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Abstract
The Chinese materia medica Xianmao (XM) is widely used in Chinese clinics and the 
traditional Chinese medicine diets. Although XM is often used to study its kidney- 
yang effect, the research on its effect on kidney energy metabolism and its mecha-
nism is still relatively lacking. In this study, rats were given different doses of XM 
water extract for 4 weeks. Biochemical method was used to detect the content of 
serum biochemical indexes of liver and kidney function and blood lipid indicators, and 
HE staining method was used to observe the histopathological of liver and kidney in 
rats. The kidney Na+- K+- ATPase, Ca2+- Mg2+- ATPase, SDH (succinate dehydrogenase) 
enzyme activity, and the content of ATP in rats were measured. Metabolomics tech-
nology was used to analyze the potential biomarkers related to the effects of XM on 
kidney energy metabolism, and then, the metabolic pathways were analyzed. RT- PCR 
was used to detect the expression of Ampk, Sirt1, Ppar- α, and Pgc- 1α mRNA in kidney 
of rats. The results showed, compared with the blank control group, there was no 
significant effect on liver and kidney function in XMH, XMM, and XML groups. These 
significantly increased the kidney Na+- K+- ATPase, Ca2+- Mg2+- ATPase, SDH enzyme 
activity, and ATP content in XMH, XMM, and XML groups. Mitochondrial metabolic 
rate was inhibited in XMH group, but it was significantly increased in XMM and XML 
groups. The number of mitochondria was increased in XMH, XMM, and XML groups. 
Overall, these effects may be mediated by TCA cycle metabolism, butanoate metab-
olism, propanoate metabolism, alanine, aspartate, and glutamate metabolism, retinol 
metabolism, purine metabolism, pentose phosphate metabolism, aminoacyl- tRNA 
biosynthesis, valine, leucine, and isoleucine biosynthesis, and degradation metabo-
lism pathways, as well as by increasing expression of upstream genes Ampk, Sirt1, 
Ppar- α, and Pgc- 1α mRNA.
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1  | INTRODUC TION

The traditional Chinese medicine is widely used in Chinese clinics, 
and a variety of molecular mechanisms are associated with functional 
regulation mediated by Chinese materia medica (Hu et al., 2020; 
Wang et al., 2019). To balance the yin and yang, the traditional 
Chinese medicine diets or combining foods with certain Chinese 
materia medica are purposefully used for the patients (Zhou et al., 
2021). One of the Chinese materia medica, Xianmao (root tubers of 
Curculigo orchioides, belonging to the family Amaryllidaceae) often 
utilized with foods to reverse the kidney- yang deficiency symptoms, 
such as the decline of vital gate fire, frequent urination, cold extrem-
ities, sore lower back, waist and knee pain, and soft bones (Chauhan 
et al., 2010). In addition, XM could active the TRPV1 of rat DRG gan-
glion cells, which reflected the heat properties of XM (Li et al., 2018). 
The physiological function of the body could be affected through 
the flow of matter and energy. Energy metabolism was considered 
to be one of the basic forms of the body's material metabolism. The 
cold and heat properties of the drug were closely related to the 
body's energy metabolism (Wang et al., 2008). The main active com-
ponents of XM are curculigo orchioides phenolic glycoside, among 
which curculigoside and tenoside are higher in content (Yang, 2012), 
and curculigoside has a certain protective effect on the function of 
mitochondria (Zhao et al., 2020). Studies have shown that XM can af-
fect the energy metabolism of normal rats (Fan, 2010). It was found 
that XM could regulate the metabolism of substances in the body, 
cyclic nucleotides, and endocrine content (Li et al., 2012), reduce the 
content of TG and cGMP, and increase the content of cAMP/cGMP, 
T3, T4, TSH, Ts, Glu, TC, TP, etc. in rat serum (Zhou et al., 2014), to 
improve the symptoms of kidney- yang deficiency model in rats. In 
China, although Xiaomao (XM) is often used to study its kidney- yang 
effect, the research on its effect on kidney energy metabolism and 
its mechanism is still unknown.

Metabolomics is a technology for analyzing small molecules in 
organisms based on high- throughput, multivariate data. It can fully 
reflect the profile and level changes of endogenous metabolites in 
the body. And it can amplify small differences in upstream gene and 
protein expression, and further in- depth analysis of the metabolic 
pathways related to different metabolites can explain the mechanism 
of action of the research object (Wu et al., 2021). This technology 
has been widely used in food science (Chen et al., 2020), medicine 
(Wang, Zhang, et al., 2020; Wang, Chen, et al., 2020; Wang, Gong, 
et al., 2020; Wang, Jia, et al., 2020) and other fields. Nontargeted 
metabolomics can comprehensively and unbiasedly reflect the met-
abolic state of small molecules in organisms, which is conducive to 
the screening of biomarkers and the construction of dynamic meta-
bolic networks in organisms (Wang, Zhang, et al., 2020; Wang, Chen, 
et al., 2020).

In this study, pharmacological experiments combined with non-
targeted metabolomics technology were used to explore the effects 
of XM on kidney energy metabolism and its mechanism. This will 
improve our understanding of XM and provide a scientific basis for 
its use.

2  | METHODS

2.1 | Medicinal materials and reagents

Xianmao (Jiangzhong Chinese medicine decoction pieces com-
pany, batch number: 190401) was identified as the dry root tubers 
of curculigo orchioides by Jiangxi University of Chinese Medicine 
Appraisal Department. ATPase kit (Nanjing Jiancheng Bioengineering 
Institute batch number: 20191230), SDH kit (Nanjing Jiancheng 
Bioengineering Institute, batch number: 20191224), ATP kit 
(Beyotime, S0027), Uric acid kit (Nanjing Jiancheng Bioengineering 
Institute, batch number: 20190605), Creatinine kit (Nanjing 
Jiancheng Bioengineering Institute, batch number: 20190606), 
Urine nitrogen kit (Nanjing Jiancheng Bioengineering Institute, 
batch number: 20190606), Alanine transaminase kit (Nanjing 
Jiancheng Bioengineering Institute, batch number: 20190610), 
Aspartate aminotransferase kit (Nanjing Jiancheng Bioengineering 
Institute, batch number: 20190606), Triglyceride kit (Hunan hai-
yuan medical technology Co., Ltd, batch number: 20201027), Total 
cholesterol kit (Hunan haiyuan medical technology Co., Ltd, batch 
number: 20201007), Low density lipoprotein (Hunan haiyuan medi-
cal technology Co., Ltd, batch number: 20201008), High density 
lipoprotein (Hunan haiyuan medical technology Co., Ltd, batch num-
ber: 20201008), Total bile acid (Hunan haiyuan medical technology 
Co., Ltd, batch number: 20201109), RNA extract (solarbio, G3013), 
Extracellular oxygen consumption kit (Abcam, ab197243), NAO 
(Shanghai kangxiang biological technology Co., Ltd, M × 430), RIPA 
(Solarbio, R0020), Servicebio®RT First Strand cDNA Synthesis Kit 
(Servicebio, G3330), and SYBR Green qPCR Master Mix (Servicebio, 
G3322).

2.2 | Instrument

Multimode reader (Tecan, Switzerland, Spark 10M), Tissue 
Lyser (Spex, Geno 2010), Pathological slicing machine (Leica, 
RM2016), Microscope (Nikon, Eclipse Ci- L), Automatic biochemi-
cal analyzer (Beckmancoulter, AU480), UHPLC (Agilent, 1290), 
Q- TOF/MS (Agilent, 6538), Centrifugal thickener (Thermo Fisher, 
SPD131DDA- PI- 230), and Fluorescence quantitative PCR (Stepone 
plus, ABI).

K E Y W O R D S

kidney energy metabolism, metabolomics, RT- PCR, Xianmao
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2.3 | Extraction of XM

Xiaomao (XM) was soaked in 10 times water for 60 min, refluxed for 
60 min, and then poured out. The residue was extracted by 8 times 
water reflux for 40 min. The two filtrates were mixed and concen-
trated into 1 g/ml solution, which was diluted for standby before 
administration.

2.4 | Experimental animals and animal processing

Thirty- two male SD rats, 160 ± 20 g, obtained from Hunan Slack 
Jingda Experimental Animals Co., Ltd., were allowed to acclimatize 
for 7 days in the experimental animal science and technology center 
of Jiangxi University of Chinese Medicine. The temperature was 
set to 24 ± 2°C. The humidity was set between 55% and 65%, and 
the lighting condition was set to 12- hr light– dark alternating. Rats 
were fed with standard diet and drink. The study was approved by 
the Experimental Animal Ethics Sub- Committee of the Academic 
Committee of Jiangxi University of Chinese Medicine and complies 
with the animal research guidelines of the China Ethics Committee 
(JZLLSC2019- 0082).

In total, 32 rats were randomly divided into the blank control 
group (Control), high dose of XM group (XMH), medium dose of XM 
group (XMM), and low dose of XM (XML), with eight rats in each 
group. The XMH, XMM, and XML groups were administered the 
crude extracts of 3.15, 1.05, and 0.35 g/kg by gavage for 4 weeks, 
respectively. The control group was given the same volume of sa-
line. After the experiment, rats were fasting for 12 hr. The feces of 
the rats were collected before dissection. The kidney tissue was col-
lected and stored in a −80° refrigerator.

2.5 | Effects of XM on ALT, AST, UA, BUN, Cr, TG, 
TC, TBA, HDL- C, and LDL- C

The serum was taken to measure the concentrations ALT (alanine 
aminotransferase), AST (aspartate aminotransferase), UA (uric acid), 
BUN (urine nitrogen), Cr (creatinine), TG (Triglyceride), TC (total cho-
lesterol), TBA (total bile acid), HDL- C (high density lipoprotein cho-
lesterol), and LDL- C (low density lipoprotein cholesterol) following 
the manufacturer's instructions.

2.6 | Effect of XM on kidney and liver 
pathological sections

The kidney and liver tissues were dissected, conventionally 
taken, dehydrated, embedded, prepared, and stained with HE. 
Then, they were observed and described under an optical micro-
scope. Different types of lesions in the main description were 
photographed.

2.7 | Determination of Na+- K+- ATPase, Ca2+- Mg2+- 
ATPase, and SDH enzyme activity in rat kidney tissue

Physiological saline was added to kidney tissue to make a 10% ho-
mogenate, centrifuged for 10 min (4°C, 211 g). The supernatant was 
obtained to measure the enzyme activity of kidney tissue according 
to the manufacturer's instructions. Coomassie Brilliant Blue method 
was used to determine the protein concentration of tissues.

2.8 | Determination of ATP content

0.2 g of kidney tissue sample was weighed, and 1 ml of lysate was 
added. After homogenizing on ice, it was left for about 5 min to 
fully lysate. Then, the supernatant was centrifuged for 5 min (4°C, 
12,000 g), and the supernatant was taken for use. The ATP con-
tent of rat kidney was detected according to the manufacturer's 
instructions.

2.9 | Mitochondrial oxygen consumption rate

The kidney mitochondria were extracted by differential centrifuga-
tion. The mitochondrial oxygen consumption kit was used to detect 
the signal value of mitochondria, and the CurveExper 1.4 software 
was used to draw the mitochondrial oxygen consumption curve of 
each rat, and the slope of the curve was calculated.

2.10 | NAO staining to observe the number of 
mitochondria

10- mercaptoacridine orange (NAO) is a reagent that can specifically 
bind to mitochondria. It can be used to detect the specific fluores-
cent markers of mitochondria and was often used to detect the num-
ber of mitochondria (Kan, 2018). After the animal experiment is over, 
the animal kidney tissue is quickly taken, soaked in glutaraldehyde 
fixative solution for fixation, and then stored at 4°C for later use. The 
kidney tissue was embedded in OCT, and frozen section was started 
after successful embedding. The slices were put in the diluted NAO 
solution for staining in the dark for 10 min. Finally, the stained slices 
were mounted with glycerin mounting tablets and observed under a 
microscope. The fluorescence intensity was calculated with image J 
software.

2.11 | Metabolomics analysis

2.11.1 | Feces and kidney tissue processing

160 mg feces were weighed and put into an EP tube, added 400 μl 
of double- distilled water, and homogenized thoroughly at low 
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temperature. The samples were centrifuge for 15 min (4°C, 21,130 g), 
and the supernatant was absorbed. 400 μl methanol was added to 
the remaining residue and homogenized thoroughly at low tempera-
ture. The samples were centrifuge for 15 min (4°C, 21,130 g), and 
the supernatant was absorbed. 400 μl acetonitrile was added to the 
remaining residue and homogenized thoroughly at low temperature. 
The samples were centrifuged for 15 min (4°C, 21,130 g), and the su-
pernatant was absorbed. The above three supernatants were com-
bined, centrifuged for 15 min (4°C, 24,320 g). The supernatant was 
taken for test.

0.2 g kidney tissue was weighed, and 300 μl water and 1.2 ml 
methanol were added. The samples were homogenized at low tem-
perature, centrifuged for 15 min (4°C, 21,130 g), and the supernatant 
was kept. The supernatant was concentrated by centrifugal concen-
trator for 3 hr (The vacuum pressure was 0.03). The concentrated 
sample was reconstituted with 400 μl methanol, vortexed for 5 min, 
and centrifuged for 15 min (4°C, 21,130 g). The supernatant was 
taken for test.

2.11.2 | Chromatographic conditions

Feces sample chromatographic conditions: The UHPLC mobile 
phase consists of 0.1% formic acid aqueous solution (solvent A) 
and acetonitrile (solvent B). The steps of gradient elution were 
as follows: 0– 3.0 min, 2%– 12% B; 3.0– 6.0 min, 12%– 31.7% B; 
6.0– 6.5 min, 31.7%– 38.3% B; 6.5– 8.5 min, 38.3%– 44.9% B; 8.5– 
12.5 min, 44.9%– 51.5% B; 12.5– 14.5 min, 51.5%– 58.1% B; 14.5– 
15.5 min, 58.1%– 71.3% B; 15.5– 20 min, 71.3%– 100% B; 20– 21 min, 
100%– 2% B; 21– 22 min, 2%– 2% B. Kidney tissue sample chromato-
graphic conditions: The UHPLC mobile phase consists of 0.1% for-
mic acid aqueous solution (solvent A) and acetonitrile (solvent B). 
The steps of gradient elution were as follows: 0– 8 min, 2%– 28.1% B; 
8– 10 min, 28.1%– 54.1% B; 10– 15 min, 54.1%– 70.4% B; 15– 16 min, 
70.4%– 80.2% B; 16– 18 min, 80.2%– 100% B; 18– 19 min, 100%– 2% 
B; 19– 20 min, 2%– 2% B. The temperature of the autosampler and 
the chromatographic column was maintained at 4 and 35°C, respec-
tively. The flow rate was maintained at 0.4 ml/min.

2.11.3 | Mass spectrometry conditions

The mass spectrometer was operated in positive and negative ion 
mode with Dual electrospray ion source. The positive ion capillary 
voltage was 4,000 V, and the negative ion capillary voltage was 
3,500 V. Atomizer pressure was 30 psig. Drying airflow was 10 L/
min. Drying gas temperature was 300°C. Fragmentor voltage was 
175 V. Cone voltage was 65 V.

2.12 | RT- PCR analysis of Ampk, Sirt1, Pgc- 1α, and 
Ppar- α in rat kidney tissues

TRIzol reagent was added to kidney tissue to extract total RNA. 
GADPH was used as an internal reference for fluorescence quan-
titative PCR amplification to detect the expression of Ampk, Sirt1, 
Pgc- 1α, and Ppar- α related genes in rat kidney tissues of each group. 
The amplification reaction conditions: 95°C for 10 min, 95°C for 
15 s, 60°C for 60 s, 40 cycles in total. The primer sequence was 
showed in Table 1.

2.13 | Data analysis and processing

PLS- DA was used to generate molecular formulas of potential bio-
markers. Compounds satisfying p < .05, FC > 2 and VIP > 1.0 were 
selected as biomarkers for preliminary screening. The M/Z value and 
retention time of the compound obtained from the analysis were 
combined with METLIN (http://www.metlin.scipps.edu) and HMDB 
(www.hmdb.ca) databases to identify the structure of the compound. 
The identified compound name was input into MetaboAnalyst anal-
ysis platform for enrichment and topological analysis, thereby the 
related metabolic pathways were related screened for potential 
biomarkers.

All data are expressed as mean ± SD. Statistical significance of 
results was performed with one- way analysis of variance (ANOVA), 
using the statistical software SPASS17.0. p < .05 was considered sta-
tistically significant.

Gene name Primer sequence
Fragment 
length (bp)

Annealing 
temperature (°C)

R- SIRT1- S AGATTTCAAGGCTGTTGGTTCC 326 60

R- SIRT1- A CAGCATCATCTTCCAAGCCATT 60

R- AMPK- S CACTGGATGCACTCAACACAAC 153 60

R- AMPK- A TCACTACCTTCCATTCAAAGTCC 60

R- PPAR- α- S GTGGCTGCTATAATTTGCTGTGG 227 60

R- PPAR- α- A GCGTCTGACTCGGTCTTCTTGA 60

R- PGC- 1α- S TGACCACAAACGATGACCCTC 279 60

R- PGC- 1α- A CTTGGTTGGCTTTATGAGGAGG 60

R- GADPH- S CTGGAGAAACCTGCCAAGTATG 138 60

R- GADPH- A GGTGGAAGAATGGGAGTTGCT 60

TA B L E  1   Primer sequence

http://www.metlin.scipps.edu
http://www.hmdb.ca


6198  |     CHEN Et al.

3  | RESULTS

3.1 | Effects of XM on ALT, AST, UA, BUN, Cr, TG, 
TC, TBA, HDL- C, and LDL- C

Compared with the blank control group, ALT, AST, BUN, Cr, TG, TC, 
TBA, HDL- C, and LDL- C were not significantly affected by the treat-
ment of XM (p > .05), and UA was significantly decreased (p < .01) 
(Figure 1).

3.2 | Histopathological examination

Compared with the blank control group, the liver and kidney histo-
pathology of the rats in the XMH, XMM, and XML groups were not 
abnormal (Figure 2, Figure 3).

3.3 | Determination of ATP content, Na+- K+- ATPase, 
Ca2+- Mg2+- ATPase, and SDH enzyme activity in rat 
kidney tissue

Compared with the control group, three different doses of XM all 
significantly increase the Na+- K+- ATPase, Ca2+- Mg2+- ATPase, and 
SDH activity in the kidney (p < .05, p < .01). All three doses of XM 
can significantly increase the ATP content of kidney tissue (p < .01) 
(Figure 4).

3.4 | Mitochondrial oxygen consumption rate

Compared with the blank control group, the slope of the curve in 
the XMH group decreased significantly (p < .05), indicating that the 
XMH group may inhibit the metabolism of mitochondria. Compared 

with the blank control group, the slope of the curve of the XMM 
group and the XML group increased significantly (p < .05, p < .01), 
indicating that the mitochondrial metabolism rate increased at these 
concentration (Figure 5).

3.5 | NAO fluorescent stain

Compared with the blank control group, the mitochondrial fluores-
cence intensity was significantly increased in the XMH, XMM, and 
XML groups (p < .01). It suggested that the number of kidney mito-
chondria increased after the intervention of XM at different concen-
trations (Figure 6, Figure 7).

3.6 | Metabolomics analysis

To obtain as much compound information as possible, positive ion 
and negative ion modes were used for data collection and repre-
sentative differential metabolites were obtained.

3.6.1 | Principal component analysis (PCA)

Metabolic profiles of feces and kidney tissue samples were obtained 
for each group. In the PCA score plot for feces, principal components 
showed a R2X = 0.526, Q2 = 0.0996. As shown in Figure 8, there 
was clear separation among rats in the XMH, XMM, and XML. In the 
PCA score plot for kidney tissues, principal components showed a 
R2X = 0.59, Q2 = 0.228. As shown in Figure 9, there was clear separa-
tion among rats in the XMH, XMM, and XML, but there were greater 
variation and more discrete aggregation, suggesting that the effect 
of XM on individual rats was highly variable. PCA could be used for a 
preliminary assessment of the metabolite profiles of rats in different 

F I G U R E  1   Effects of XM on serum liver, kidney function, and blood lipid in rats
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groups; however, owing to the variation within groups (and inability 
to highlight the differences between groups), further PLS- DA was 
needed.

3.6.2 | Partial least squares discrimination analysis 
(PLS- DA) of feces in different groups

As shown in Figure 10a, an PLS- DA mode for feces in the XMH and 
Control was established in the positive mode. The samples of feces 
in the XMH and Control groups were completely spatially separated, 

with R2X = 0.513, R2Y = 0.997, Q2 = 0.904, indicating that the mode 
had good predictive ability. As shown in Figure 11a, an PLS- DA mode 
for feces in the XMH and Control was established in the negative 
mode. The samples of feces in the XMH and Control were completely 
spatially separated, with R2X = 0.474, R2Y = 0.995, Q2 = 0.928, indi-
cating that the mode had good predictive ability.

As shown in Figure 10c, an PLS- DA mode for feces in the XMM 
and Control was established in the positive mode. Samples of feces 
in the XMM and Control groups were completely spatially sepa-
rated, with R2X = 0.495, R2Y = 0.998, Q2 = 0.921, indicating that 
the mode had good predictive ability. As shown in Figure 11c, an 

F I G U R E  2   Effects of XM on kidney 
histopathology in rats

(a) (b)

(c) (d)

F I G U R E  3   Effects of XM on liver 
histopathology in rats

(a) (b)

(c) (d)
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PLS- DA mode for feces in the XMM and Control was established 
in the negative mode. Samples of feces in the XMM and Control 
groups were completely spatially separated, with R2X = 0.494, 
R2Y = 0.997, Q2 = 0.931, indicating that the mode had good pre-
dictive ability.

As shown in Figure 10e, an PLS- DA mode for feces in the XML 
and Control was established in the positive mode. Samples of feces 
in the XML and Control groups were completely spatially sepa-
rated, with R2X = 0.506, R2Y = 0.994, Q2 = 0.883, indicating that 
the mode had good predictive ability. As shown in Figure 11e, an 
PLS- DA mode for feces in the XML and Control was established in 
the negative mode. Samples of feces in the XML and Control groups 
were completely spatially separated, with R2X = 0.531, R2Y = 0.994, 
Q2 = 0.877, indicating that the mode had good predictive ability.

A permutation test repeated 200 times, as shown in 
Figures 10b,d,f and 11b,d,f showed that as Y variables increased, R2 

and Q2 gradually declined, indicated that the mode was highly robust 
and there was no overfitting.

3.6.3 | PLS- DA of kidney tissues in different groups

As shown in Figure 12a, an PLS- DA mode for kidney tissues in the 
XMH and Control was established in the positive mode. The samples 
of kidney tissues in the XMH and Control groups were completely 
spatially separated, with R2X = 0.538, R2Y = 0.996, Q2 = 0.949, 
indicating that the mode had good predictive ability. As shown in 
Figure 13a, an PLS- DA mode for kidney tissues in the XMH and 
Control was established in the negative mode. The samples of kid-
ney in the XMH and Control groups were completely spatially sepa-
rated, with R2X = 0.607, R2Y = 0.997, Q2 = 0.971, indicating that the 
mode had good predictive ability.

F I G U R E  4   Effects of XM on the 
activity of ATPase, SDH, and the contents 
ATP in kidney of rats

F I G U R E  5   Effects of XM on the metabolic rate of kidney 
mitochondria in rats F I G U R E  6   Effect of XM on the fluorescence intensity of kidney 

mitochondria in rats
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As shown in Figure 12c, an PLS- DA mode for kidney tissues in 
the XMM and Control was established in the positive mode. Samples 
of kidney tissues in the XMM and Control groups were completely 
spatially separated, with R2X = 0.563, R2Y = 0.998, Q2 = 0.778, 
indicating that the mode had good predictive ability. As shown in 
Figure 13c, an PLS- DA mode for kidney in the XMM and Control was 
established in the negative mode. Samples of kidney tissues in the 
XMM and Control groups were completely spatially separated, with 
R2X = 0.547, R2Y = 0.997, Q2 = 0.912, indicating that the mode had 
good predictive ability.

As shown in Figure 12e, an PLS- DA mode for kidney tissues in 
the XML and Control was established in the positive mode. Samples 
of kidney tissues in the XML and Control groups were completely 
spatially separated, with R2X = 0.494, R2Y = 0.998, Q2 = 0.888, 
indicating that the mode had good predictive ability. As shown in 
Figure 13e, an PLS- DA mode for kidney tissues in the XML and 
Control was established in the negative mode. Samples of kidney 
tissues in the XML and Control group were completely spatially sep-
arated, with R2X = 0.491, R2Y = 0.998, Q2 = 0.970, indicating that the 
mode had good predictive ability.

F I G U R E  7   NAO fluorescent stain. (a) 
Control, (b) XMH, (c) XMM, (d) XML

(a) (b)

(c) (d)

F I G U R E  8   PCA score plot of feces in rats. (a) Positive mode, (b) negative mode
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A permutation test repeated 200 times, as shown in 
Figures 12b,d,f and 13b,d,f showed that as Y variables increased, R2 
and Q2 gradually declined, indicated that the mode was highly robust 
and there was no overfitting.

3.6.4 | Potential biomarkers in feces and 
kidney tissues

The result showed that eight potential biomarkers were identified 
from XMH (Table 2). They were 2- glycerolphosphatecholinearachi
donicacid, ceanothenic acid, linoelaidic acid, 11- cis- retinaldehyde, 
katonic acid, levulinic acid, succinic acid, and gluconic acid. The con-
tents of gluconic acid, 2- glycerolphosphatecholinearachidonicacid, 
and ceanothenic acid were decreased. The contents of linoelaidic 
acid, 11- cis- retinaldehyde, katonic acid, levulinic acid, and succinic 
acid were increased. As shown in Figure 14a, six metabolic pathways 
were screened between XMH and the blank control group, mainly 
including butanoate metabolism, retinol metabolism, citrate cycle 
(TCA cycle), pentose phosphate pathway, propanoate metabolism, 
alanine, aspartate, and glutamate metabolism.

Table 3 showed that eight potential biomarkers were identified 
from XMM. They were katonic acid, oleamide, 11- cis- retinaldehyde, 
L- Leucine, 2- keto- 3- deoxy- D- gluconic acid, xanthosine, succinic 
acid, and tauroursodeoxycholic acid. The content of L- Leucine, 
2- Keto- 3- deoxy- D- gluconic acid, and xanthosine was decreased. 
The content of katonic acid, oleamide, 11- cis- Retinaldehyde, suc-
cinic acid, and tauroursodeoxycholic acid was increased. As shown 
in Figure 14b, nine metabolic pathways were screened between 
XMM and the blank control group, mainly including valine, leucine, 
and isoleucine biosynthesis, butanoate metabolism, retinol metabo-
lism, citrate cycle (TCA cycle), propanoate metabolism, alanine, as-
partate, and glutamate metabolism, valine, leucine, and isoleucine 
degradation, aminoacyl- tRNA biosynthesis, and purine metabolism.

Table 4 showed that ten potential biomarkers were identified 
from XML. They were nutriacholic acid, 2- glycerolphosphatecholine
arachidonicacid, 11- cis- retinaldehyde, katonic acid, ceanothenic acid, 

maleylacetic acid, isoleucylproline, LysoPE (18:0/0:0), succinic acid, 
and adenosine monophosphate. The content of 2- glycerolphosphat
echolinearachidonicacid, ceanothenic acid, maleylacetic acid, isoleu-
cylproline, and LysoPE (18:0/0:0) was decreased. The content of nu-
triacholic acid, 11- cis- retinaldehyde, katonic acid, succinic acid, and 
adenosine monophosphate was increased. As shown in Figure 14c, 
six metabolic pathways were screened between XML and the blank 
control group, mainly including butanoate metabolism, retinol me-
tabolism, citrate cycle (TCA cycle), propanoate metabolism, alanine, 
aspartate, and glutamate metabolism, and purine metabolism.

3.7 | RT- PCR

The above results showed that high, medium, and low doses of XM 
could promote kidney energy metabolism in rats, so we chose one 
of the dose groups (chose medium dose of XM) to carry out the 
experimental verification of its upstream mRNA related to energy 
metabolism. RT- PCR results showed that the relative expression 
levels of Ampk, Sirt1, Pgc- 1α, and Ppar- α in XM group were signifi-
cantly higher than those in the blank control group (p < .05, p < .01) 
(Figure 15).

4  | DISCUSSION

4.1 | Effects of different doses of XM on liver and 
kidney function in rats

When the high dose of XM extract is 15 g/kg and the low dose is 5 g/
kg, continuous administration for 60 days would cause certain ad-
verse reactions to the physiological and biochemical functions of the 
liver (Chen, 2011). It was found that when the dosage was 100 times 
of the clinical dosage, the long- term administration for 3 months 
showed no obvious toxicity to the liver and kidney function (Xiang 
et al., 2006; Zhang et al., 2005). When the alcohol extract of XM was 
administered continuously for 30 days at a dose of 120 g/kg, there 

F I G U R E  9   PCA score plot of kidney tissues in rats. (a) Positive mode, (b) negative mode
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was no significant difference in serum urea nitrogen, creatinine, and 
alanine aminotransferase, and after 90 days of continuous adminis-
tration, serum urinary nitrogen, creatinine, and alanine aminotrans-
ferase increased significantly, but there was no significant change 
in liver and kidney organs (Bao et al., 2011). Long- term super dose 
administration of XM may cause accumulation toxicity, resulting in 
physiological and pathological changes of liver and kidney, and the 
toxicity of alcohol extract of XM was significantly higher than that of 
water extract of XM (Bao et al., 2011). In this study, the medium dose 

for rats was converted from the usual human dose in the Chinese 
Pharmacopoeia. After the medium dose was determined, the high 
and low doses were determined according to the principle of phar-
macological dose. The results of this study showed that XM water 
extract had no significant in serum liver and kidney indicators, blood 
lipids, and liver and kidney organs. It indicated that XM had no ef-
fect on liver and kidney function at the dose of this experiment. This 
may be related to the dosage, time of administration, and extraction 
solvent of XM.

F I G U R E  1 0   PLS- DA analysis and permutation test of feces in the positive mode. (a) PLS- DA score plot of XMH and Control groups, (b) 
permutation test of XMH and Control groups, (c) PLS- DA score plot of XMM and Control groups, (d) Permutation test of XMM and Control 
groups, (e) PLS- DA score plot of XML and Control groups, (f) permutation test of XML and Control groups
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4.2 | Effects of different doses of XM on the 
activities of ATPase, SDH enzyme, and ATP content 
in rats

ATPase exists on the cell membrane of tissue cells and organelles. It is 
a kind of protease on biological membrane, which plays an important 
role in material transmission, energy conversion, information transmis-
sion, etc. (Sudar et al., 2008). Na+- K+- ATPase is a complex membrane 

protein, which can use the energy produced by ATP hydrolysis to trans-
port three Na+ ions out of the cell and transfer two K+ ions into the cell 
at the same time. This enzyme produces a lift on the cell membrane 
to maintain the resting potential of the cell (Ma et al., 2019). The Na+ 
ion gradient drives many transport processes through cotransporta-
tion (such as glucose cotransporter), exchangers (Na+/Ca2+ exchanger), 
and drives amino acids and vitamins into cells (Lingrel, 2010). It was 
found that when the activity of Na+- K+- ATPase decreased, the amount 

F I G U R E  11   PLS- DA analysis and permutation test of feces in the negative mode. (a) PLS- DA score plot of XMH and Control groups, (b) 
Permutation test of XMH and Control groups, (c) PLS- DA score plot of XMM and Control groups, (d) permutation test of XMM and Control 
groups, (e) PLS- DA score plot of XML and Control groups, (f) permutation test of XML and Control groups
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of Na+ ions transported out of the cell decreased, which would lead to 
intracellular Na+ overload, and then activate the Na+- Ca2+ exchange 
protein on the membrane, At the same time, it would also lead to the 
release of calcium ions in mitochondria, which would lead to intracel-
lular Ca2+ overload, and the decrease in Mg2+ activity will not only re-
duce the content of Mg2+ in cells, but also reduce the activities of other 

enzymes related to energy metabolism and inhibit energy generation 
(Bao et al., 2004). Therefore, when the activities of Na+- K+- ATPase and 
Ca2+- Mg2+-  ATPase are inhibited, it not only affects the hydrolysis of 
ATP, but also leads to the obstacle of intracellular ion transport, aggra-
vating the obstacle of energy supply and application (Zhai et al., 2016). 
ATP is the energy material directly used by the body, and its content 

F I G U R E  1 2   PLS- DA analysis and permutation test of kidney tissues in the positive mode. (a) PLS- DA score plot of XMH and Control 
groups, (b) permutation test of XMH and Control groups, (c) PLS- DA score plot of XMM and Control groups, (d) permutation test of XMM 
and Control groups, (e) PLS- DA score plot of XML and Control groups, (f) permutation test of XML and Control groups
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can reflect the ability of mitochondrial oxidative phosphorylation and 
the state of energy generation. Succinate dehydrogenase has dual 
functions, that is, it plays an important role in both the tricarboxylic 
acid cycle and the aerobic respiratory chain, catalyzing the oxidation 
of succinate to fumarate and the reduction of penguinone to quinone 
(Acevedo et al., 2013), converting succinic acid to fumarate, dehy-
drogenating FDAH, and then oxidizing FDA transmitter to generate 
energy (Wang, Jia, et al., 2020). The decrease in SDH activity will 

inhibit TCA cycle and oxidative phosphorylation, lead to mitochondrial 
dysfunction, and ultimately affect the efficiency of energy synthesis 
(Ekekcioglu et al., 1999). This study results showed that the activi-
ties of Na+- K+- ATPase, Ca2+- Mg2+- ATPase, and SDH were increased 
in high, medium, and low doses of XM groups, which indicated that 
XM could promote the activity of ATPase, increase energy consump-
tion, and increase energy production by strengthening TCA cycle, thus 
promoting energy metabolism. The content of ATP increased in high, 

F I G U R E  1 3   PLS- DA analysis and permutation test of kidney tissues in the negative mode. (a) PLS- DA score plot of XMH and Control 
groups, (b) permutation test of XMH and Control groups, (c) PLS- DA score plot of XMM and Control groups, (d) permutation test of XMM 
and Control groups, (e) PLS- DA score plot of XML and Control groups, (f) permutation test of XML and Control groups
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medium, and low dose groups, which indicated that in the experimen-
tal conditions, the energy production of rats may be greater than en-
ergy consumption.

4.3 | Effects of different doses of XM on 
mitochondrial metabolic rate and mitochondrial 
number in rats

Mitochondria are the main sites for ATP synthesis, and more than 
80% of the energy required for life activities comes from mitochon-
dria (Liu et al., 1988). It is found that low dose aconite can promote 
the metabolism of mitochondria, and when the dose reaches a cer-
tain concentration, the metabolism of mitochondria will be inhibited 
(Zheng, 2015), indicating that the drug dose may affect the meta-
bolic rate of mitochondria. This study results showed that the high 
dose of XM group decreased the mitochondrial oxygen consumption 
rate, while the medium dose of XM group and low dose of XM group 
increased the mitochondrial oxygen consumption rate in varying 
degrees, suggesting that the mitochondrial metabolic rate may be 
related to the dosage. From the results of mitochondrial number, dif-
ferent doses of XM increased the number of mitochondria in varying 
degrees, indicating that high dose of XM may increase the number of 
mitochondria to increase the body's energy, while medium dose and 
low dose of XM can regulate the body's partial energy metabolism 
by increasing the metabolic rate and the number of mitochondria.

4.4 | Analysis of metabolic pathway

4.4.1 | TCA cycle, butanoate metabolism, 
propanoate metabolism, alanine, aspartate, and 
glutamate metabolism

In this experimental condition, the high, medium, and low doses of 
XM groups were enriched the TCA cycle, butanoate, propanoate 
metabolism, alanine, aspartate, and glutamate metabolism, and the 
involved differential metabolism was succinic acid in which the con-
tent was increased. TCA cycle is an important pathway of aerobic 

catabolism of sugar, fat, and amino acids, in which intermediate 
products are the initiation of many biosynthetic pathways (Peng 
et al., 2010). The state of TCA cycle can reflect the state of energy 
metabolism. Succinic acid is an intermediate product of the TCA 
cycle. It forms corydalis under the action of succinate dehydroge-
nase and continues to participate in the next step of the TCA cycle. 
Combined with the biochemical results of succinate dehydrogenase 
activity, it is speculated that XM may promote kidney energy synthe-
sis by increasing succinate in TCA cycle pathway.

4.4.2 | Retinol metabolism

Retinol is an important cofactor in activating mitochondrial protein 
kinase C (PKC) (Kim & Hammerling, 2020), which activates PKC 
through redox. After the activation of PKC, it can increase the pro-
duction of acetyl CoA, then stimulates PDH (pyruvate dehydroge-
nase) complex (Patel & Korotchinka, 2006; Patel & Roche, 1990), 
and then increase the utilization rate of pyruvate (Acin- Perez 
et al., 2010), promoting oxidative phosphorylation in mitochondria, 
resulting in increased oxygen consumption and ATP synthesis in 
mitochondria. In addition, retinol can be used as the carrier of mi-
tochondrial electron, which can accelerate the electron transfer 
after binding with PKC, and then promote the process of oxidative 
phosphorylation (Hammerling, 2016). In the conditions of this ex-
periment, the high, medium, and low doses of XM groups were en-
riched in the retinol metabolic pathway, and the related differential 
metabolite was retinaldehyde in which the content was increased. 
Retinol can be converted to retinaldehyde after oxidation, which in-
dicates that retinol may be oxidized to retinaldehyde in the process 
of activating mitochondrial protein kinase or acting as mitochondrial 
electron transport carrier.

4.4.3 | Valine, leucine, and isoleucine, aminoacyl- 
tRNA biosynthesis metabolism

Leucine and isoleucine belong to branched chain amino acids (BCCA) 
and are potential nutritional signaling molecules. Leucine can regulate 

TA B L E  2   Potential biomarkers of feces and tissues in the XMH

Potential biomarkers M/Z Molecular formula RT Up/Down

Feces

2- glycerolphosphatecholine arachidonic acid 544.3401 C28H50NO7P 13.254 Down

Ceanothenic acid 455.3127 C29H42O4 16.628 Down

Linoelaidic acid 281.2468 C18H32O2 9.463 Up

11- cis- Retinaldehyde 285.2209 C20H28O 12.235 Up

Katonic acid 457.3668 C30H48O3 14.206 Up

Levulinic acid 115.0401 C5H8O3 5.655 Up

Kidney tissue

Succinic acid 117.0192 C4H6O4 1.101 Up

Gluconic acid 195.0506 C6H12O7 1.029 Down
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glucose metabolism, fat synthesis, and decomposition, improve insu-
lin sensitivity, and promote energy metabolism (Higashi et al., 2015; 
Wang et al., 2011; Xu et al., 2015). In healthy rats, absorption and 
oxidation of branched chain amino acids occur in many different tis-
sues, Once it enters cells, BCAA can be stored in amino acid pools, 
integrated into proteins, or sent to mitochondria for oxidation, and 
can also be used for the synthesis of ketones and glucose (Neinast 
et al., 2019). On the one hand, BCAA transfers amino groups from 
BCAAs (branched chain α- ketoglutarate) to α- ketoglutarate to form 
glutamate under the catalysis of BCAT (branched chain transami-
nase) and then combines with pyruvate to form alanine through ala-
nine aminotransferase, which participates in TCA cycle. The level of 
BCAA can affect the intermediates of TCA (tricarboxylic acid cycle), 
thus affecting energy metabolism; on the other hand, branched 
chain amino acids form BC acyl CoA (branched chain acyl coenzyme 

A) under the catalysis of ketoacid dehydrogenase and participate 
in TCA cycle through succinyl- coenzyme A, affecting the energy 
metabolism of the body (Biswas et al., 2019). In this experimental 
condition, the valine, leucine, and isoleucine, aminoacyl- tRNA bio-
synthesis metabolism were affected by medium dose of XM, and the 
differential metabolite was leucine in which the content of leucine 
was decreased. It is speculated that more branched chain amino 
acids may be used as substrates to form ketones to participate in 
TCA cycle, so as to regulate tissue energy metabolism.

4.4.4 | Purine metabolism

Purine exists mostly in the form of nucleotide in the body. Purine 
nucleotides can be synthesized by de novo synthesis and salvage 

F I G U R E  14   Potential biomarkers pathway analysis of rats. (a) XMH group, (b) XMM group, (c) XML group
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pathway, which requires a large amount of ATP. ATP is decomposed 
to produce ADP, which is hydrolyzed to AMP under the action of 
muscle kinase, and AMP generates hypoxanthine nucleotide (IMP) 
and NH3 under the action of adenylate deaminase (Liu & Mao, 1999). 
On the one hand, IMP can synthesize AMP again after obtaining 
amino group, which is also a part of purine nucleotide cycle. On the 
other hand, IMP can decompose into xanthine under the action of 

hypoxanthine nucleotide dehydrogenase and finally produce uric 
acid to be excreted out of the body (Li et al., 2018). In this experi-
mental condition, both medium dose and low dose of XM could af-
fect purine metabolism pathway, and their differential metabolites 
were xanthosine and AMP, respectively. Xanthosine is derived from 
the oxidative decomposition of xanthine nucleotides. AMP is not 
only a synthesis product of purine nucleotides, but also a product 
of its oxidative decomposition. In addition, AMP can obtain high- 
energy phosphoric acid groups through oxidative phosphorylation 
to generate ATP. In this experiment, the content of xanthosine nu-
cleoside decreased, and the content of AMP increased. It is specu-
lated that after XM intervention, it can promote the circulation of 
purine nucleotides, reduce the oxidation decomposition of IMP into 
xanthine, and increase IMP to resynthesize AMP.

4.4.5 | Pentose phosphate metabolism

It is reported (Yao et al., 2020) that sugar can synthesize energy 
through the TCA cycle under aerobic respiration conditions and 
can form lactic acid through anaerobic glycolysis under anaerobic 

Potential biomarkers M/Z
molecular 
formula RT Up/Down

Feces

Katonic acid 457.3668 C30H48O3 14.206 Up

Oleamide 282.2788 C18H35NO 9.346 Up

11- cis- Retinaldehyde 285.2209 C20H28O 12.235 Up

L- Leucine 130.0873 C6H13NO2 0.795 Down

2- Keto- 3- deoxy- D- gluconic 
acid

177.0405 C6H10O6 0.661 Down

Kidney tissue

Xanthosine 285.0830 C10H12N4O6 1.789 Down

Succinic acid 117.0192 C4H6O4 1.101 Up

Tauroursodeoxycholic acid 498.2888 C26H45NO6S 10.866 Up

TA B L E  3   Potential biomarkers of feces 
and tissues in the XMM

TA B L E  4   Potential biomarkers of feces and tissues in the XML

Potential biomarkers M/Z molecular formula RT Up/Down

Feces

Nutriacholic acid 391.284 C24H38O4 9.597 Up

2- glycerolphosphatecholine arachidonic acid 544.3401 C28H50NO7P 13.254 Down

11- cis- Retinaldehyde 285.2209 C20H28O 12.235 Up

Katonic acid 457.3668 C30H48O3 14.206 Up

Ceanothenic acid 455.3127 C29H42O4 16.628 Down

Kidney tissue

Maleylacetic acid 159.0281 C6H6O5 4.461 Down

Isoleucylproline 229.1539 C11H20N2O3 2.774 Down

LysoPE (18:0/0:0) 482.3235 C23H48NO7P 11.726 Down

Succinic acid 117.0192 C4H6O4 1.101 Up

Adenosine monophosphate 346.0563 C10H14N5O7P 1.329 Up

F I G U R E  1 5   Effects of XM on Ampk, Sirt1, Pgc- 1α, and Ppar- α



6210  |     CHEN Et al.

respiration conditions to provide energy for the body. In the condi-
tions of this experiment, the high dose XM was involved in pentose 
phosphate metabolism. The different metabolite was gluconic acid, in 
which the content was decreased. The carbohydrates are converted 
into pyruvate through anaerobic or aerobic oxidation and participate 
in the TCA cycle and oxidative phosphorylation to provide energy 
for the body and accelerate the body's energy metabolism.

4.5 | Effect of XM on the expression of Ampk, Sirt1, 
Pgc- 1α, and Ppar- α mRNA

AMPK is an energy sensor in eukaryotic cells and plays an impor-
tant role in maintaining the body's energy balance. Studies have 
confirmed that AMPK activation can increase mitochondrial bio-
synthesis (Ha et al., 2016; Herzig & Shaw, 2018; Lee & Kim, 2018; 
Shaw et al., 2004). PGC- 1α can not only increase energy consump-
tion, but also increase the biogenesis and respiration rate of mito-
chondria, absorb, and use substrates to produce energy (Lehman 
et al., 2000; Stpierre et al., 2003; Wu et al., 1999). SIRT1 is a nicoti-
namide adenine dinucleotide (NAD+)- dependent deacetylase, which 
can sense the energy metabolism state of living cells in tissues and 
affect the energy metabolism of tissues (Zhang et al., 2009). SIRT1, 
AMPK, and PGC- 1α can interact to form a network that can sense 
energy changes (Wen et al., 2016). AMPK can increase the activity 
of SIRT1 by increasing the level of NAD+, activate the deacetylation 
of SIRT1 downstream proteins (such as PGC- 1α), and increase the 
activity of PGC- 1α transcription, thereby regulating energy metabo-
lism and mitochondrial synthesis (Chau et al., 2010; Scarpulla, 2011; 
Tang, 2016). AMPK can regulate the expression of downstream tar-
get molecule PPAR- α, forming AMPK/PPAR- α signaling pathway, 
which plays a very important role in maintaining energy metabolism 
(Wang et al., 2019). The results of this experiment showed that XM 
can increase the expression of SIRT1, AMPK, PGC- 1α, and PPAR- α 
mRNA, indicating that XM may affect the body's energy metabo-
lism in the following three ways: (a) XM may increase NAD+ level by 
activating AMPK and then activate SIRT1. SIRT1 can catalyze the 
acetylation of PGC- 1α, promote the biosynthesis of mitochondria, 
thereby affecting energy metabolism; (b) XM may directly activate 
PGC- 1α through AMPK, promote the synthesis of mitochondria, and 
increase the body's energy metabolism; (c) XM may promote energy 
metabolism through AMPK/PPAR- α signaling and then affect gly-
colipid metabolism.

5  | CONCLUSION

In conclusion, XM can enhance the kidney tissue energy metabo-
lism. It may increase energy metabolism by changing the rate of 
mitochondrial metabolism and the number of mitochondria. And 
these effects may be mediated by TCA cycle metabolism, butanoate, 
propanoate metabolism, alanine, aspartate, and glutamate metabo-
lism, retinol metabolism, purine metabolism, pentose phosphate 

metabolism, aminoacyl- tRNA biosynthesis, valine, leucine, and iso-
leucine metabolism pathways, as well as by increasing expression of 
upstream genes Ampk, Sirt1, Ppar- α, and Pgc- 1α mRNA.
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