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Introduction
Gouty arthritis is a common inflammation model with multiple 

pathogenic mechanisms seen in clinical practice, for which 
acupuncture is used as an alternative therapy. Previous UPLC-MS 
based metabonomic investigation proved that acupuncture therapy can 
relieve the metabolic perturbations during disease processes caused by 
MSU induced acute gouty arthritis; however, biomarkers had not been 
identified [1]. In order to search for the possible biomarkers, high-
throughput analytical technique high resolution 1H Nuclear magnetic 
resonance (NMR) and multivariate statistical analysis were applied in 
the present study.

Acupuncture, a non-pharmacological therapy in which thin 
needles are inserted into the body at specific spots called acupuncture 
points, has long been practiced for treating acute and chronic pain, and 
other diseases [2]. It’s thought to activate receptors as well as nerve 
fibers located deep in the acupuncture points, cutaneous and deep 
tissues injury possibly accompany with subsequent local inflammatory 
responses and excitations of various nociceptors [3]. Generally, 
acupuncture influences a diverse set of body organs and functions 
including brain processing [4] and autonomic nervous system activity 
[5]. Secondly, it has long been known that the effects of acupuncture 
may actually continue long after needle stimulation [6]. Although many 
studies, like fMRI researches [7], have investigated brain response to 
acute needle stimulation, few have evaluated acupuncture effects on 
entire functional connectivity and in the period that extend beyond 
the active needle stimulation state, i.e. sustained acupuncture effects. 

In the present study, we presume that metabonomics can be used to 
investigate the extended effect of acupuncture on acute gouty arthritis 
as well as to reveal its mechanism.

Metabonomics, defined as “the quantitative measurement 
of the dynamic multiparametric response of a living system to 
pathophysiological stimuli or genetic modification” [8], joins genomics, 
transcriptomics, and proteomic as a new significant branch of systems 
biology. The approach of metabonomics is able to investigate the 
physiological and pathologic changes of certain objects by measuring 
the complicated and dynamic variations of whole endogenous low 
molecular weight organic metabolites of cells, tissue and bio-fluids, other 
than quantify a limited set of the analytes contained in the metabolom. 
With multivariate analysis, the techniques of metabonomics provide 
a greater detail in biochemical process, which are particularly suitable 
for the research of living system’s responses to exogenous stimulus. It 
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Abstract
Acupuncture may potentially be an alternative therapy for acute gouty arthritis, a common inflammation model 

with multiple pathogenic mechanisms. In order to investigate the biological process of acute gouty arthritis and the 
effect of acupuncture, 1H nuclear magnetic resonance (NMR)-based metabonomics has been applied to acquire 
urine metabolom data. Acute gouty arthritis model rats were induced by monosodium urate (MSU) crystals. The 
acupuncture on ST-36 (Zusanli) and SP-6 (Sanyinjiao) acupoints was applied for nine consecutive days. Principal 
Components Analysis (PCA) and Partial Least Squares (PLS) have been used to compare the time course urine 
metabolic perturbations. The prominent changes in endogenous urinary metabolites in acute gouty arthritis rats 
comprised increased levels of citrate and succinate, and decrease of allantoin, lactate, formate, trimethyl-N-oxide 
(TMAO) and taurine on the 3rd day after MSU injection; and on day 9, Citrate, succinate, and allantoin began to 
recover to the original level, whereas formate, taurine, TMAO and lactate further decreased, which showed their 
incompletely recovery. Acupuncture treatment appears to reverse the levels of most metabolites affected by acute 
gouty arthritis, however, with significant increase levels of acetate, acetoacetate, allantoin, creatine/creatinine, 
phenylacetylglycine (PAG), taurine and TMAO on day 3; all these metabolites began to recover to the original 
level on day 9 except for creatine/creatinine, which slightly increased, demonstrating the therapeutic effects of 
acupuncture on acute gouty arthritis. Our work shows the potential of an NMR-based metabonomic approach in the 
study of biological effects of acupuncture on acute gouty arthritis.
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has been shown to have enormous potential when applied to subjects 
as diverse plant genotype discrimination [9], toxicological mechanisms 
[10], disease processes [11,12], and drug discovery [13]. The process of 
acupuncture refers to entire biosystem, which properly coincides with 
the characteristic of metabonomics. Furthermore, metabonomics can 
reflect the dynamic changes of the body. Thus, metabonomics provides 
an effect way to investigate the process of acupuncture treatment on 
acute gouty arthritis. Besides, metabonomic technology will also 
contribute to the evaluation of the comprehensive effect, as well as 
the material basis and the safety of acupuncture, which will establish a 
scientific estimate method for treatment. However, to our knowledge, 
few papers focus on this field.

This investigation aims at confirming the effect of acupuncture 
therapy toward acute gouty arthritis through the analysis of metabolism 
pattern variation during therapy process, simultaneously, setting up 
the foundation of further searching for characteristic metabolites of 
acute gouty arthritis as well as revealing the mechanism of acupuncture 
therapy toward acute gouty arthritis.

Materials and Methods
Experimental animals and model of acute gouty arthritis

All animal procedures were performed according to the Guide 
for the Care and Use of Laboratory Animals of the National Institutes 
of Health, as well as the guidelines of the Animal Welfare Act. Adult 
male Sprague-Dawley (SD) rats weighing 180-210 g were obtained 
from Laboratory Animal Center, Sichuan University. Each animal was 
kept under controlled temperature (20 ± 2°C) and lighting conditions 
(08:00–20:00 h) with food and water made available ad libitum. The 
rats were randomly divided into three groups (n=5 in each group): the 
acute gouty arthritis group (the model group); the acute gouty arthritis 
acupuncture-therapy group (the acupuncture group); the control 
group. Rat model of acute gouty arthritis was induced by MSU, which 
were synthesized by the method previously published [14], suspended 
in sterile saline and autoclaved for 30 min before use. 3.5 mg MSU 
crystals suspended in 50 µl of sterile saline was injected into unilateral 
ankle articular cavity of the hind limb of the rat in both the model group 
and the acupuncture group by a technique previously described in 
detail [15]. The control group received a 50 µl intra-articular injection 
of single sterile saline.

Acupuncture treatment and sample collection

The stainless acupuncture needles of 0.3 mm diameter were 
inserted into the acupoints ST-36 and SP-6, and both left in place for 
30 min as previously described in detail [1]. The acupuncture group 
was given acupunctural treatment for 9 consecutive days starting the 
first day after the establishment of acute gouty arthritis model. The rats 
freely acted in a piece of plat handled with special care to minimize 
stress. Urine samples of rats in each group were collected at certain 
time point as follows: before injection; 3 days and 9 days after MSU 
injection. Samples were immediately frozen after collection and stored 
at -20°C before NMR analysis.

Measurement of ankle perimeter

To assess degree of inflammation, the circumference of the 
inflamed ankle joint of rats was measured using a 3 mm wide flexible 
paper without elasticity before and 2 h, 6 h, 10 h and each day until the 
end of experiment after MSU injection. To present amplitude of the 
reduction of edema, the data were converted to a percentage of changes 
of ankle size as a intumesce index using the following formula:

Intumesce Index = (measured ankle size - primary ankle size)/ 
primary ankle size
1H NMR spectroscopy analysis

For NMR analysis, a 0.4-ml sample of urine was mixed with 
phosphate buffer (0.2 ml, 0.2 M Na2HPO4/0.2 M NaH2PO4 in H2O, 
pH 7.1), and D2O (67 µl). The solutions were centrifuged at 14000 rmp 
for 10 min at 4°C. The supernatant was transferred to 5-mm NMR 
tubes to which a further 5-µl of 0.5 mM TSP (sodium 3-trimethylsilyl- 
[2,2,3,3-2H4]-1-propionate) in D2O was added. The buffer can lock 
nuclei and stabilizing the pH of the samples; the D2O provided a field 
frequency lock-solvent for the NMR spectrometer; and the TSP served 
as an internal chemical shift reference (δ 0.0 ppm).

All 1H NMR experiments were carried out at 27°C on a Bruker AV 
II-600 MHz spectrometer by using the standard zgpr pulse sequence
with water presaturation during the recycle delay of 5s and a mixing
time of 100 ms. Each dataset was averaged over 32 transients using
32,000 time domain points.

All urine 1H NMR spectra were manually phased and baseline 
corrected using MestreC (www.mestrec.com ), and then segmented 
into regions of 0.04 ppm. The area for each segmented region 
was calculated and the integral values contributed to an intensity 
distribution of the whole spectrum. The region (δ 4.65-5.0) was 
excluded prior to statistical analysis to remove the variation in water 
suppression efficiency; the region containing urea (δ 5.5-6.1) was 
excluded to eliminate any cross relaxation effects on the urea signal; and 
the regions containing TSP was also removed. All remaining regions of 
the spectra were then scaled to the total integrated area of the spectra 
to reduce any significant concentration differences. The bin size of 0.04 
ppm typically used for 1H NMR spectra is a compromise between the 
resolution and the variation in the position of resonance peaks from 
some metabolites, such as citrate, caused by pH variation, especially 
in urine [16]. The integrated data were normalized to the constant 
sum of integrals for each spectrum in order to reduce any significant 
concentration differences between samples, and then exported as text 
files for further multivariate statistical analysis.

Data analysis

The Intumesce Index data were expressed as means  ±  SD and 
analyzed using the SPSS for windows, version 12.0 (SPSS Inc., Chicago, 
USA) statistical program. Statistical analyses were done using one-way 
analyses of variance (ANOVAs) followed by Student’s Newman–Keul’s 
test, P values less than 0.05 were considered significant.

The resulting integral data were imported into SIMCA-P (version 
11.5; Umetrics, Umea, Sweden) for multivariate analysis, such as 
principal components analysis (PCA) and partial least squares (PLS). 
PCA is a non-supervised method [17], which was performed for data 
from different groups to detect the distributions and separations among 
groups; while PLS is a supervised method [18], which was used to find 
differential metabolites among groups. Prior to multivariate analysis, 
all data variables (bins) were mean-centered and Pareto scaled, i.e., 
dividing the (mean-centered) variables by the square root of their 
standard deviation. This scaling method reduces the larger variances 
more than the smaller ones, this effectively reduces the impact of 
noise [19]. The data was further preprocessed using orthogonal signal 
correction filter (OSC) to remove structured or systematic variation in 
responses from matrix X (dataset) that is not correlated or orthogonal 

http://www.mestrec.com
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to Y (group) [20], followed by PLS or PCA analysis. Two-dimensional 
Scores plots were used to visualize the separation of the groups, and the 
corresponding loadings plots reflect the contribution of each variable 
(NMR spectral regions) to the pattern in the scores plots.

In a model, a VIP (variable importance for the projection) values 
provided by SIMCA-P represent the ability to discriminate different 
classes of descriptors. In this study, a VIP>1.0 was set as the threshold 
for a meaningful contribution and compared with the results of 
univariate analysis to identify the significantly influential metabolites. 
The integrals of selected regions representing specific metabolites 
were subjected to two-tailed t-test. p<0.05 was considered statistically 
significant.

Results
Effects on ankle edema

The ankle intumesce index induced by acute gouty arthritis 
were significant different among the 3 groups (p<0.05, Figure 1). 
Measurement of the ankle index of the model group revealed an 
increase in ankle diameter than controls, while acupuncture treatment 
reduced the ankle diameter significantly in the acupuncture group.
1H NMR spectra of rat urine and the identification of urinary 
metabolites in 1H NMR urinalysis

1H NMR analyses of rat urine highlighted a number of complex 
disturbances in the endogenous metabolites profiles, which could 
be related to both the acute gouty arthritis and acupuncture therapy 
induced biochemical pathway perturbation. Based on literature reports 
[21,22], major metabolites in urine were identified, including amino 
acids, organic acids, lipids, and glucose (Figure 2).

Principle component analysis in global profiling of urine 
samples and metabolic trajectory analysis

In order to improve data analysis, data were pre-processed using 
orthogonal signal correction (OSC) filter with time as a correction 
factor. One component OSC was applied to the data sets before PCA 
and PLS analysis. To assess metabolic differences cause by acupuncture, 
1H NMR spectral urine profiles of rats were acquired and analyzed 
initially using PCA.

All urine samples collected from rats (three groups, n=5, three time 

point) were applied to PCA analysis to investigate the time-dependent 
effect of MSU-induced acute gouty arthritis and acupuncture 
treatments over a 9-day experimental duration. The mean scores plots 
and loadings plots for the first two PCs at each time point were shown 
in (Figure 3).

This OSC-PCA method, contained 13 PCs (R2X(cum)=96.9%, 
Q2(cum)=79.5%), resulted in a marked separation in metabolic 
trajectory between the model group and the acupuncture group along 
PC1. The data were visualized by scores plots and loadings plots in 
(Figures 3A and 3B), respectively, where each point on the scores plot 
represented an individual urine sample and each point on the loadings 
plot represented a mass feature. Moreover, directions in the scores plot 
correspond to directions in the loadings plot.

The OSC-PCA metabolic trajectories of the urine profiles (Figure 
3A) between the model and acupuncture groups according to 
collection time, except for individual data, showed that they moved 
away from the pre-dose position along PC1 axis on day 3 onwards. 
But they were different in that the model group further moved along 
PC2 with a maximum shift on day 9 while the acupuncture group 
started to return, however, the acupuncture group still different from 
pre-dose position along PC1 axis by the end of the monitoring period. 
There was no visible metabolic trajectory in the control group for the 
mean metabolic state of each time point clustered together near the 
origin which was not drawn in (Figure 3A). The prominent changes in 
endogenous urinary metabolites were confirmed by inspection of the 
OSC-PLS loadings plots and summarized in (Table 1).

PLS analysis in global profiling of urine samples from MSU-
induced rats and the effects of acupuncture

PLS is a supervised analysis which finds directions in a multivariate 
space for maximum separation of observations (urine samples) 
belonging to Y (groups/time of administration). PLS was initially 
used to evaluate the model group, the acupuncture group and control 
group on the 3rd day, when difference among the three groups was 
distinguished. Then, PLS was used to inspect both the model group and 
the acupuncture group for the time depend metabolic trajectory.
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Figure 1: Effect of acupuncture on MSU crystal-induced ankle edema in rats. 
Group I: the model group; Group II: the acupuncture group; Group III: the control 
group. Values are expressed as mean ± SD (n=5). Symbols * and ^ represent sta-
tistical significance at: p<0.05. Comparisons are made with a: *, represent Group 
I vs. Groups III, b: *, represent Group II vs. Groups III, c: ^, represent Group II vs. 
Groups I. Statistical analysis was calculated by one way ANOVA followed by 
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Figure 3: OSC-PCA scores (A) and loadings (B) plots based on 1H NMR spectra 
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groups. −∆−, metabolic trajectory from the model group, −□−, metabolic trajec-
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R2X=0.796, R2Y=1, Q2=0.998). Ellipses represent means ± SD for the various 
groups. TMAO, trimethyl-N-oxide.

Metabonomics evaluation of the 3rd day’s evolution of rats’ 
urine metabolites after injection of MSU

The OSC-PLS model of the 3rd day’s rats’ urine, contained two 
latent variables (LVs) characterized by R2X, R2Y and Q2 values of 0.796, 
1 and 0.998, showed clear classification on urine metabolic profiles 
(Figure 4A), illustrated the metabolic distinction among the model 
group, the acupuncture group and the control group. The acupuncture 
group was visual separated and located clustering between the model 
group and control group in the LV1. Scores plot showed direct 
evidence reflecting the effect of acupuncture on acute gouty arthritis 
rats to relieve the metabolic changes. On the other hand, except three 
samples, there were differences between the acupuncture group and the 
other two groups along LV2 in scores plot (Figure 4A), which might be 
temporarily attributed to the needling effects of acupuncture treatment 
on the physiological condition. The prominent changes in endogenous 
urinary metabolites, confirmed by inspection of the loadings plot 
(Figure 4B) comprised increase in citrate and succinate, and decrease 
in lactate, taurine and TAMO in the model group than controls. While 
the urine levels of lactate and succinate in the acupuncture group were 
close to that before administration as compared to the model group, 
furthermore, urine levels of acetate, PAG, taurine and TMAO were 
increased, and the level of citrate was decreased in acupuncture group, 
which had reversed the changes in model group Based on the PLS 
loadings plot, a list of metabolites whose up-or-down regulation leads 
to the separation is presented in (Table 1).

Metabonomics evaluation of the model and acupuncture 
groups’ evolution of rats’ urine metabolites during experiment

OSC-PLS was applied to the investigation of the metabolic time 

Metabolites Peak regions (δ)
arthritis acupuncture 

3d 9d 3d 9d

acetate 1.92 — — ↑ —

acetoacetate 2.29 — — ↑ —

allantoin 5.83, 6.03 ↓ — ↑ —

Lactate 1.32 ↓ ↓ — —

citrate 2.69, 2.55 ↑ — ↓ —

Succ 2.42 ↑ — — —

creatine and creatinine 4.05, 3.05 — — ↑ ↑

PAG 7.35, 7.42, 3.76, 3.68 — — ↑ —

formate 8.50 ↓ ↓ — —

taurine 3.27, 3.42 ↓ ↓ ↑ —

TMAO 3.30, 3.26 ↓ ↓ ↑  —

Note: ↑, indicates relative increase in signal; ↓, relative decrease in signal; –, no 
significant change according to the corresponding loadings plot. TMAO, trimethyl-
N-oxide; PAG, phenylacetylglycine
Table 1: Changes of metabolites in the model and acupuncture groups relative to 
the control group. 
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course events in the acute gouty arthritis and acupuncture-treated 
rats. The scores (LV1 vs. LV2) plots of urine 1H NMR spectra from 
the model group and the acupuncture group at each time point were 
shown in (Figures 5A and 6A), respectively. The loadings plot showed 
the significant metabolic difference of the model group at each time 
point, (Figure 5B), whereas (Figure 6B) showed the significant 
metabolic difference of the acupuncture group at each time point. The 
OSC-PLS of the model group, contained three latent variables (LVs) 
characterized by R2X, R2Y and Q2 values of 0.683, 0.993 and 0.975, while 
the OSC-PLS of the acupuncture group contained two latent variables 
(LVs) characterized by R2X, R2Y and Q2 values of 0.713, 1 and 0.997.

Similar to PCA analysis, the separation among each time point in 
each group was remarkable. In the model group, it was found that the 
urine trajectories firstly moved away from the control position to day 
3 positions along LV1 axis and then further moved to day 9 positions, 
which was far from original position. The metabolic trajectories from 
urine indicated inflammation effects for MSU. In the acupuncture 
group, day 9 position located between day 0 position and day 3 positions 
along LV1 axis. The metabolic trajectories from urine indicated an 
incomplete recovery for acupuncture therapy.

The metabolic perturbations during the monitoring period 
exhibited different tendencies between the model group and the 
acupuncture group according to the corresponding OSC-PLS loadings 
plots on LV1 (Figures 5B and 6B). In the model group, there is an 
increase urine level of citrate and succinate, and a decrease of formate, 
taurine, lactate, TMAO and allantoin on day 3 as compared with their 
normal state; on day 9, allantoin, citrate, and succinate began to recover 
to the original level, whereas the levels of formate, taurine, TMAO and 
lactate further decreased. Acupuncture treatment appears to reverse 

the levels of most metabolites affected in acute gouty arthritis, however, 
with significant increase in the levels of allantoin, creatine/creatinine, 
taurine, TMAO, PAG, acetate and acetoacetate on day 3. All these 
metabolites began to recover to the original level, whereas creatine/
creatinine slightly increased on day 9. These metabolic perturbations 
are summarized in (Table 1).

Discussion
MSU-induced acute gouty arthritis inflammation model was 

triggered by a preformed deposit of crystals or by acute crystallization. 
MSU caused a brief inflammatory response, characterized by 
phagocytosis of particles and release of lysosomal enzymes by leucocytes 
in the production of inflammation, resulting in membranolysis [23,24]. 
This disease is characterized by the crystal deposition in the joint with 
marked influx of polymorphoneutophils, inflammatory edema and 
severe pain. Arthritis can cause disorder of sensorimotor function 
principally affecting quality of life. Therefore, the development of 
therapy for arthritic pain is of the utmost importance.

1H NMR spectroscopy, as one of the most powerful tools for profiling 
of biofluids spectroscopy, is useful for measuring concentration with 
good reproducibility and nondiscriminatory detection. Using 1H 
NMR spectroscopy to follow various biochemical responses does not 
require the pre-selection of metabolites and allows subsequent multi-
component analysis, without the bias imposed by the experimenters’ 
expectations. Therefore, the NMR spectra of biosamples provide 
important information on endogenous biochemical processes in both 
healthy and disease states.

In this study, 1H NMR-based metabonomics was used to 
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demonstrate the metabolic perturbation induced by experimental acute 
gouty arthritis and traditional acupuncture treatment. Several putative 
biomarkers for acute gouty arthritis and acupuncture therapy are found 
using 1H NMR quantification and statistical analyses. Urine metabolic 
profiles showed that the maximum metabolic changes occurred three 
days after the injection of MSU. In acute gouty arthritis rats, there is an 
increase urine level of citrate and succinate, and a decrease of formate, 
taurine, lactate, TMAO and allantoin on day 3 as compared with their 
normal state; on day 9, citrate, succinate, and allantoin began to recover 
to the original level, whereas the levels of formate, taurine, TMAO and 
lactate further decreased. Acupuncture treatment appears to reverse 
the levels of most metabolites affected in acute gouty arthritis, however, 
with significant increase in the levels of allantoin, creatine/creatinine, 
taurine, TMAO, PAG, acetate and acetoacetate on day 3. All these 
metabolites began to recover to the original level, whereas creatine/
creatinine slightly increased on day 9. The results show that energy 
metabolism and amino acid metabolism could be affected by acute 
gouty arthritis and acupuncture treatment. Acute gouty arthritis and 
acupuncture treatment presented slight kidney injury, which might 
be associated with an indirectly mechanism involving stress-induced 
oxidative stress, resulting in possible perturbation in the renal tubular 
function. NMR-based metabonomics has been proved to be an efficient 
technique to investigate the biochemical effects of acupuncture.

Our results suggest that the rats of acupuncture group probably 
recovered toward normal metabolism status earlier than the rats 
of model group due to certain relief function of acupuncture 
therapy toward acute gouty arthritis during the monitoring period. 
Acupuncture suppress edema associated with acute gouty arthritis and 
may have a beneficial role in the treatment of inflammatory, although 
further studies are needed to refine the predictive potential of these 
metabolites for acupuncture development as well as to determine the 
precise mechanism of action of acupuncture. We hypothesize that 
acupuncture was acting like the non-steroidal anti-inflammatory 
(NASID) agents by inhibiting the cyclooxygenase (COX)-mediated 
synthesis of prostglandins. A trial with more subjects and more detailed 
investigation is being planned, in which the mechanism of acupuncture 
therapy is compared to traditional NASID treatment. Moreover, 
additional research is needed to confirm these biomarkers because the 
other effects can be induced simultaneously during treatment. This 
established 1H NMR technique-based metabonomics approach can 
provide a systematic and holistic view of the biochemical effect of non-
pharmacological therapy as well as a simple and noninvasive method 
to investigate the effect of acupuncture on acute gouty arthritis in the 
future.
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