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Altered serum metabolome
associated with vascular
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Introduction: Vascular calcification (VC) is more likely to be detected in the
chronic kidney disease (CKD) population. The mechanism of VC development
from CKD is different from that for simple VC and has always been a major
research area. The aim of this study was to detect alterations in the
metabolome during development of VC in CKD and to identify the critical
metabolic pathways and metabolites involved in its pathogenesis.
Methods: Rats in the model group were given an adenine gavage combined with a
high-phosphorus diet to imitate VC in CKD. The aorta calcium content was
measured and used to divide the model group into a VC group and non-vascular
calcification group (non-VC group). The control group was fed a normal rat diet
and given a saline gavage. Ultra-high-performance liquid chromatography-mass
spectrometry (UHPLC-MS) was used to determine the altered serum metabolome
in the control, VC, and non-VC groups. The identified metabolites were
mapped into the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(https://www.genome.jp/kegg/) for pathway and network analyses.
Result: There were 14 metabolites that changed significantly in the VC group, with
three metabolic pathways playing critical roles in the pathogenesis of VC in CKD:
steroid hormone biosynthesis; valine, leucine and isoleucine biosynthesis; and
pantothenate and CoA biosynthesis.
Conclusion:Our results indicated changes in the expression of steroid sulfatase and
estrogen sulfotransferase, and down-regulation of the in situ synthesis of estrogens
in the VC group. In conclusion, the serum metabolome alters significantly during
the pathogenesis of VC in CKD. The key pathways, metabolites, and enzymes we
identified are worth further study and may become a promising therapeutic target
for the treatment of VC in CKD.
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VC, vascular calcification; CKD, chronic kidney disease; UHPLC-MS, ultra-high-performance liquid
chromatography-mass spectrometry; KEGG, kyoto encyclopedia of genes and genomes; VSMCs, vascular
smooth muscle cells; CAVS, calcific aortic valve stenosis; CE, collision energy; ESI, electrospray ionization;
MS, mass spectrometry; HE, hematoxylin-eosin; MTB, methyl thymol blue; VIP, importance in the
projection; OPLS-DA, orthogonal projections to latent structures discriminant analysis; BMSCs, bone
marrow-derived mesenchymal stem cells; ADSCs, adipose-tissue derived mesenchymal stem cells; BCAA,
branched-chain amino acids.
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Introduction

Vascular calcification (VC) is particularly common in people

with chronic kidney disease (CKD) (1), and these cases present

some unique characteristics. For example, CKD primarily affects

the medial layer of blood vessels, causing osteogenic

differentiation of vascular smooth muscle cells (VSMCs), whereas

VC developed from numerous other risk factors primarily affects

the vascular intima, causing atherosclerosis (intimal calcification

of blood vessels) (2). Vascular calcification caused by CKD can

be divided into central artery calcification, peripheral arteriolar

calcification, and valve calcification. Central artery calcification

contributes to a rapid pulse wave, early pulse wave reflection, and

increased cardiac afterload. These hemodynamic alterations lead

to left ventricular hypertrophy, decreased coronary perfusion,

and ultimately heart failure (3). Peripheral arteriolar calcification

called calciphylaxis is a life-threatening complication with a high

mortality rate. It is manifested as skin ulcers and necrosis caused

by calcification and blockage of small arteries of the skin,

accompanied by severe pain (4). Valve calcification is particularly

prevalent in CKD patients. Calcific aortic valve stenosis (CAVS)

can also lead to an increase in cardiac afterload. The treatment of

CAVS relies on surgery as there is no evidence that the

progression of CAVS can be inhibited or reduced by conservative

treatment (5).VC is generally considered as an irreversible process,

and therefore early diagnosis and timely treatment are necessary.

VC in CKD can be described as an imbalance of

osteochondrogenic and anti-calcification factors eventually

leading to osteogenic differentiation of VSMCs (6). Previous

research has provided fragmented results about some of the

osteochondrogenic or anti-calcification pathways and molecules.

Molecules proven to be involved in VC in CKD include klotho,

FGF23, matrix Gla protein (MGP), Gla-rich protein

(GRP), osteoprotegerin (OPG), bone morpho-genetic protein 7

(BMP-7), and the newly found deoxycholic acid, peroxisome

proliferator-activated receptor-gamma (PPARγ) (7–12).

Metabolomics is a new scientific entity after genomics and

proteomics for studying life activities. In addition to genomics,

metabolomics reflects the influence of environmental exposures.

Proteomics has been used widely in the study of kidney diseases

and has already had a substantial effect (13, 14). Metabolomics

investigates small molecule metabolites (molecular weight <1,500

daltons), which are related more directly to the phenotype. The

kidney is one of the main organs maintaining homeostasis of

small molecule metabolites in serum (15–17), and therefore

measuring alterations in the metabolome in serum during the

pathological process is a good strategy for studying renal diseases.

The current study used ultra-high-performance liquid

chromatography tandem mass spectrometry (UHPLC/MS) to

examine the serum metabolome of rats who developed VC from

CKD. We found 14 metabolites whose concentrations changed

significantly in the VC group, with three metabolic pathways

playing critical roles in the pathogenesis of VC in CKD. Based

on these findings, we were able to predict VC in CKD using a

blood test. However, the results need to be verified in CKD

patients and future research is planned.
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Materials and methods

Development of VC in rat models of CKD

All the methods were performed in accordance with the

applicable international, national, and/or institutional

guidelines, and was approved by the Southwest Medical

University Ethics Committee (permit number 201904158).

Forty-five male Sprague Dawley (SD) rats (6 weeks old and

weighing 156 ± 23 g Chengdu Dossy Experimental Animal Co.,

Ltd., Chengdu, China) were assigned randomly to two groups:

control group (n0 = 15) and model group (n0 = 30). The rats in

the model group were fed a high phosphorus diet (1.8% Pi,

Beijing Keao Xieli Feed Co., Ltd., Beijing, China) for 6 weeks,

combined with administration of adenine (Sigma–Aldrich,LO,

United States) via gavage given at a dose of 250 mg/kg daily

for the first 4 weeks, and then once every other day for

another 2 weeks. The control group was fed with saline

gavage and a normal rat diet. The rats were euthanized at the

end of week 6. Every rat was anesthetized with sodium

pentobarbital (Amresco, WA, United States) via an

intraperitoneal injection (45 mg/kg). After cessation of the toe

pinch withdrawal response, a blood sample was collected

from the abdominal aorta. Euthanasia was then conducted by

CO2 inhalation. According to the CO2 replacement rate of

30% container volume/minute, and 100% CO2 fill at a

balanced rate, the animals lost consciousness quickly. After

cessation of the heartbeat, the aorta from the aortic arch to

the origin of iliac artery and the kidneys was removed from

the body.

Blood samples were collected from the abdominal aorta for

serum chemistry tests. The aorta from the aortic arch to the

origin of iliac artery, was isolated for VC evaluation and the

calcium content quantified. Because the high phosphorus diet

was consumed freely, rats with a body weight that deviated

significantly from the average value and dead rats were excluded

from the study. Using this criterion, at the end of week 6 the

control group included 9 rats, while the model group included

17 rats.
Analysis of biochemical parameters

The blood specimens were centrifuged immediately at

3,000 rpm for 10 min and the serum stored at −80°C for

subsequent analysis. To evaluate kidney function, the serum

creatinine level was measured using an enzymatic method

(Creatinine assay kit, Siemens, MUC, Germany) and urea

nitrogen by the urease method (Urea nitrogen assay kit,

Siemens). Serum calcium and phosphorus levels were

measured using the ion-selective electrode method (Siemens).

The amount of protein excreted in a 24-hr urine sample

collected 48 h before euthanasia was measured using a

colorimetry method (Urine protein assay kit, Leadman,

Beijing, China).
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Assessment of vascular calcification and
grouping into a VC group and non-vascular
calcification group (non-VC group)

The Von Kossa and MTB stains were used to evaluate the

severity of VC. For each group, an aorta sample from one rat

was selected randomly for Von Kossa staining (Von Kossa

calcium staining kit, Genmed, Shanghai, China). The other aorta

samples were frozen in liquid nitrogen and homogenized

immediately for quantification of calcium content using the MTB

method (Calcium determination kit, NanJing JianCheng,

Nanjing, China). Rats with the highest 50% aortic calcium

content were allocated to the VC group (n = 8), while the

remainder of the rats were allocated to the non-VC group (n = 8).
Non-target metabolomics study of the
serum samples

Extraction of serum metabolites
A 100 µl aliquot of the serum samples was mixed with 400 µl of

extract solution (methanol: acetonitrile = 1:1, CNW Technologies,

Shanghai, China), and then pre-mixed with an internal standard

(L-2-chlorophenylalanine, 2 µg/ml, Shanghai Hengbai

Biotechnology Co., Ltd, Shanghai, China). The mixture was

vortexed for 30 s and the samples then placed in an ice-water

bath, sonicated for 10 min, followed by incubation at −40°C for

1 h. After centrifugation (10,000 rpm, 4°C, 15 min), 400 µl of the

supernatant was collected in a new tube and dried in a vacuum

concentrator at 37°C. The dried samples were then sonicated on

ice for 10 min in 200 µl of 50% acetonitrile, followed by repeat

centrifugation of the reconstituted solutions (12,000 rpm at 4°C

for 15 min). After transferring 150 µl of the supernatant to a new

glass vial, LC-MS analysis was carried out. Quality control

samples were prepared by pooling equivalent amounts of all the

supernatants (18).
Process of detection
The UHPLC separation was conducted using a 1,290 Infinity

series UHPLC System (Agilent Technologies, MA, United States)

coupled to a UPLC BEH amide column (1.7 µm, 2.1 × 100 mm;

Waters, Milford, United States). The mobile phase was composed

of ammonium acetate (25 mmol/L, CNW Technologies,

Shanghai, China) and ammonia hydroxide (25 mmol/L, CNW

Technologies), which were added to water (pH = 9.75) (A) and

acetonitrile (B), respectively. The following elution gradient was

used for analysis: 0–0.5 min, 95% B; 0.5–7.0 min, 95%–65% B;

7.0–8.0 min, 65%–40% B; 8.0–9.0 min, 40% B; 9.0–9.1 min, 40%–

95% B, and 9.1–12.0 min, 95% B. The injection volume, auto-

sampler temperature, and column temperature were 2 µl (both

positive and negative modes), 4°C, and 25°C, respectively (19).

MS/MS data acquisition and analysis were conducted using the

Analyst TF v1.7 (AB Sciex, MA, United States) according to a

preset standard. In each cycle, a collision energy (CE) of 30 eV

and cycle time of 0.56 s was used to select the densest 12
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precursor ions with an intensity >100 for MS/MS. The following

were set as the electrospray ionization (ESI) source conditions:

curtain gas (35 psi), gas 1 (60 psi), gas 2 (60 psi), ion spray

voltage floating (5,000 V in the positive mode and −4,000 V in

the negative mode), declustering potential (60 V), and source

temperature (600°C) (19).
Statistical analysis

Pre-processing of MS raw data and metabolite
identification

The mass spectrometry (MS) raw data files were converted to

the extensible markup language (mzXML) format by

ProteoWizard. The “XCMS” R package v3.2 was used for the

following processes: peak deconvolution, alignment, and

integration. Minfrac and the cut-off value were set to 0.5 and 0.3,

respectively. The metabolite identification method used included

m/z spectra, retention time and secondary ion fragments. The

retention time (RT) of the substance was obtained by

chromatographic separation, and the primary parent ion and

secondary fragment ion information of the substance obtained by

mass spectrometry detection. The detected mass spectrometry

information was matched with the secondary mass spectrometry

database built by BiotreeDB to annotate the metabolites. The

recognition standard Δ rt was ±30 s and ppm (mass accuracy)

±10. In the qualitative results, the scoring value of the secondary

qualitative metabolites was calculated based on the Euclidean

distance and dot product algorithm (20, 21). The cut-off value of

the algorithm was set as 0.3.

Bioinformation analysis
Data for the positive and negative ion modes were combined

during the analysis. The results were expressed as mean ± SEM.

Student’s t-test was used for the univariate statistical analyses,

with p-values <0.05 considered to be statistically significant.

Multivariate statistical analysis was performed to screen the

differential metabolites using orthogonal projections to latent

structures discriminant analysis (OPLS-DA) and two criteria

(VIP value >1 and P-value <0.05) (22, 23). The pathway and

network analyses were conducted by mapping the differential

metabolites to the KEGG database (https://www.genome.jp/kegg/)

(24). All the characteristic peaks detected were used for OPLS-

DA, while the volcano plots, pathway analysis, and network

analysis were based on the characteristic peaks with annotations

(metabolites).
Results

Biochemical indices of the animal models

After adenine gavage administration combined with a high

phosphorus diet, the model group presented with higher serum

creatinine and BUN (P < 0.01, Figure 1A), and urinary protein

levels (P < 0.01, Figure 1C left) than those measured in the
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FIGURE 1

Biochemical indices of the animals analyzed by the Student’s t-test. (A) Serum creatinine and blood urine nitrogen levels, P < 0.01. (B) Serum calcium and
phosphate concentrations, P < 0.01. (C) 24-hour urine protein level (left, P < 0.01) and calcium content of the aortas (right), P < 0.01. (D–F) Kidney HE
stains of the control group (D), non-VC group (E), and the VC group (F).
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control group. This indicated the development of renal dysfunction

and successful induction of a CKD rat model. Serum calcium levels

decreased while phosphorus level increased in the model group,

compared to those in the control group (P < 0.01, Figure 1B),

indicating a disorder of calcium and phosphorus metabolism.

Quantification of the aortic calcium content using the methyl

thymol blue (MTB) method showed that the model group had a

higher calcium content compared with that in the control group

(P < 0.01, Figure 1C right). The hematoxylin-eosin (HE) stains of

the kidneys are shown in Figure 1D–F. Compared with the

control group (D), the model group (E, F) showed glomerular

bulging, glomerular hypertrophy, renal tubular dilatation, and

inflammatory cell infiltration. Von Kossa staining of the aortas

(Figure 2) showed severe VC in the VC group. As shown in

Figure 2C, the VC group had calcium deposition in the medium

layer of the aortic wall.
Results of the UHPLC-MS and orthogonal
projections to latent structures discriminant
analysis (OPLS-DA)

UHPLC-MS analysis identified 2,236 and 2,067 features in the

positive and negative ion modes, respectively. Finally, 549 and 412

features with secondary mass spectrometry annotation were

identified (metabolites) in the positive and negative ion modes

(Supplementary Table S1, Initial data of UPLC-MS in the

positive ion mode; Supplementary Table S2, Initial data of

UPLC-MS in the negative ion mode). In the scatter plot of the

scores in the OPLS-DA mode (Figure 3), the scatter patterns of

different groups could be separated clearly, with all within the
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95% confidence interval (Hotelling’s T-squared ellipse). These

results suggested that we could distinguish between different

groups based on the serum metabolome profiles. The

permutation tests of the OPLS-DA models (Figures 3B,D),

verified that the original OPLS-DA models were robust, and that

there was no over-fitting.
Identification of the differential metabolites

The differential metabolites (characteristic peaks with

annotations) were screened using the criteria of variable

importance in the projection (VIP)-value >1 and P-value <0.05

in the OPLS-DA models. VIP is a parameter that measures the

ability to distinguish between different groups. Volcano plots

(Figure 4) were prepared to show the features of the differential

metabolites. In Figure 4, the sizes of the dots were consistent

with the VIP value in the OPLS-DA model. The metabolites with

significant upregulation are highlighted in red, those with

significant downregulation are highlighted in blue, and those

showing no significant difference are shown in grey. The volcano

plot showed that 14 differential metabolites with significant

changes in expression had been captured in the comparison

between the VC and non-VC groups (Figure 4B). These

metabolites included acetohydroxamic acid, alpha-ketoisovaleric

acid, caprylic acid, duloxetine, estrone 3-sulfate, Gly-Lys, Ile-Phe,

methyl acetoacetate, N-alpha-acetyl-L-arginine, N-acetyl-D-

glucosamine, P-chlorophenylalanine, pentobarbital,

tetrahydrocortisone, and trans-dehydroandrosterone. The

parameters of the differential metabolites are shown in

Supplementary Tables S3 and S4.
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FIGURE 2

Calcification of the aorta. (A–C) Representative sliced aorta Von Kossa staining imaging of the control group (A), non-VC group (B) and VC group (C). (D,E)
Representative aorta Von Kossa staining imaging of the control group (below) and the non-VC group (D, upper), and VC group (E, upper).
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Results of the pathway and network
analyses

To identify the pathways associated with VC, the differential

metabolites were mapped to the KEGG data base, followed by

performance of the pathway and network analyses. The results of

the pathway analysis are shown in Figure 5. Each bubble denotes

a metabolic pathway, with the abscissa and the size of the bubble

representing the impact of the pathway in the topological

analysis. The ordinate and colour of the bubble represents the P-

value (using negative natural logarithms) in the pathway

enrichment analysis. A bubble located closer to the upper-right

corner indicated that the pathway was more important. The

parameters are shown in Supplementary Tables S5 and S6.

It can be seen in the comparison of the VC and non-VC groups

that there are five pathways requiring attention that include steroid

hormone biosynthesis, valine, leucine and isoleucine biosynthesis,

pantothenate and CoA biosynthesis, valine, leucine and

isoleucine degradation, and amino sugar and nucleotide sugar

metabolism (Figure 5B). This shows the importance of these

pathways in VC developed from CKD.

According to the interaction relationship included in the KEGG

database, the metabolites, enzymes, pathways, and modules that

interacted in vivo were connected by straight lines yielding results in

the network analysis (Supplementary Figure S1). The parameters of

the network analysis are shown in Supplementary Table S7. Those

at the hub were considered worthy of further study. We observed

that three pathways screened by the pathway analysis in Figure 5B
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(steroid hormone biosynthesis, KEGG number: rno00140; valine,

leucine and isoleucine biosynthesis, KEGG number: rno00290; and

pantothenate and CoA biosynthesis, KEGG number: rno00770) also

occupied hub positions in the network analysis (Supplementary

Figure S1). Estrone 3-sulfate and dehydroepiandrosterone were

differential metabolites in the steroid hormone biosynthesis pathway

(Supplementary Table S6). Their mass spectrum signal is enhanced

in the VC group. Estrone sulfate and dehydroepiandrosterone are

the most abundant circulating steroid precursors involved in in situ

synthesis of estrogens (25, 26). Steroid sulfatase and estrogen

sulfotransferase are the key enzymes that catalyse circulation estrone

sulfate into biologically active estrogen. In the VC group, the

accumulation of estrone 3-sulfate and dehydroepiandrosterone

indicated changes in the expression of the two enzymes and down-

regulation of in situ synthesis of estrogens.
Discussion

By focusing on small molecules, metabolomics is perfectly

suited for research on renal diseases and provides a promising

tool to promote preventive strategies and maximize the potential

of effective interventions (27, 28). In this study, UHPLC-MS

identified a large number of features in the positive and negative

ion modes. This indicated that there are abundant metabolic

changes in the pathological process of CKD. Molecules

previously shown to be involved in VC in CKD, including

fibroblast growth factor 23, sclerostin, parathyroid hormone,
frontiersin.org
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FIGURE 3

Scatter plots of the OPLS-DA scores. (A) Control group (purple diamonds) vs. the non-VC group (blue squares). (B) The permutation tests of the OPLS-DA
models (control group vs. the non-VC group). (C) Non-VC group (blue squares) vs. the VC group (red dots). (D) The permutation tests of the OPLS-DA
models (non-VC group vs. the VC group). The abscissa t [1] P-value represents the predicted principal component score of the first principal component,
while the ordinate t [1] O represents the orthogonal principal component score. The scatter patterns in the different groups could be separated clearly
and all were within the 95% confidence interval (Hotelling’s T-squared ellipse). The retention of displacement of R2Y (green dots) was very close to 1. The
Q2 (blue squares) of the original models was also very close to 1. The intercepts of the Q2 regression lines with the vertical axis were all <0, while the Q2
values were all lower than those of the original OPLS-DA models.

FIGURE 4

Volcano plots of the differential metabolites. Control group vs. the non-VC group (A). Non-VC group vs. the VC group (B). The abscissa represents a
multiple change (base-2 logarithm) of the metabolite and the ordinate denotes the P-value (negative base-10 logarithm). The size of the dots
indicates the VIP value in the OPLS-DA model. The upregulated metabolites are marked in red, downregulated metabolites in blue, and those with no
significant difference shown as grey.
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bone-specific alkaline phosphatase, matrix Gla protein, osteocalcin,

and osteoprotegerin, have larger molecular weight and express

more specific pathophysiological processes (29–34) compared to

the metabolites shown in Figure 4. Not all rats in the model

group treated with adenine and high phosphorus diet showed
Frontiers in Cardiovascular Medicine 06
significant calcification, which is consistent with the results of

other studies (35). In fact, not all patients with end-stage renal

disease are diagnosed with VC (1). The rats in the model group

were consistent for age, sex, and living environment and even the

genetic background was similar. This raises the question as to
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FIGURE 5

Bubble plots of the pathway analysis. Each bubble indicates a metabolic pathway. Control group vs. the non-VC group (A). Non-VC group vs. the VC
group (B). The abscissa and size of the bubble represents the impact in the topological analysis of the pathway. The ordinate and color of the bubble
represents the P-value (negative natural logarithm) in the enrichment analysis.
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why these differences in the metabolome exist in the same CKD

model? This may be due partly to the free intake of the high

phosphorus diet in the rats. However, we excluded the rats

whose body weight deviated significantly from the median value,

resulting in partial elimination of this effect. Therefore,

comparison of the metabolome in the non-VC and VC groups is

an important approach for clarifying the pathogenesis of VC in

CKD. The metabolic profile of the VC group was characterized

by changes in the expression of metabolites shown in Figure 4B

that included acetohydroxamic acid, alpha-ketoisovaleric acid,

caprylic acid, duloxetine, estrone 3-sulfate, Gly-Lys, Ile-Phe,

methyl acetoacetate, N-alpha-acetyl-L-arginine, N-acetyl-D-

glucosamine, P-chlorophenylalanine, pentobarbital,

tetrahydrocortisone, and trans-dehydroandrosteron. These

metabolites may be markers of VC developed from CKD.

The metabolites identifiedwere projected into theKEGGdatabase

to identify the relevant pathways. The result of the pathway analysis

emphasized “steroid hormone biosynthesis” (Figure 5B). Network

analysis also showed that “steroid hormone biosynthesis” occupied a

central position in the pathogenesis of VC developed from CKD.

Estrone 3-sulfate and dehydroepiandrosterone were differential

metabolites in the steroid hormone biosynthesis pathway in the VC

group (Supplementary Table S6). Estrone sulfate and

dehydroepiandrosterone are the most abundant circulating steroid

precursors involved in in situ synthesis of estrogens (25, 26). It is

considered that estrogen binding to the estrogen receptor on VSMCs

plays an anti-atherosclerotic role (36). Our results indicated down-

regulation of in situ synthesis of estrogens in the VC group, which

may weaken the anti-atherosclerotic effect of estrogen on blood

vessels. Steroid sulfatase and estrogen sulfotransferase are two

enzymes that catalyse estrone sulfate into biologically active estrogen.

Shchelkunova et al. used quantitative PCR to analyse the changes in

gene expression in human aortal intima during atherogenesis and

showed changes in the expression of these two enzymes (37). Their

other research also showed lower levels of steroid sulfatase and
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higher levels of estrogen sulfotransferase in blood vessel fragments

with atherosclerotic lesions (38), indicating down-regulation of in

situ synthesis of estrogens had occurred in the calcified blood vessels.

Rose et al. performed immunohistochemical staining on the

coronary arteries of 55 women. They showed ER was expressed in all

artery wall layers, but most avidly in the media and colocalized with

VSMCs (39). In recent years, many scholars have tried to clarify the

mechanism by which estrogen attenuates VC, but were not able to

provide a direct link between the estrogen-estrogen receptor pathway

in VSMCs and VC in CKD. The findings of our experiment indicate

that malfunction of in situ synthesis of estrogens are involved in VC

developed from CKD and provide metabolic support for the

protective effect of estrogen on VC in CKD.

Alpha-ketoisovaleric acid is a differential metabolite in three

pathways: valine, leucine, and isoleucine biosynthesis,

pantothenate and CoA biosynthesis, and valine, leucine, and

isoleucine degradation (Figure 5B). Supplementary Table S5

shows that alpha-ketoisovaleric acid was significantly up-

regulated in the VC group. Alpha-ketoisovaleric acid is the keto

analogue of valine, and has only two possible metabolic

endpoints: transamination to valine or oxidative decarboxylation

to isobutyric acid (40). A research study on stem cell-based

therapies for atherosclerosis (calcification of the vascular intima)

compared the metabolic profiles of bone marrow-derived

mesenchymal stem cells and adipose-tissue derived mesenchymal

stem cells (ADSCs) using liquid chromatography quadrupole

time-of-flight mass spectrometry. The results showed that alpha-

ketoisovaleric acid is one of the metabolites responsible for the

potential differences in the metabolic characteristics of BMSCs

and ADSCs (41). Currently, alpha-ketoisovaleric acid together

with other keto analogues of essential amino acids are used

widely to delay the progression of renal failure in patients with

CKD. However, there is a lack of studies that have investigated

the relationship between the metabolism of alpha-ketoisovaleric

acid and vascular calcification in CKD. Wu et al. observed an
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alteration in pantothenate and CoA biosynthesis in patients with

coronary heart disease (42), while Zhao et al. reported that

astaxanthin promotes differentiation of mesenchymal stem cells

(MSCs) into osteoblasts by influencing pantothenate and CoA

biosynthesis and two other pathways (43). These reports together

with the results of our pathway analysis suggest that

pantothenate and CoA biosynthesis should be areas of interest in

VC research. The next two pathways in Figure 5B (valine,

leucine, and isoleucine biosynthesis and valine, leucine and

isoleucine degradation) were involved in the metabolism of

branched-chain amino acids (BCAA). Zuzana et al. considered

that dysmetabolism of BCAA may promote VC by influencing

endothelial cell remodeling (44), although there is lack of

evidence for this possibility.

We also compared the non-VC group with the control group to

identify the altered metabolic profile in CKD. The volcano plots

showed that numerous metabolites changed during CKD

pathogenesis (Figure 4A), indicating that CKD is a disease with

obvious metabolic changes. Pathway analysis also showed that

several pathways were involved, including biosynthesis of

unsaturated fatty acids, taurine and hypotaurine metabolism,

vitamin B6 metabolism, caffeine metabolism, linoleic acid

metabolism, and alpha-linolenic acid metabolism. These findings

contribute to our further understanding of CKD metabolism.
Conclusions

In this study, UHPLC-MS was used to determine the altered

metabolic spectrum of VC developed from CKD. OPLS-DA

identified 14 differential metabolites in the VC group compared

to those observed in the non-VC group. These metabolites

maybe the biomarkers of VC developed from CKD. Five

metabolic pathways were screened out in the pathway analysis.

Of these pathways, steroid hormone biosynthesis, valine, leucine

and isoleucine biosynthesis, pantothenate and CoA biosynthesis

also occupied hub positions in the network analysis. The results

of the pathway and network analyses suggested that the steroid

hormone biosynthesis pathway may be an entry point for a

therapeutic strategy for treating VC in CKD. BCAAs metabolic

changes may also be involved in the process of VC in CKD.

Comparison between the control and non-VC groups indicated

that CKD is a disease with marked metabolic changes. UHPLC-

MS is a highly sensitive technique, while animal experiments

with well controlled additional variables are necessary to study

these metabolic changes. Clinical trials are also needed to verify

whether the 14 differential metabolites have the potential to

assist with the diagnosis of VC in CKD, while the therapeutic

value of the pathways requires further investigation.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Cardiovascular Medicine 08
Ethics statement

The animal study was reviewed and approved by Southwest

Medical University Ethics Committee.
Author contributions

Conceptualization, RT and SO; Data curation, WW, LX and

LZ; Formal analysis, RT and TZ; Funding acquisition, SO;

Methodology, RT, TK and LX; Project administration, RT and

LX; Resources, SO; Supervision, SO; Validation, WW;

Visualization, RT and TK; Writing - original draft, RT and SO;

Writing - review & editing, WW. All authors contributed to the

article and approved the submitted version.
Funding

This work was supported by Sichuan Clinical Research Center

for Nephropathy (grant no. 2019YFS0537-3).
Acknowledgments

The authors are grateful to BioTree Biotechnology Co., Ltd.
Shanghai, China for the suggestions regarding the metabonomic
analysis. The authors would like to express their gratitude to
EditSprings (https://www.editsprings.com/) for providing expert
linguistic services.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.

1114528/full#supplementary-material.
frontiersin.org

https://www.editsprings.com/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1114528/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1114528/full#supplementary-material
https://doi.org/10.3389/fcvm.2023.1114528
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Tan et al. 10.3389/fcvm.2023.1114528
References
1. Sorensen IMH, Saurbrey SAK, Hjortkjaer HO, Brainin P, Carlson N, Ballegaard
ELF, et al. Regional distribution and severity of arterial calcification in patients with
chronic kidney disease stages 1–5: a cross-sectional study of the copenhagen
chronic kidney disease cohort. BMC Nephrol. (2020) 21:534. doi: 10.1186/s12882-
020-02192-y

2. Dusing P, Zietzer A, Goody PR, Hosen MR, Kurts C, Nickenig G, et al. Vascular
pathologies in chronic kidney disease: pathophysiological mechanisms and novel
therapeutic approaches. J Mol Med. (2021) 99:335–48. doi: 10.1007/s00109-021-
02037-7

3. Jankowski J, Floege J, Fliser D, Bohm M, Marx N. Cardiovascular disease in
chronic kidney disease: pathophysiological insights and therapeutic options.
Circulation. (2021) 143:1157–72. doi: 10.1161/CIRCULATIONAHA.120.050686

4. Nigwekar SU, Kroshinsky D, Nazarian RM, Goverman J, Malhotra R, Jackson VA,
et al. Calciphylaxis: risk factors, diagnosis, and treatment. Am J Kidney Dis. (2015)
66:133–46. doi: 10.1053/j.ajkd.2015.01.034

5. Peeters F, Meex SJR, Dweck MR, Aikawa E, Crijns H, Schurgers LJ, et al. Calcific
aortic valve stenosis: hard disease in the heart: a biomolecular approach towards
diagnosis and treatment. Eur Heart J. (2018) 39:2618–24. doi: 10.1093/eurheartj/
ehx653

6. Kakani E, Elyamny M, Ayach T, El-Husseini A. Pathogenesis and management of
vascular calcification in CKD and dialysis patients. Semin Dial. (2019) 32:553–61.
doi: 10.1111/sdi.12840

7. Carvalho L, Velozo MP, Coelho VA, Custodio MR, Dalboni MA, Moyses RMA,
et al. Low levels of klotho are associated with intracranial vascular calcification in
patients with CKD. J Stroke Cerebrovasc Dis. (2021) 105745. doi: 10.1016/j.
jstrokecerebrovasdis.2021.105745

8. Yin L, Li X, Ghosh S, Xie C, Chen J, Huang H. Role of gut microbiota-derived
metabolites on vascular calcification in CKD. J Cell Mol Med. (2021) 25:1332–41.
doi: 10.1111/jcmm.16230

9. Liu L, Liu Y, Zhang Y, Bi X, Nie L, Liu C, et al. High phosphate-induced
downregulation of PPARgamma contributes to CKD-associated vascular
calcification. J Mol Cell Cardiol. (2018) 114:264–75. doi: 10.1016/j.yjmcc.2017.11.021

10. Jovanovich A, Isakova T, Block G, Stubbs J, Smits G, Chonchol M, et al.
Deoxycholic acid, a metabolite of circulating bile acids, and coronary artery
vascular calcification in CKD. Am J Kidney Dis. (2018) 71:27–34. doi: 10.1053/j.
ajkd.2017.06.017

11. Yamada S, Giachelli CM. Vascular calcification in CKD-MBD: roles for
phosphate, FGF23, and klotho. Bone. (2017) 100:87–93. doi: 10.1016/j.bone.2016.11.
012

12. Aguilar A. Chronic kidney disease: gli1(+) adventitial cells have a critical role in
vascular calcification in CKD. Nat Rev Nephrol. (2016) 12:649. doi: 10.1038/nrneph.
2016.142

13. Arita M. What can metabolomics learn from genomics and proteomics? Curr
Opin Biotechnol. (2009) 20:610–5. doi: 10.1016/j.copbio.2009.09.011

14. Dubin RF, Rhee EP. Proteomics and metabolomics in kidney disease, including
insights into etiology, treatment, and prevention. Clin J Am Soc Nephrol. (2020)
15:404–11. doi: 10.2215/CJN.07420619

15. Garibotto G, Sofia A, Saffioti S, Bonanni A, Mannucci I, Verzola D. Amino acid
and protein metabolism in the human kidney and in patients with chronic kidney
disease. Clin Nutr. (2010) 29:424–33. doi: 10.1016/j.clnu.2010.02.005

16. Dincer N, Dagel T, Afsar B, Covic A, Ortiz A, Kanbay M. The effect of chronic
kidney disease on lipid metabolism. Int Urol Nephrol. (2019) 51:265–77. doi: 10.1007/
s11255-018-2047-y

17. Gai Z, Wang T, Visentin M, Kullak-Ublick GA, Fu X, Wang Z. Lipid
accumulation and chronic kidney disease. Nutrients. (2019) 11. doi: 10.3390/
nu11040722

18. Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-McIntyre S, Anderson N,
et al. Procedures for large-scale metabolic profiling of serum and plasma using gas
chromatography and liquid chromatography coupled to mass spectrometry. Nat
Protoc. (2011) 6:1060–83. doi: 10.1038/nprot.2011.335

19. Wang J, Zhang T, Shen X, Liu J, Zhao D, Sun Y, et al. Serum metabolomics for
early diagnosis of esophageal squamous cell carcinoma by UHPLC-QTOF/MS.
Metabolomics. (2016) 12:116. doi: 10.1007/s11306-016-1050-5

20. Domingo-Almenara X, Montenegro-Burke JR, Benton HP, Siuzdak G.
Annotation: a computational solution for streamlining metabolomics analysis. Anal
Chem. (2018) 90:480–9. doi: 10.1021/acs.analchem.7b03929

21. Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. XCMS: processing mass
spectrometry data for metabolite profiling using nonlinear peak alignment, matching,
and identification. Anal Chem. (2006) 78:779–87. doi: 10.1021/ac051437y

22. Worley B, Powers R. Multivariate analysis in metabolomics. Curr Metabolomics.
(2013) 1:92–107. doi: 10.2174/2213235X11301010092
Frontiers in Cardiovascular Medicine 09
23. Triba MN, Le Moyec L, Amathieu R, Goossens C, Bouchemal N, Nahon P, et al.
PLS/OPLS models in metabolomics: the impact of permutation of dataset rows on the
K-fold cross-validation quality parameters. Mol Biosyst. (2015) 11:13–9. doi: 10.1039/
c4mb00414k

24. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes.
Nucleic Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27

25. Selcer KW, Difrancesca HM. Characterization of steroid sulfatase in the MC3T3-
E1 mouse pre-osteoblastic cell line. Steroids. (2012) 77:696–702. doi: 10.1016/j.
steroids.2012.02.024

26. Dias NJ, Selcer KW. Steroid sulfatase mediated growth Sof human MG-63 pre-
osteoblastic cells. Steroids. (2014) 88:77–82. doi: 10.1016/j.steroids.2014.07.001

27. Barrios C, Spector TD, Menni C. Blood, urine and faecal metabolite profiles in
the study of adult renal disease. Arch Biochem Biophys. (2016) 589:81–92. doi: 10.
1016/j.abb.2015.10.006

28. Hocher B, Adamski J. Metabolomics for clinical use and research in chronic
kidney disease. Nat Rev Nephrol. (2017) 13:269–84. doi: 10.1038/nrneph.2017.30

29. Mazzaferro S, Tartaglione L, Rotondi S, Bover J, Goldsmith D, Pasquali M. News
on biomarkers in CKD-MBD. Semin Nephrol. (2014) 34:598–611. doi: 10.1016/j.
semnephrol.2014.09.006

30. Figurek A, Rroji M, Spasovski G. Sclerostin: a new biomarker of CKD-MBD. Int
Urol Nephrol. (2020) 52:107–13. doi: 10.1007/s11255-019-02290-3

31. Bover J, Urena-Torres P, Cozzolino M, Rodriguez-Garcia M, Gomez-Alonso C.
The non-invasive diagnosis of bone disorders in CKD. Calcif Tissue Int. (2021)
108:512–27. doi: 10.1007/s00223-020-00781-5

32. Nasrallah MM, El-Shehaby AR, Osman NA, Fayad T, Nassef A, Salem MM, et al.
The association between fibroblast growth factor-23 and vascular calcification is
mitigated by inflammation markers. Nephron Extra. (2013) 3:106–12. doi: 10.1159/
000356118

33. Ishimura E, Okuno S, Okazaki H, Norimine K, Yamakawa K, Yamakawa T, et al.
Significant association between bone-specific alkaline phosphatase and vascular
calcification of the hand arteries in male hemodialysis patients. Kidney Blood Press
Res. (2014) 39:299–307. doi: 10.1159/000355807

34. Jaminon AMG, Dai L, Qureshi AR, Evenepoel P, Ripsweden J, Soderberg M,
et al. Matrix Gla protein is an independent predictor of both intimal and medial
vascular calcification in chronic kidney disease. Sci Rep. (2020) 10:6586. doi: 10.
1038/s41598-020-63013-8

35. Neven E, De Schutter TM, Dams G, Gundlach K, Steppan S, Büchel J, et al. A
magnesium based phosphate binder reduces vascular calcification without affecting bone
in chronic renal failure rats.PLoSOne. (2014) 9:e107067. doi: 10.1371/journal.pone.0107067

36. Nakamura Y, Suzuki T, Sasano H. Estrogen actions and in situ synthesis in
human vascular smooth muscle cells and their correlation with atherosclerosis.
J Steroid Biochem Mol Biol. (2005) 93:263–8. doi: 10.1016/j.jsbmb.2004.12.024

37. Shchelkunova TA, Morozov IA, Rubtsov PM, Samokhodskaya LM, Andrianova
IV, Sobenin IA, et al. Changes in levels of gene expression in human aortal intima
during atherogenesis. Biochemistry (Mosc). (2013) 78:463–70. doi: 10.1134/
S0006297913050040

38. Shchelkunova TA, Morozov IA, Rubtsov PM, Samokhodskaya LM, Kireev RA,
Andrianova IV, et al. Comparative contents of mRNAs of sex steroid receptors and
enzymes of their metabolism in arterial walls of men. Biochemistry (Mosc). (2008)
73:920–8. doi: 10.1134/s0006297908080105

39. Christian RC, Liu PY, Harrington S, Ruan M, Miller VM, Fitzpatrick LA. Intimal
estrogen receptor (ER)beta, but not ERalpha expression, is correlated with coronary
calcification and atherosclerosis in pre- and postmenopausal women. J Clin
Endocrinol Metab. (2006) 91:2713–20. doi: 10.1210/jc.2005-2672

40. decarboxylation of alpha ketoisovale source am j clin nutr so 1980 sep 33 9 1968
74-2.pdf.

41. Li JZ, Qu H, Wu J, Zhang F, Jia ZB, Sun JY, et al. Metabolic profiles of adipose-
derived and bone marrow-derived stromal cells from elderly coronary heart disease
patients by capillary liquid chromatography quadrupole time-of-flight mass
spectrometry. Int J Mol Med. (2018) 41:184–94. doi: 10.3892/ijmm.2017.3198

42. Wu G, Zhao J, Zhao J, Song N, Zheng N, Zeng Y, et al. Exploring biological basis
of syndrome differentiation in coronary heart disease patients with two distinct
syndromes by integrated multi-omics and network pharmacology strategy. Chin
Med. (2021) 16:109. doi: 10.1186/s13020-021-00521-3

43. Zhao G, Zhong H, Rao T, Pan Z. Metabolomic analysis reveals that the
mechanism of astaxanthin improves the osteogenic differentiation potential in bone
marrow mesenchymal stem cells. Oxid Med Cell Longev. (2020) 2020:3427430.
doi: 10.1155/2020/3427430

44. Gulasova Z, Guerreiro SG, Link R, Soares R, Tomeckova V. Tackling
endothelium remodeling in cardiovascular disease. J Cell Biochem. (2020)
121:938–45. doi: 10.1002/jcb.29379
frontiersin.org

https://doi.org/10.1186/s12882-020-02192-y
https://doi.org/10.1186/s12882-020-02192-y
https://doi.org/10.1007/s00109-021-02037-7
https://doi.org/10.1007/s00109-021-02037-7
https://doi.org/10.1161/CIRCULATIONAHA.120.050686
https://doi.org/10.1053/j.ajkd.2015.01.034
https://doi.org/10.1093/eurheartj/ehx653
https://doi.org/10.1093/eurheartj/ehx653
https://doi.org/10.1111/sdi.12840
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105745
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105745
https://doi.org/10.1111/jcmm.16230
https://doi.org/10.1016/j.yjmcc.2017.11.021
https://doi.org/10.1053/j.ajkd.2017.06.017
https://doi.org/10.1053/j.ajkd.2017.06.017
https://doi.org/10.1016/j.bone.2016.11.012
https://doi.org/10.1016/j.bone.2016.11.012
https://doi.org/10.1038/nrneph.2016.142
https://doi.org/10.1038/nrneph.2016.142
https://doi.org/10.1016/j.copbio.2009.09.011
https://doi.org/10.2215/CJN.07420619
https://doi.org/10.1016/j.clnu.2010.02.005
https://doi.org/10.1007/s11255-018-2047-y
https://doi.org/10.1007/s11255-018-2047-y
https://doi.org/10.3390/nu11040722
https://doi.org/10.3390/nu11040722
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1007/s11306-016-1050-5
https://doi.org/10.1021/acs.analchem.7b03929
https://doi.org/10.1021/ac051437y
https://doi.org/10.2174/2213235X11301010092
https://doi.org/10.1039/c4mb00414k
https://doi.org/10.1039/c4mb00414k
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.steroids.2012.02.024
https://doi.org/10.1016/j.steroids.2012.02.024
https://doi.org/10.1016/j.steroids.2014.07.001
https://doi.org/10.1016/j.abb.2015.10.006
https://doi.org/10.1016/j.abb.2015.10.006
https://doi.org/10.1038/nrneph.2017.30
https://doi.org/10.1016/j.semnephrol.2014.09.006
https://doi.org/10.1016/j.semnephrol.2014.09.006
https://doi.org/10.1007/s11255-019-02290-3
https://doi.org/10.1007/s00223-020-00781-5
https://doi.org/10.1159/000356118
https://doi.org/10.1159/000356118
https://doi.org/10.1159/000355807
https://doi.org/10.1038/s41598-020-63013-8
https://doi.org/10.1038/s41598-020-63013-8
https://doi.org/10.1371/journal.pone.0107067
https://doi.org/10.1016/j.jsbmb.2004.12.024
https://doi.org/10.1134/S0006297913050040
https://doi.org/10.1134/S0006297913050040
https://doi.org/10.1134/s0006297908080105
https://doi.org/10.1210/jc.2005-2672
https://doi.org/10.3892/ijmm.2017.3198
https://doi.org/10.1186/s13020-021-00521-3
https://doi.org/10.1155/2020/3427430
https://doi.org/10.1002/jcb.29379
https://doi.org/10.3389/fcvm.2023.1114528
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Altered serum metabolome associated with vascular calcification developed from CKD and the critical pathways
	Introduction
	Materials and methods
	Development of VC in rat models of CKD
	Analysis of biochemical parameters
	Assessment of vascular calcification and grouping into a VC group and non-vascular calcification group (non-VC group)
	Non-target metabolomics study of the serum samples
	Extraction of serum metabolites
	Process of detection

	Statistical analysis
	Pre-processing of MS raw data and metabolite identification
	Bioinformation analysis


	Results
	Biochemical indices of the animal models
	Results of the UHPLC-MS and orthogonal projections to latent structures discriminant analysis (OPLS-DA)
	Identification of the differential metabolites
	Results of the pathway and network analyses

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


