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Cordyceps sinensis protects against liver and heart 
injuries in a rat model of chronic kidney disease: a 
metabolomic analysis
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Aim: To test the hypothesis that the traditional Chinese medicine Cordyceps sinensis could improve the metabolic function of 
extrarenal organs to achieve its anti-chronic kidney disease (CKD) effects.
Methods: Male SD rats were divided into CKD rats (with 5/6-nephrectomy), CKD rats treated with Cordyceps sinensis (4 mg·kg-1·d-1, 
po), and sham-operated rats.  After an 8-week treatment, metabolites were extracted from the hearts and livers of the rats, and then 
subjected to 1H-NMR-based metabolomic analysis.
Results: Oxidative stress, energy metabolism, amino acid and protein metabolism and choline metabolism were considered as links 
between CKD and extrarenal organ dysfunction.  Within the experimental period of 8 weeks, the metabolic disorders in the liver were 
more pronounced than in the heart, suggesting that CKD-related extrarenal organ dysfunctions occurred sequentially rather than 
simultaneously.  Oral administration of Cordyceps sinensis exerted statistically significant rescue effects on the liver and heart by 
reversely regulating levels of those metabolites that are typically perturbed in CKD.
Conclusion: Oral administration of Cordyceps sinensis significantly attenuates the liver and heart injuries in CKD rats.  The 1H NMR-
based metabolomic approach has provided a systematic view for understanding of CKD and the drug treatment, which can also be 
used to elucidate the mechanisms of action of other traditional Chinese medicines.
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Introduction
Chronic kidney disease (CKD) is a condition in which the 
kidney progressively loses its function, and this process can 
quickly lead to deleterious effects in distant organs.  Clinical 
and experimental data suggest that most forms of CKD con-
tribute to the development and aggravation of distant organ 
dysfunction, such as heart failure[1, 2] and liver failure[3].  The 
physiological and molecular mechanisms linking CKD with 
extrarenal organ dysfunction are complicated.  Systematic dis-
turbances of metabolism, which include glomerular hyperten-

sion, oxidative stress, progressive azotemia, glycemia, anemia, 
dyslipidemia etc[4], might play important roles in the develop-
ment of the distant organ dysfunctions related to CKD.  How-
ever, the molecular mechanism that mediates the cross-talk 
between kidney disease and extrarenal impairments remains 
poorly understood.  

Because CKD seriously endangers human health, multiple 
therapeutic agents have been developed to treat the disease.  In 
recent years, in addition to conventional therapies, traditional 
Chinese medicines (TCMs) began to play important roles in 
the treatment of CKD.  Both clinical evidence and experimen-
tal studies have shown the efficacies of TCMs in slowing the 
progression of CKD[5–8].  Among all the TCMs with anti-CKD 
effects, Cordyceps sinensis (C sinensis) is one of the best known.  
As we reported previously, the renoprotective efficacy of C 
sinensis was confirmed by its ameliorating metabolic abnor-
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malities in the kidneys of rats with CKD[9].  Additionally, C 
sinensis has also been identified to play significant roles in the 
protection of liver[10] and heart[11, 12] tissue from pathological 
impairments; thus, we hypothesized that C sinensis could also 
improve the metabolic function of the extrarenal organs, such 
as the heart and liver, to achieve its therapeutic effects on the 
kidney.

To test this hypothesis and elucidate the possible molecu-
lar links mediating the cross-talk between kidney injury and 
extrarenal impairments, a systematic methodology involving 
metabolomics was employed.  Metabolomics is defined as the 
comprehensive and quantitative metabolic analysis of large 
numbers of endogenous, low-molecular-weight metabolites.  
In the past decade, the widespread utility of this analytical 
approach to monitoring multiple metabolic perturbations in 
living systems within pathological processes[13–19], including 
CKD[17], and the response to such external stimuli as drug 
treatments[20, 21] has been illustrated.  Moreover, this method 
is now being applied to the field of TCM[22–26], as it could char-
acterize the subtle metabolic interventions induced by TCM 
in the treatment of diseases and identify the potential impli-
cations of TCM.  Therefore, in this study, an 1H NMR-based 
metabolomic study was applied to investigate the extrarenal 
therapeutic effects of C sinensis upon 5/6 nephrectomized 
(5/6Nx) rats (a standard animal model with CKD[27, 28]).  First, 
a C sinensis-dosed 5/6Nx rat group, a 5/6Nx model group 
and a sham-operated group were established in the study.  
Then, the changes in the metabolic phenotype of the livers and 
hearts were investigated using principal component analysis 
(PCA) and partial least square-discriminant analysis (PLS-DA) 
of the 1H NMR data.  Orthogonal projection to latent struc-
tures discriminant analysis (OPLS-DA) was also employed 
to identify the disturbed metabolites in the model group and 
the recovery of the metabolic variations in C sinensis-dosed 
5/6Nx rats.  Finally, the potential protective mechanism of  
C sinensis against CKD through its therapeutic effects on extra-
renal organs was elucidated based on the analyses mentioned 
above.  In addition, our results also indicated that in the exper-
imental time scale (8 weeks), much more severe liver, but not 
heart, metabolic disorders occurred.  This result suggests that 
CKD-related extrarenal organ dysfunctions occur sequentially 
rather than simultaneously.

Materials and methods
Materials 
NaH2PO4·2H2O and Na2HPO4·12H2O (both analytical grade) 
were provided by merchandisers of Sinopharm Chemical 
Reagent Co Ltd (Shanghai, China).  D2O (99.9% in D) was 
purchased from Cambridge Isotope Laboratories Inc (Miami, 
FL, USA).  C sinensis was obtained from Jiminkexin Co Ltd 
(Jiangxi, China).  According to the regulation of the Chinese 
Pharmacopoeia 2005, C sinensis was quality controlled by 
ZGPR-NMR.  The contents of two signature components, 
which were present in the NMR fingerprint profile (Figure S1), 
were 3.49 mg/g for adenosine and 4.78 mg/g for uridine.

Animal experiments
Animal use protocols, which followed the Guide for the Care 
and Use of Laboratory Animals, were approved and super-
vised by the Institutional Animal Care and Use Committee 
(IACUC) of the Shanghai Institute of Materia Medica, Chinese 
Academy of Sciences, China.  Male Sprague-Dawley rats (130-
150 g in weight) were purchased from the Shanghai Experi-
mental Animal Center of the Chinese Academy of Sciences 
(Shanghai, China).  All animals were provided with a certified 
standard diet and tap water ad libitum during the experiments.  
They were housed at 25±2 °C with 40%–60% humidity and a 
12/12-h light/dark cycle.  All animals were acclimated for 7 d 
before experiments.

Experimental animals were randomly divided into three 
groups: (A) an oral administration of C sinensis (4 mg·kg-1·d-1) 
nephrectomized group (CS group, n=7); (B) an untreated 
nephrectomized group (OP group, n=7); (C) a sham-operated 
group (SO group, n=7).  The 5/6Nx was performed by a two-
step method as described previously[29, 30].  For the SO con-
trol group, a sham operation was performed that consisted 
of a laparotomy and manipulation of the renal pedicles but 
without the destruction of renal tissue.  One animal in the CS 
group died on the 6th d after the operation and was excluded 
in the later experiments.  On the 8th weekend after surgery, 
rats from each group were anaesthetized with diethyl ether 
(Changshu Chemical Co, Ltd, Jiangsu, China), and parts of the 
livers (approximately 100 mg) and hearts (approximately 100 
mg) were collected for 1H NMR spectrum acquisition.  

Preparation of aqueous liver and heart extracts and acquisition 
of 1H NMR spectra
Lyophilized aqueous liver and heart extracts were prepared 
using the methanol/chloroform/water system as described 
previously[31].  The powder of the extract was dissolved in 
600 μL of phosphate buffer (0.2 mol/L Na2HPO4/0.2 mol/L 
NaH2PO4 pH 7.4), vortexed and then centrifuged at 12 000×g 
for 10 min at 4 °C.  Aliquots of the supernatant (500 μL) were 
transferred into 5-mm diameter NMR tubes, and then 50 
μL of D2O was added.  Solvent-suppressed 1D 1H NOESY 
spectra (NoesyPr1d) were acquired using the pulse sequence 
(RD-90-t1-90-tm-90-ACQ) with a mixing time (tm) of 100 ms.  
Water suppression was achieved by irradiation of the water 
resonance during the recycle delay (RD) of 4 s and the mix-
ing time.  The 90° pulse length was adjusted to approximately 
10.35 μs.  T1 was set to 4 μs.  A total of 4 dummy scans and 256 
free induction decays (FIDs) were collected into 120 000 data 
points, using a spectral width of 10 kHz, giving an acquisition 
time (ACQ) of 6.13 s.  All NMR experiments were conducted 
at 298K on a Bruker (Karlsruhe, Germany) Avance III 500-
MHz spectrometer equipped with an ultra-low-temperature 
probe.

Spectral data processing and multivariate statistical analysis
To improve the signal-to-noise ratio, all 1D FIDs were mul-
tiplied by an exponential weighting factor of a 0.3 Hz line-
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broadening factor before Fourier transformation.  Then, all 
the 1D NMR spectra were referenced to the methyl group of 
lactate at δ 1.33, carefully manually phased, baseline corrected 
and aligned by MestReNova software (Version 8.0, Mestrelab 
Research SL).  Selected peaks without overlap for each metab-
olite in the 1D NMR were integrated.  The resulting unam-
biguous 39 metabolites in liver extracts and 31 metabolites 
in heart extracts were normalized to the sum of the spectral 
intensity (excluding the regions of the residual water, metha-
nol and ethanol resonances) to compensate for differences in 
sample concentration.  Subsequently, the normalized integral 
values were invariably scaled for PCA, PLS-DA, and OPLS-
DA by SIMCA-P+12.0 software package (Umetrics, Umeå, 
Sweden).  The PCA and PLS-DA score plots were visualized 
with the first principal component (t[1]) and the second prin-
cipal component (t[2]).  The OPLS-DA was calculated with the 
first predictive (t[1]) and one orthogonal component (to[1]).  
The parameters R2X(cum), R2Y(cum) and Q2(cum) were cal-
culated by following the cross-validation procedure to test the 
goodness of fit and model validity.  R2X(cum) and R2Y(cum) 
are the fraction of the sum of the squares of the entire X’s and 
Y’s explained by the model, respectively.  Q2(cum) represents 
the cross-validated explained variation.  The reliability of 
models increases as R2Y(cum) and Q2(cum) approach 1[32].  
Due to the small number of samples (CS:OP:SO=6:7:7), five-
round cross validation and permutation tests (500 cycles) were 
carried out to measure the robustness of the models[33].  

The correlation coefficients of the variables relative to the 
first predictive component in the OPLS-DA model were 
extracted from S-plot.  Cutoff values with a significance 
level of 0.05 were used to identify those variables that were 
responsible for the discrimination of the groups[34].  Variable 
importance in the projection (VIP) values were also employed 
to identify the differentiating biomolecules with a VIP value 
greater than 1, which contributed significantly to model clus-
tering.  Therefore, we chose those variables meeting twofold 
criteria (ie, |r|>=the cutoff value of P=0.05, and VIP>=1) as 
the most significant and reliable variables that were respon-
sible for the separation of the clusters.

Quantitative comparison of metabolites in 1H NMR spectra of 
liver and heart aqueous extract samples
The average changes of metabolites between two groups were 
calculated[35].  Box charts were used to depict the variation 
in the integrals of the most significant metabolites in the CS, 
OP, and SO groups, which are shown in Figure 4.  Significant 
differences (Table 1) among the mean values (Table S1) were 
evaluated by one-way analysis of variance (ANOVA) with a 
Bonferroni correction.  The threshold for statistical significance 
was set to P<=0.05.  All the statistical analyses were performed 
using SPSS (Statistical Package for the Social Sciences) 17.0 
software (SPSS, Chicago, IL, USA).  

The ranks of statistical significance were then divided into 
three degrees:  statistical significance with VIP>=1, |r|>=the 
cutoff value and P<=0.05 was defined as “remarkable”; sig-
nificance with VIP>=1, |r|>=the cutoff value and P>0.05 was 

defined as “moderate”; and significance with VIP>=1 and 
|r|<the cutoff value was defined as “weak.

Results
1H NMR spectra of tissue aqueous extract samples
Representative (of three) one-dimensional 1H NMR spectra of 
liver tissue aqueous extracts obtained from the CS, OP, and 
SO groups are shown in Figure 1, while 1D 1H NMR spectra 
of heart aqueous extract samples are illustrated in Figure S2.  
The metabolite resonances were annotated based on chemi-
cal shifts, proton-proton coupling constants, results from 2D 
NMR spectra and published data[36–38].  The assignments (both 
chemical shift and multiplicity) for the identified metabolites 
are summarized in Table S2.  The NMR spectra of the aque-
ous tissue extracts were dominated by the signals from amino 
acids (leucine, isoleucine, valine, alanine, lysine, glutamine, 
glutamate, glycine, aspartate, phenylalanine and tyrosine), 
carboxylic acids (α-hydroisobutyrate, acetate, succinate, 
malate, fumarate, D-3-hydrobutyrate, formate, lactate), mem-
brane components (choline, sn-glycero-3-phosphocholine, 
O-phosphocholine), oxidative stress metabolites (glutathione 
and taurine), nitrogen-containing heterocycles [nicotinamide 
adenine dinucleotide (NAD), NADP+, nicotinurate, adenos-
ine triphosphate (ATP)] and so on.  The characterization of a 
metabolic profile based on such complicated spectra could be 
greatly facilitated by multivariate statistical analyses, such as 
PCA, PLS-DA, and OPLS-DA.  Thus, the integral data for the 
metabolites were imported into the SIMCA-P+12.0 software 
package for statistical analysis.  One-way analysis of variance 
using a Bonferroni post hoc test was also performed to deter-
mine whether group-to-group differences in the mean values 
of the metabolites were significant.

Statistical analysis of liver aqueous extract samples
The PCA score plots, which were obtained from the multi-
variate statistical analysis of the unambiguously identified 39 
variables from the liver aqueous extracts of the three groups, 
revealed a group clustering for the metabolic profiles of the 
OP group versus the SO group samples (Figure S3A).  Con-
sistently, a distinct separation between the OP group and the 
SO group was also present in the PLS-DA score plot along the 
PC1 axis, and, in comparison with the OP group, the CS group 
cluster moved closer to that of the SO group, indicating that C 
sinensis administration ameliorated the metabolic disorders in 
the liver tissue of CKD rats (Figure 2A).  

The results mentioned above were supported by the fol-
lowing OPLS-DA analysis.  The application of OPLS-DA, 
which used the first predictive component and one orthogo-
nal component to optimize intergroup variation, resulted in 
clear biochemical distinctions between the CS and OP groups 
[R2X(cum)=40%, R2Y(cum)=90%, Q2(cum)=52%] (Figure 
3A) and between the OP and SO groups [R2X(cum)=47%, 
R2Y(cum)=97%, Q2(cum)=85%] (Figure 3C).  A cluster of 500 
permutated models from the first component was visualized 
using validation plots (Figures 3B, 3D).  In the permutation 
test plots, all of the permutated Q2 values to the left were 
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lower than the original point to the right[39, 40], which indicated 
that the original models were valid.

Moreover, according to coefficient numbers (|r|), VIP and 
P values, the major discriminatory metabolites for each group 
were determined in the pair-wise comparison.  Compared 
with the SO group, the levels of leucine, isoleucine, valine, 
lysine, sarcosine, N,N-dimethylglycine, choline and tyrosine 
were upregulated in the OP group.  The levels of certain 
metabolites including N-acetylglutamine, glutamate, gluta-
mine, glutathione, creatine, carnitine, taurine, UDP-galactose, 
ATP and NAD declined (Table 1).  After C sinensis administra-
tion, there was a reversal of the changes in the levels of several 
metabolites in the liver of the CKD rats.  Compared with the 
OP rats, the levels of amino acids (leucine, isoleucine, valine, 
lysine and tyrosine), sarcosine, O-phosphocholine and choline 
in the CS group declined, and these changes were accompa-
nied by increases in the levels of N-acetylglutamine, gluta-
thione, carnitine, taurine, glycine and NAD.  Then, referring 
to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Database[41] and the Human Metabolome Database (HMDB)
[42], these altered metabolites were connected to different meta-

bolic pathways (Figure 4).

Statistical analysis of 1H NMR data of heart aqueous extract 
samples
The integrals of 31 metabolites present in the heart tissue 
extracts were obtained for PCA (Figure S3B) and PLS-DA 
(Figure 2B) with the first two principal components (t[1], t[2]).  
The OP rats were metabolically differentiated from the SO rats 
basically by the first principal component, which was the dis-
tinctive feature of the PLS-DA model of the NMR data for the 
heart aqueous extract samples.  Moreover, the three groups 
displayed separations with a partial overlap in the score plots 
of the aqueous heart extracts in the PCA scatter plot.  

To assess the variations between groups, permutation tests 
were applied, and the ensuing results (Figure S4B) strongly 
indicated that the OPLS-DA model (Figure S4A) of the CS vs  
OP group were overfitting, as demonstrated by the fact that 
the Q2 regression line had a positive intercept and that the 
Q2 values to the left were higher than the original point to the 
right.  Additionally, there were only a few altered metabolites 
that contributed to the separation, and these were identified by 

Table 1.  The average changes of main metabolites in OPLS-DA models.

Meta               δ 1H                                                  Aqueous liver extract 	                                                             Aqueous heart extract 
bolites 	     (ppm) 	           % Average changes in CS              % Average changes in OP               % Average changes in CS          % Average changes in OP
                                             relatively to OP (|r|, VIP, P)	            relatively to SO (|r|, VIP, P)             relatively to OP (|r|, VIP, P)         relatively to SO (|r|, VIP, P)
 
Leu 	 0.96	 –20.8 (0.83, 1.64, 0.010) 	 +45.6 (0.85, 1.48, 0.000) 	 /	 /
Ile	 1.02	 –13.9 (0.63, 1.04, 0.086)	 +38.3 (0.71, 1.31, 0.001)	 /	 /
Val 	 1.05 	 –27.6 (0.91, 1.89, 0.004) 	 +63.8 (0.79, 1.47, 0.000) 	 /	 /
Ala	 1.49 	 /	 /	 /	 +17.5 (0.75, 1.21, 0.023) 
Lys	 1.72 	 –13.8 (0.63, 1.14, 0.043)	 +57.0 (0.83, 1.54, 0.000)	 –28.4 (0.55,1.34,0.020) 	 /
NAG	 2.08	 +20.7 (0.57, 1.39,0.109)	 –34.5 (0.74, 1.41, 0.000)	 /	 /
Glu	 2.36	 / (0.08,0.51,1.000)	 -41.1 (0.64, 1.34, 0.004)	 /	 /
Suc 	 2.40 	 /	 /	 /	 +50.0 (0.76, 1.45, 0.025) 
Gln 	 2.45 	 / (0.10, 0.23,1.000)	 –29.0 (0.74, 1.41, 0.003)	 /	 /
GSH 	 2.54 	 +13.8 (0.52,1.13, 0.215) 	 –30.7 (0.77, 1.45, 0.000) 	 /	 /
Sar	 2.74	 –23.6 (0.54,1.02, 0.180)	 +97.4 (0.76, 1.49, 0.000)	 /	 /
DMG	 2.93	 / (0.26, 0.49,1.000)	 +41.6 (0.67, 1.28, 0.014)	 /	 /
Cr 	 3.95 	 / (0.41, 0.99, 1.000) 	 -64.8 (0.68, 1.35, 0.001) 	 /	 –8.7 (0.78, 2.21, 0.024) 
Cho 	 3.21 	 –41.2 (0.74, 1.32, 0.023) 	 +185.4 (0.83, 1.57, 0.000) 	 /	 /
Pcho	 3.22	 –22.8 (0.61,1.34, 0.044)	 /	 /	 /
Car 	 3.20 	 +41.5 (0.76, 1.64, 0.020) 	 –35.1 (0.66, 1.27, 0.000) 	 /	 /
Tau	 3.43	 +40.5 (0.59, 1.19, 0.026)	 –30.4 (0.66, 1.11, 0.01)	 +15.9 (0.58, 1.82, 0.038)	 –5.7(0.78, 2.47, 0.057)
Gly 	 3.57 	 +22.4 (0.64, 1.54, 0.024) 	 / (0.02, 0.02, 1.000)	 /	 /
UDPG	 5.92 	 / (0.48, 0.95, 0.288) 	 –35.4 (0.70, 1.33, 0.000) 	 /	 /
Tyr	 6.89	 –52.5 (0.74, 1.49, 0.014)	 +105.9 (0.75, 1.40, 0.007)		
ATP	 8.58	 +60.6 (0.45, 0.83, 0.317)	 –31.7 (0.45, 1.00, 0.390)	 /	 /
NAD 	 9.36	 +23.5 (0.57, 1.23, 0.023) 	 –21.9 (0.70, 1.26, 0.004) 	 /	 /

Leu, leucine; Ile, isoleucine; Val, valine; Ala, alanine; Lys, lysine; NAG, N-acetylglutamine; Glu, glutamate; Suc, succinate; Gln, glutamine; GSH, 
glutathione; Sar, sarcosine; DMG, N,N-dimethylglycine; Cr, creatine; Cho, choline; Pcho, O-phosphocholine; Car, carnitine; Tau, taurine; Gly, glycine; 
UDPG, UDP-galactose; Tyr, tyrosine; ATP, adenosine triphosphate; NAD, nicotinamide adenine dinucleotide.
“+” means an increase.  “–” means a decrease.  “/” means no significant change (|r|<the cutoff value, VIP<1, and P>0.05). 
a The absolute values of correlation number extracted from the correlation plots of OPLS-DA models.  The cutoff values are 0.55 in the correlation-
loading plot of CS vs OP and 0.53 in the correlation-loading plot of OP vs SO.
b The P values were obtained from one way ANOVA.
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the coefficient number, the VIP value, and the P value.  Com-
pared with the SO rats, the prominent changes in the OP rats 
were increasing levels of alanine and succinate and decreasing 
levels of creatine and taurine.  Moreover, the change in taurine 
levels was reversed by the administration of C sinensis (Table 
1).  

Discussion
The results of the metabolomic analyses indicated that in the 
experimental time scale (8 weeks), the metabolic disorders in 
the liver were more significant than those in the heart, which 

suggested that 8 weeks after 5/6Nx operation, liver dysfunc-
tion had already progressed, while heart injury was in the 
early stages of initiation.  It appeared that CKD-related extra-
renal organ dysfunctions occurred sequentially rather than 
simultaneously.  

In this study, we hoped to unravel the mechanism of by 
which C sinensis modulates metabolism in the extrarenal 
organs of CKD rats using 1H NMR-based metabolomic analy-
sis.  Both multivariate and univariate statistical analyses of 
the data and subsequent pathway mapping of the perturbed 
metabolites indicated that the metabolic differences were 

Figure 2.  PLS-DA score plots of 1H NMR analysis of aqueous liver extracts (A) and aqueous heart extracts (B).  Model parameters are as follows: (A) 
R2X(cum)=0.37, R2Y(cum)=0.82, Q2(cum)=0.57; (B) R2X(cum)=0.52, R2Y(cum)=0.60, Q2(cum)=0.22.

Figure 1.  Representative 500-MHz 1H NMR NOESY spectra (δ 0.6–4.7, 5.0–9.6) of aqueous extracts from liver tissues of rats in groups CS (A), OP (B) 
and SO (C).  The abbreviations of the metabolites are shown in Table S1.
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mainly from oxidative stress-related metabolites, energy 
metabolism intermediates, amino acid and protein metabo-
lites and choline metabolites.  The disturbed metabolites in 
the liver and heart tissues and the ones substantially reversely 
regulated by the administration of C sinensis could be taken as 
a pool of potential candidates for the development of clinical 
biomarkers for the diagnosis of CKD and for the discovery of 
therapeutic targets for treatment of CKD-related extrarenal 
organ damage.

Antioxidative activity
Glutathione (GSH) is a predominant antioxidant that protects 
against reactive species and oxidative stress[43].  Previously 
reported work demonstrated that hepatic glutathione was 
significantly decreased in alcoholic liver disease[44], hepatic 
veno-occlusive disease[45], chronic hepatitis C[46], Wilson’s dis-
ease[47] and other liver-related diseases.  The significant deple-
tion of hepatic glutathione in the OP rats was a marker of the 
disruption of cellular redox status related to CKD-induced 
liver injury.  However, increased glutathione turnover was 
observed in CS rats, which implied that C sinensis mitigated 
CKD-related liver injury via its antioxidative activity[48].

Taurine, a free amino acid, is known to counteract oxidative 

stress in tissues (liver, kidney and retina)[49, 50].  As reported 
by Rashid et al, taurine may ameliorate oxidative stress in the 
complications of diabetic-induced liver injury[51].  Increased 
levels of taurine in CKD patients were reported as a cure for 
ameliorating oxidative stress[52].  The significant upregulation 
of the level of taurine was detected in the livers and hearts of 
CS group rats, which suggested that taurine potentially con-
tributed to the rescue effects of C sinensis on CKD-induced 
hepatic damage and heart dysfunction by mitigating oxidative 
stress.  

Overall, glutathione and taurine could serve as biomarkers 
of oxidative stress in OP group rats.  C sinensis showed protec-
tive effects against CKD-induced liver damage by modulating 
the levels of these metabolites related to oxidative stress.  In 
fact, Yu et al[53] reported that some components isolated from 
C sinensis, such as flavonoids and polyphenolics, showed high 
anti-oxidative effects, especially in the scavenging of hydroxyl 
radicals.

Energy metabolism
In the hepatic cell, glutamine can be converted to glutamate, 
which is a major cell energy substrate via anapleurotic input 
into the tricarboxylic acid (TCA) cycle[54].  Because the levels of 

Figure 3.  The score plots (left) and the permutation tests (right) derived from OPLS-DA models of (A, C) CS vs OP with the 5-round cross validation, (B, 
D) OP vs SO with the 5-round cross validation of 1H NMR spectra of aqueous liver extracts.  Variables of score plots are autoscaling all variables to unit 
variance.
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Figure 4.  Potential metabolic pathways disturbed in the OP group and altered in the CS group.  Abbreviations: GCS, γ-glutamylcysteine synthetase (EC: 
6.3.2.2); GS, glutathione synthetase (EC: 6.3.2.3); GATM, glycine amidinotransferase (EC: 2.1.4.1); GAMT, guanidinoacetate N-methyltransferase (EC: 
2.1.2.2); CK, Creatine kinase (EC: 2.7.3.2); Cr, Creatinase (EC: 3.5.3.3); Pcr, Phosphocreatine.  The abbreviations of other metabolites are denoted in 
Table S1.
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the measured TCA cycle intermediates (ie, malate and fuma-
rate) did not significantly vary between the OP group and SO 
group, and because decreased levels of glutamine and gluta-
mate were observed in the livers of OP rats, we propose that 
the shifts of glutamine and glutamate into the TCA cycle in the 
OP rats may help maintain the homeostasis of the TCA cycle.  
Moreover, glutaminolysis also contributes to the production of 
mitochondrial NAD, which is used to support ATP production 
by oxidative phosphorylation.  However, NAD, as a key com-
ponent of energy metabolism[55], was significantly downregu-
lated in the liver tissues from OP rats, and this change may 
be closely related to the decreased levels of ATP in the liver.  
The augmented levels of NAD found in the CS group could 
directly be attributed to energy metabolism recovery after C 
sinensis treatment.

L-carnitine is a metabolite that is critical for lipid metabo-
lism, as it facilitates the transport of fatty acids into the mito-
chondrion, where β-oxidation occurs[56].  Hepatic damage 
causes a decrease in L-carnitine levels[57], which was observed 
in the livers from rats in the OP group.  The decrease in carni-
tine levels may prevent β-oxidation of lipids in the OP group, 
which in turn contributed to the observed energy insufficiency 
and liver damage.  However, after administration of C sinensis, 
the levels of L-carnitine were upregulated towards normal lev-
els, which may account for the hepato-protective effects of C 
sinensis.  In summary, C sinensis increased energy metabolism 
to support the recovery of function in the damaged liver.

Amino acid and protein metabolism
Compared with the SO group, the significantly increased 
levels of amino acids including tyrosine, lysine, isoleucine, 
leucine, valine (in the livers) and alanine (in the hearts) were 
observed in tissues from OP rats (Table 1).  Because the wide 
variety of free amino acids are important precursors and can 
be exhausted as substrates for energy supplementation, exces-
sive consumption of amino acids would lead to an upregula-
tion of proteolysis in the damaged liver (Figure 4).  In agree-
ment with this finding, creatine, as a nitrogenous compound, 
also showed a significant reduction in the liver of OP rats, 
which suggested that protein metabolism was dramatically 
affected.  After administration of C sinensis, the levels of the 
five perturbed amino acids were downregulated towards nor-
mal, which was a distinct metabolic feature of the CS group 
versus the OP group indicating improved amino acid and pro-
tein metabolism in CS rats.  

Choline metabolism
The elevated levels of choline in the OP rats may have resulted 
from disturbances of the metabolism of membrane phospho-
lipids.  Choline can be degraded to N,N-dimethylglycine via 
sarcosine.  In the present study, the levels of N,N-dimethylgly-
cine, sarcosine and choline were significantly increased in the 
livers from OP rats.  However, compared with the OP group, 
the CS group showed decreased levels of O-phosphocholine, 
choline and sarcosine, indicating that disturbed choline metab-
olism was partially recovered by treatment with C sinensis.

Conclusion
In the present work, 1H NMR-based metabolomic analysis was 
applied to an investigation of the metabolic effects of C.sinensis 
in CKD-induced liver and heart injuries.  The changes in meta-
bolic patterns, fluctuations in levels of endogenous metabo-
lites and altered pathways in C sinensis-dosed 5/6Nx rats 
and CKD-modeled rats were identified using a combination 
of PCA, PLS-DA, and OPLS-DA methods.  Oxidative stress, 
energy metabolism, amino acid and protein metabolism and 
choline metabolism may be considered as links between CKD 
and extrarenal organ dysfunction.  By modulating these path-
ways, C sinensis exerted its protective effects on extrarenal 
organs.  Moreover, our work also demonstrated that the estab-
lished 1H NMR-based metabolomics approach can provide a 
systematic and holistic view for a greater understanding of 
disease and drug treatment, and the methodology can also be 
applied to extensively investigate the salutary mechanisms of 
action of traditional Chinese medicines.  
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