomycin-induced pulmonary fibrosis by inhibiting pulmonary
inflammation. L-Tyrosine is a non-essential amino acid and a precursor of various bioac-
tive substances (25). In this study, the levels of succinic acid, L-tyrosine and bilirubin were
significantly increased while L-cystathionine was significantly decreased in the MOD
group compared with those in the SDG group. The levels were efficiently restored to the
control levels following treatment with BUT-M. This result demonstrates that BUT-M
exhibited a significant protective effect on RF.

L-Tyrosine enters tyrosine metabolism and then affects the terpenoid backbone bio-
synthesis. In this pathway, an increased level of mevalonic acid affects the occurrence and
development of RF. Farhan Rizvi (26) have shown that simvastatin inhibits the prolifera-
tion of human atrial fibroblasts. In this study, the levels of mevalonic acid were signifi-
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cantly decreased in the MOD group compared with those in the SDG group. They were
efficiently restored to the control levels after treatment with BUT-M. This result indirectly
reflects an increased level of mevalonic acid in UUO rats and demonstrates that BUT-M
exhibited a significant protective effect on RF.

CONCLUSIONS

In this study, metabolomics technologies based on UPLC-QTOF-MS along with bio-
chemical and histopathological analyses were used to reveal the effect and mechanism of
A. mongolica BUT against RF in UUO rats. The results showed that BUT has anti-renal
fibrosis effects, the medium dose (1.5 g kg™) was the optimal dose. A. mongolica BUT inhibi-
ted RF and improved renal function by restoring five key biomarkers and six metabolic
pathways, which are likely involved in inhibiting the release of inflammatory factors,
reducing the oxidative stress response and inhibiting the proliferation of fibroblasts. This
study provides the experimental basis for the clinical application of A. mongolica BUT.
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