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a b s t r a c t

A metabonomic study on biochemical changes in the serum of type 2 diabetes mellitus patients after
the treatment of metformin hydrochloride was performed. 1H NMR and UPLC/MS were used to generate
metabolic fingerprints for the metabonomic analysis of serum samples obtained from 20 type 2 diabetes
mellitus patients without any drugs treatment and 15 type 2 diabetes mellitus patients treated with met-
formin hydrochloride for 3 months. The resulting data were subjected to chemometric analysis (principal
component analysis and partial least squares discriminant analysis) to investigate the effect of metformin
hydrochloride on serum metabolite profiles of type 2 diabetes mellitus patients. 1H NMR spectroscopic
analysis revealed increased trimethylamine-N-oxide (TMAO), 3-hydroxybutyrate (3-HB) and decreased
ype 2 diabetes mellitus
etabolite profiles
etformin hydrochloride

glucose, N-acetyl glycoprotein (NAC), lipoprotein, lactate, acetoacetate and unsaturated lipids in serum
from metformin treated patients compared to untreated ones. UPLC/MS in positive electrospray ioniza-
tion detected increased tryptophan and decreased lysophosphatidylcholines (C16:0 LPC, C18:0 LPC and
C18:2 LPC) as well as phenylalanine in treated group. Both analytical techniques used in this study were
able to detect biochemical changes in the serum of type 2 diabetes mellitus patients after the treatment of
metformin hydrochloride, which may be helpful to the understanding of action mechanism of metformin

hydrochloride.

. Introduction

Metabonomics, a novel methodology arising from the post-
enomics era, is defined as the quantitative measurement of the
ime-related multiparametric metabonomic response of living sys-
ems to pathophysiological stimuli or genetic modification [1].
ased on the multivariate analysis of complex biological profiles,
etabonomics has recently demonstrated enormous potential in
any fields, such as disease diagnosis [2,3], toxicological mecha-

isms [4–6] and drug effects [7,8]. In clinical metabonomics study,
he discovery and identification of disease biomarkers and the
xploration of drug mechanism are the most important.

Much of the original work in metabonomics was performed
sing NMR spectroscopy [9–12]. It has been proved to be a pow-
rful tool for characterizing the pathological states in animals and
umans and can present diagnostic information and mechanis-

ic insight into the biochemical effects of the toxins and drugs
4,7]. More recently, HPLC/MS approaches have been used for

etabonomic analysis, either alone or in combination with NMR
nalysis [13–21]. UPLC featured by small particles of 1.7 �m, has

∗ Corresponding author. Tel.: +86 24 2398 6289; fax: +86 24 2398 6289.
E-mail address: lifamei@syphu.edu.cn (F. Li).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.01.008
© 2009 Elsevier B.V. All rights reserved.

enabled better chromatographic peak resolution and increased
speed and sensitivity to be obtained for complex mixture separa-
tion compared to HPLC. There have been an increasing number of
applications of UPLC/MS to the analysis of biological fluids in the
field of metabonomics [22–28].

Diabetes mellitus (DM) is a metabolic disorder characterized
by a chronic hyperglycemia with disturbances of carbohydrate, fat
and protein metabolism resulting from defects in insulin secretion,
insulin action, or both [29]. Type 2 diabetes mellitus (DM-2), which
accounts for 85–90% of patients with diabetes mellitus has been
described as an “epidemic” of contemporary society. Therefore, the
prevention and therapy of type 2 diabetes mellitus has become a
major health care focus. Drug treatment is one of the therapeutic
methods for type 2 diabetes mellitus. Metformin hydrochloride is
an oral biguanide antihyperglycemic drug, which has been used
for over 40 years in the treatment of type 2 diabetes [30]. How-
ever, the exact mechanism of metformin is not very clear yet. Many
action mechanism studies on meformin hydrochloride have been
performed by pharmacological methods [31–33], which may not

reflect the drug-induced effects on metabolite profiles. Recently,
many metabonomic studies on type 2 diabetes mellitus were per-
formed [34–40], while the biochemical changes in the serum of
DM-2 patients after the treatment of metformin hydrochloride have
not been reported in detail. Here we describe both 1H NMR and

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:lifamei@syphu.edu.cn
dx.doi.org/10.1016/j.jpba.2009.01.008
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Table 2
Gradient elution program of UPLC/MS.

Time (min) Flow rate (ml/min) %A %B Curve

Initial 0.25 100 0 Initial
0.5 0.25 100 0 6
5 0.25 60 40 6
17 0.25 6 94 6

2.5. Data analysis

UPLC/MS data were processed using the Markerlynx appli-
cations manager within Masslynx software (version 4.0). The
T. Huo et al. / Journal of Pharmaceutical

PLC/MS/MS methods, combined with pattern recognition tech-
iques, to investigate the changes in endogenous metabolites in
he serum of DM-2 patients after the treatment of metformin
ydrochloride.

. Experimental

.1. Chemicals

The reference standards of L-phenylalanine and L-tryptophan
ere supplied by Sigma Corporation (St. Louis, MO, USA). Acetoni-

rile and formic acid (HPLC grade) were purchased from Dikma
orporation (Richmond Hill, NY, USA). Deuterium oxide was bought

rom Merck Corporation (Whitehouse Station, NJ, USA). Sodium
ihydrogen phosphate dihydrate (NaH2PO4·2H2O) and disodium
ydrogen phosphate dodecahydrate (Na2HPO4·12H2O) (analytical
rade) were obtained from Yuwang Chemical Reagent Plant (Shan-
ong, China). Water was purified by redistillation and filtered
hrough 0.22 �m membrane filter before use.

.2. Sample collection

Serum samples from 20 DM-2 patients without any drugs treat-
ent and 15 age-matched DM-2 patients treated with metformin

ydrochloride for 3 months were provided by the First Affiliated
ospital of China Medical University (Shenyang, PR China). Table 1
ives the patients’ information. All samples were kept at −20 ◦C
ntil analysis.

.3. Sample preparation

To a 200 �L aliquot of serum samples, 400 �L of acetonitrile was
dded for protein precipitation. After centrifugation at 11,200 × g
or 10 min, the supernatant was transferred and evaporated to dry-
ess at 40 ◦C under a gentle stream of nitrogen. The dried residue
as then reconstituted in 100 �L of acetonitrile–water (10:90, v/v).

he content was transferred to 2 mL glass vials and an aliquot of
�L was injected for UPLC/MS analysis. For 1H NMR analysis, 50 �L
f deuterium oxide was added to a mixture containing 300 �L of
erum samples and 300 �L of sodium phosphate buffer (pH 7.4;
.2 M). Then the mixture was centrifuged at 11,200 × g for 10 min,
nd the supernatant of 600 �L was placed in a 5-mm o.d. NMR tube.

.4. Sample analysis

.4.1. Liquid chromatography and mass spectrometry
Liquid chromatography was performed on ACQUITYTM UPLC

ystem (Waters Corp., Milford, MA, USA) equipped with cooling
utosampler and column oven enabling temperature control of col-

TM
mn. Separation was achieved on an ACQUITY UPLC BEH C18
olumn (50 mm × 2.1 mm, i.d., 1.7 �m) maintained at 40 ◦C. Gra-
ient elution was employed with the mobile phase composed of
ater and acetonitrile each containing 0.1% formic acid. The gradi-

nt elution program is shown in Table 2.

able 1
ummary of patients’ information.

DM-2 patients
(n = 20)

Metformin treated
patients (n = 15)

ge (mean ± S.D.) 56.8 ± 10.53 57.2 ± 10.7
ex (M:F) 10:10 7:8
MI (mean ± S.D.) 32.7 ± 4.61 28.8 ± 2.39
lucose (mmol/L) 8.8 ± 1.4* 7.4 ± 1.9*

ow-density lipoprotein cholesterol 3.75 ± 0.73* 2.90 ± 0.71*

igh-density lipoprotein cholesterol 0.93 ± 0.19 1.01 ± 0.42

* P < 0.05.
24 0.25 0 100 6
25 0.25 100 0 1

A: water (0.1% formic acid), B: acetonitrile (0.1% formic acid).

Mass spectrometric detection was carried out on a Micromass
Quattro microTM API mass spectrometer (Waters Corp., Milford, MA,
USA) with an electrospray ionization (ESI) interface. The ESI source
was set in positive mode. The following parameters were employed:
capillary voltage of 3.0 kV, cone voltage of 30 V, source temperature
of 120 ◦C and desolvation temperature of 300 ◦C. Nitrogen was used
as the desolvation and cone gas with the flow rate of 400 and 30 L/h,
respectively. Full scan mode was employed in the mass range of
100–1000 amu. In the MS/MS experiments, argon was employed as
the collision gas and collision energy was set at 20 eV. NaCsI was
used for mass correction before the study. The data were collected
in centroid mode.

2.4.2. 1H NMR analysis
1H NMR analysis was carried out using a Bruker AV 600 spec-

trometer operating at 298.2 K. Water signals and broad protein
resonances were suppressed by a combination of presaturation and
the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. 1H NMR
spectra were measured with 64 scans into 65536 data points over
a spectral width of 12019.23 Hz. The acquisition time was 2.73 s. All
acquired NMR spectra were manually phased, baseline-corrected
and chemical shift referenced to the doublet signal at 1.33 ppm
due to methyl group of lactate [41,42] within TOPSPIN (version 2.1,
Bruker Spectrospin Ltd.).
Fig. 1. (a) Positive and (b) negative ion base peak intensity (BPI) chromatograms of
representative serum sample from a DM-2 patient.
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etention time and m/z data pairs for each peak were determined
y the software. All data were normalized to the summed total
on intensity per chromatogram. 1H NMR spectra were processed
sing Bruker AMIX (version 3.0). Each spectrum was integrated

nto bins (or buckets) across the spectral regions of 0.04 ppm.
he region between 4.64 and 5.26 ppm containing the resonances
f water and anomeric proton of �/�-glucose was removed and
he NMR spectral region 3.3–3.9 ppm that contained resonances
f glucose was also removed prior to integration. The remain-
ng spectral segments for each NMR spectrum were normalized
o the total sum of the spectral intensity to partially compen-
ate for differences in concentration of metabolites in the samples.
oth the resultant data matrices were introduced to SIMCA-P 10.0
oftware package (Umetrics, Umea, Sweden) for principal compo-
ent analysis (PCA) and partial least squares discriminate analysis
PLS-DA).

. Results and discussion

.1. UPLC/MS metabolite profiles

.1.1. Method development and method validation

The preparation of serum samples for metabolic profiling anal-

sis by UPLC/MS involved a protein precipitation step to extract
ow-molecular-weight compounds noncovalently bound to pro-
eins and remove the large amounts of proteins present in the serum
hat would otherwise interfere with the final UPLC/MS analysis. The

ig. 2. (a) Score (�: metformin treated patients, �: untreated DM-2 patients) and (b) load
reated with metformin hydrochloride for 3 months measured by UPLC/MS.
iomedical Analysis 49 (2009) 976–982

volume ratio of sample to precipitation reagent (acetonitrile) was
investigated, no significant difference was observed in BPI chro-
matograms between the ratios of 1:2 and 1:3. The ratio of 1:2 was
selected for easier evaporation. Full scan of serum metabolites was
set in the positive ion mode because it gave more information-
rich data than negative ion mode. Fig. 1 shows the positive and
negative ion base peak intensity (BPI) chromatograms of repre-
sentative serum sample from a DM-2 patient. No metabolites of
metformin hydrochloride were found in the serum metabolite
profiles of DM-2 patients treated with metformin hydrochloride.
Extracted ion chromatographic peaks of seven ions (m/z 120.0,
188.3, 437.4, 520.6, 496.6, 522.6 and 524.5 in positive ion mode)
were selected for method validation. Method repeatability was
evaluated by five replicate analysis of a serum sample. The rela-
tive standard deviations (R.S.D.s%) of peak areas, retention times
and m/z were estimated to be 2.95–10.5%, 0–0.80% and 0–0.01%,
respectively. The retention time stability of selected ions in all sam-
ples for the whole run was also evaluated, the R.S.D% values were
between 0.07% and 0.80%. The post-preparation stability of sample
was tested by analyzing a sample left at autosampler (maintained
at 4 ◦C) for 4, 8, 12 and 24 h. The relative errors (R.E.) of peak areas
were from −5.59% to 7.87%.
3.1.2. Multivariate analysis of UPLC/MS data
To determine whether metformin hydrochloride influenced the

metabolic pattern of type 2 diabetes mellitus patients and to find
the metabolites with a significant change (i.e. potential biomark-

ing plot from PLS-DA model (Pareto-scaled) classifying DM-2 patients and patients
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ig. 3. Product ion scan spectra of biomarker (a) in positive ion mode (m/z 496.6)
nd (b) negative ion mode (m/z 540.6).

rs), a PLS-DA model was constructed. Fig. 2 shows the score and

oading plots. It can be seen from the PLS-DA score plot (Fig. 2a),
separation of the metformin treated group and DM-2 group was

learly achieved, which indicates biochemical changes happened
n the serum of DM-2 patients after the treatment of metformin

ig. 4. Representative 1H NMR spectra (CPMG) of serum samples from (a) a DM-2 patient an
roton of �/�-glucose; NAC, N-acetyl glycoprotein signals; LDL, VLDL, low- and very-low
OD, water/D2O.
iomedical Analysis 49 (2009) 976–982 979

hydrochloride. To estimate the predictive ability of our model, we
used 7-fold cross-validation, the parameters for the classification
from the software were R2Y = 0.775 and Q2Y = 0.611, which indi-
cated a good fitness and prediction. A response permutation test (Y
scrambling) showed no overfitting in the model (R2Y-intercept of
0.391, Q2Y-intercept of −0.33).

3.1.3. Biomarker identification
The possible biomarkers indicated by the loading plot (Fig. 2b)

are those with retention time and m/z pairs of 0.6 104.0, 0.6 203.2,
0.6 383.4, 2.4 120.0, 2.7 188.3, 3.8 120.0, 9.7 520.6, 10.4 496.6 and
12.3 524.5 in the positive ion mode. The ions with retention time
and m/z pairs of 2.4 120.0 and 2.7 188.3 were identified as the
fragments of L-phenylalanine and L-tryptophan, respectively, by
comparing with corresponding standards according to their reten-
tion times, m/z and product ion scan spectra. The biomarkers at
m/z 496.6, 520.6 and 524.5 were identified by comparing with
the data in literature [43] in combination with their correspond-
ing fragments of product ion scan in the positive and negative
ion mode. Take the biomarker at m/z 496.6 as an example to
illustrate the identification. In positive product ion scan spectrum
(Fig. 3a), the parent ion [M+H]+ at m/z 496.6 contained three
major fragment ions. The high-abundance fragment ions at m/z
103.9 and 184.1 represent the fragments of [HOCH2CH2N(CH3)3]+

and [H2O3PO–CH2CH2N(CH3)3]+, respectively, which provided the
head group information of phosphatidylcholine class. Another
major fragment ion at m/z 478.3 [M–H2O+H]+ further indicated this
biomarker belonging to lysophosphatidylcholine. The fragment ion
19 37 3
also observed. Negative product ion spectrum (Fig. 3b) showed a
fragment ion at m/z 480.3 representing the demethylated lysophos-
phatidylcholine, and an intense abundant fatty acid fragment was
observed at m/z 255.3 ([C15H31COO]−). Accordingly, the biomarker

d (b) a patient treated with metformin hydrochloride for 3 months. H1�/�, anomeric
-density lipoprotein; TMAO, trimethylamine-N-oxide; 3-HB, 3-hydroxylbutyrate;
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Table 3
Identification results of potential biomarkers detected by UPLC/MS/MS for classifying DM-2 patients and patients treated with metformin hydrochloride for 3 months.

Positive ion mode Negative ion mode Identification

m/z Quasi-molecular ion m/z Quasi-molecular ion

496.6 [M+H]+ 540.6 [M+HCOO]− 16:0 LPC
524.5 [M+H]+ 568.5 [M+HCOO]− 18:0 LPC
5 4.6 [M+HCOO]− 18:2 LPC

4.2 [M−H]− Phenylalanine
3.3 [M−H]− Tryptophan

a
i
0
p
d
D

3

s
f
w
c
l
t
w
c
r

o
m
w
6
t
l
a

Table 4
Change trend of biomarkers identified by 1H NMR in DM-2 patients after the treat-
ment of metformin hydrochloride.

Biomarkers Chemical
shift (ppm)

Change trend of metformin
treated patients vs. DM-2 patients

Lactate 1.34, 4.14 ↓
VLDL 0.9, 1.30 ↓
LDL 0.86, 1.26 ↓
NAC 2.02, 2.06 ↓
Acetoacetate 2.22 ↓
20.6 [M+H]+ 56
120.0 Characteristic fragment 16
188.3 Characteristic fragment 20

t m/z 496.6 is identified as C16:0 lysophosphatidylcholine. The
dentification of biomarkers with retention time and m/z pairs of
.6 104.0, 0.6 203.2, 0.6 383.4 and 3.8 120.0 has not been accom-
lished due to lack of reference standards and related literature
ata. Table 3 lists the potential biomarkers identified for classifying
M-2 patients and patients treated with metformin hydrochloride.

.2. 1H NMR spectroscopy

Fig. 4a and b present representative 1H NMR spectra of serum
amples from a DM-2 patient and a patient treated with met-
ormin hydrochloride for 3 months, respectively. Several differences
ere observed by simple visual inspection. The resonances of glu-

ose (3.3–3.9 ppm) and low-density lipoprotein/very-low-density
ipoprotein (0.86, 0.9, 1.26, 1.30 ppm) were lower in DM-2 patients
reated with metformin hydrochloride compared with patients
ithout any drugs treatment. The results are consistent with clini-

al parameters given in Table 1. Fig. 5 shows the expanded spectral
egion of 0–6 ppm.

PCA score plot of the 1H NMR data (exclude the glucose res-
nances) obtained from DM-2 patients and patients treated with
etformin hydrochloride is shown in Fig. 6a. A clear separation

as observed by using the first two components, which explained
4% of the total variances. The loading plot (Fig. 6b) illustrated that
he biomarkers for the separation of the two groups were lactate,
ipoprotein, N-acetyl glycoprotein, acetoacetate, 3-hydroxybutyrate
s well as trimethylamine-N-oxide and unsaturated lipids.

Fig. 5. Expanded 1H NMR spectrum (CPMG) of serum samp
3-Hydroxybutyrate 1.18 ↑
TMAO 3.26 ↑
Unsaturated lipids 5.30 ↓

3.3. Biochemical interpretation

1H NMR spectroscopy can detect all compounds contain-
ing hydrogen, however, it has a relatively low sensitivity for
low-abundance analytes. UPLC/MS/MS is a technology with high
sensitivity and is able to quantify trace levels of analytes but
not those to be ionized difficultly. UPLC/MS/MS and 1H NMR
spectroscopy provide different analytical selectivities and their
combination allows a greater insight into the biochemical changes
in systems under investigation.
Tables 4 and 5 represent the change trend of biomarkers
identified by 1H NMR spectroscopy and UPLC/MS/MS, respec-
tively, in the serum of metformin treated patients compared with
untreated ones. 1H NMR spectroscopic analysis demonstrated the

le from a DM-2 patient (spectral region of 0–6 ppm).
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ig. 6. PCA (a) score (�: metformin treated patients,�: untreated DM-2 patients) and
btained from serum samples of DM-2 patients and patients treated with metform

ecrease of glucose, lipoprotein and unsaturated lipids in the
erum of metformin treated patients, which may be due to the
epatic gluconeogenesis inhibition [44] and lipid regulation func-
ion [45] of metformin. It was reported that hyperglycemia- and
yslipidemia-induced oxidative stress in diabetic patients via the
ctivation of many pathways [46,47] such as non-enzymatic gly-
ation, polyol pathway and protein kinase C (PKC). The decrease of
lucose and unsaturated lipids in DM-2 patients after the treatment
f metformin hydrochloride would reduce the oxidative stress.
he result from 1H NMR is consistent with decreased lysophos-
hatidylcholine in metformin treated DM-2 patients measured

y UPLC/MS, as lysophosphatidylcholine is a oxidative product
f LDL and the decrease of lysophophatidylchline in metformin
reated DM-2 patients also indicated a reduction of oxidative
tress. In addition, 1H NMR analysis indicated a decrease of lac-
ate and aceteoacetate in the serum of DM-2 patients treated

able 5
hange trend of biomarkers identified by UPLC/MS/MS in DM-2 patients after the
reatment of metformin hydrochloride.

iomarkers ANOVA analysis
(P value)

Change trend of metformin
treated patients vs. DM-2 patients

16:0 LPC 5.35E−05 ↓
18:0 LPC 1.43E−04 ↓
18:2 LPC 4.37E−03 ↓
henylalanine 1.17E−04 ↓
ryptophan 0.03 ↑
ading plot of the 1H NMR data (exclude the glucose resonances) with Pareto-scaling
rochloride.

with metformin, which suggested no lactic acidosis and ketoaci-
dosis existed. Trimethylamine-N-oxide, a degradation product of
choline was observed to be increased in metformin treated DM-2
patients in 1H NMR analysis. The pathway of choline degra-
dation involved conversion of choline into trimethylamine, a
precursor of trimethylamine-N-oxide, by gut microflora [48,49]. It
was reported that decreased amount of trimethylamine-N-oxide
in serum might be associated with the disruption of intesti-
nal bacteria [50]. Increased trimethylamine-N-oxide in patients
after metformin treatment may indicate an intestinal bacteria
regulation function of metformin. Tryptophan and phenylala-
nine are essential amino acids which cannot be synthesized by
the body. They are either incorporated into proteins or bro-
ken down for energy and metabolic intermediates. Changes of
the two amino acids in metformin treated patients may indi-
cate an alteration of the balance between nutrition intake and
consumption.

4. Conclusion

1H NMR and UPLC/MS/MS were employed in the metabonomic
study of biochemical changes in the serum of DM-2 patients after

the treatment of metformin hydrochloride. As others have noted
[38] the use of both LC/MS and 1H NMR results in the collection of
complementary data on biomarkers. Thus, while statistical separa-
tion was seen using for both approaches the biomarkers on which
these separations depended were different.
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This study demonstrates changes in endogenous metabolites
n type 2 diabetes mellitus patients treated with metformin
ydrochloride. In addition to its effects on glucose and lipoprotein
etabolism pathways, metformin has some effects on intestinal

acteria and nutrition metabolism. The study would be help-
ul to further understanding of action mechanism of metformin
ydrochloride.
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