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Abstract: Amyloid -peptide (A ) and Paraquat PQ induce oxidative stress in astrocytes by formation of reactive oxygen 

species (ROS). The present study determines the cellular response to oxidative stress by use of proton nuclear magnetic 

resonance (
1
H-NMR) spectroscopy. The cellular response was studied in cultured primary astrocytes exposed directly to 5 

mM PQ or 40 M A (1-40) in the NMR tube (directly) or after a pre-incubation with either 60 M PQ for 48 hours, 10 

M A (25-35) or A (1-40) for 44 hours. The ROS-mediated modifications in the metabolic profile were followed for at 

least 2 hours in the NMR spectrometer. Pre-incubation with PQ or A  demonstrated increases in the end-products of gly-

colysis such as pyruvate and lactate. In addition, the concentrations of other metabolites, such as alanine, acetate, me-

thionine, choline, glycine and formate were also increased, whereas the level of glutamate was decreased. These ROS-

mediated alterations in the metabolic profile are most likely due to disturbances of the enzymes of the tricarboxylic acid 

(TCA) cycle. The direct effect of PQ led to an increase of succinate among other metabolites. The rate of glycolysis was 

influenced both by the direct addition of PQ or after pre-incubation with A  which clearly indicates an increased con-

sumption of glucose. Thus, both PQ and A -inducible changes of the metabolic profile were detectable by the use of 
1
H-

NMR-spectroscopy.  

Keywords: Spin-echo NMR spectroscopy, oxidative stress, amyloid peptides, MTT, astrocytes, paraquat. 

INTRODUCTION  

Oxidative stress is considered as a major aspect of the 
pathogenesis of a variety of neurodegenerative disorders e.g. 
Alzheimer’s (AD) [1] and Parkinson’s diseases (PD) [2]. A 
pathological feature of AD is the Amyloid -peptide (A ) 
aggregation in the core component of brain neuritic plaques, 
and the appearance of degenerated neurons, activated micro-
glia and reactive astrocytes [3]. Moreover, considerable evi-
dence implicates that elevated oxidative stress is also part of 
the mechanism of toxicity of A  [4-6]. Several studies have 
shown markers of oxidative stress to be elevated in the brain 
with AD, such as oxidation of lipids, protein and DNA [for 
reviews see 5]). In addition, defects in energy metabolism 
are a consistent features of AD-affected brains [7]. 

A -peptide is heterogeneous containing 39-43 amino ac-
ids residues, derived from a transmembrane protein known 
as amyloid -peptide precursor [8]. The two major alloforms 
of A  in the brain, A (1-42) and A (1-40) and the synthetic 
and truncated form, A (25-35) have all been demonstrated to 
be neurotoxic to a wide variety of cells [9-11] through a free-
radical-dependent oxidative stress mechanism leading to the 
generation of hydrogen peroxide (H2O2) [12, 13], which is 
the most abundant peroxide generated in the brain [14].  
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Paraquat (PQ; 1,1’-dimethyl-4,4’-bipyridinium dichlo-
ride) is structurally related to the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine, which causes PD-like 
symptoms in humans, primates and mice [lately reviewed by 
15]. Paraquat is a herbicide and a widely used model com-
pound to induce intracellular reactive oxygen species (ROS). 
The toxicity of PQ is due to oxygen-derived superoxide radi-
cals formed by the reaction of oxygen with the paraquat 
pyridinyl radical cations (PQ•+

) by a variety of cellular en-
zymes [16-18]. This redox cycling of PQ leads to reduc-
tion/oxidation of the herbicide resulting in further production 
of superoxide. The superoxide anion undergoes dismutations 
resulting in the generation of additional ROS. ROS are 
highly reactive to cellular macromolecules leading to oxida-
tive stress. 

In contrast to other organs, brain energy metabolism de-
pends almost exclusively on the oxidation of glucose [19, 
20]. The glial localization of pyruvate carboxylase, the key 
anaplerotic enzyme in the brain [21], and glutamine syn-
thetase [22], suggest an important role of the astrocyte in the 
brain metabolism. Via tricarboxylic acids (TCA) cycle activ-
ity, glucose metabolism also leads to the biosynthesis of neu-
rotransmitters such as glutamate, asparate and -
aminobutyric acids (lately rewied in Hertz et al. [20]). The 
metabolic activities of the energy-producing pathways are 
under a strict coordinated control and involve glycolysis, the 
TCA cycle, oxidative phosphorylation and the pentose phos-
phate pathway. 

Astrocytes are key players in control of cerebral metabo-
lism as they are known to interact with surrounding neurons 
by protecting, nourishing and modulating of growth and ex-
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citability and have extensive contacts with blood vessels and 
neurons [23, 24]. Astrocytes are metabolically coupled to 
neurons [25, 26] and contributes importantly in the protec-
tion of neurons against reactive oxygen species e.g H2O2 [27, 
28]. Oxidative stress is known to affect metabolic pathways 
of astrocytes that are important for the delivery of metabo-
lites to neurons. 

High-field proton nuclear magnetic resonance (
1
H-NMR) 

is a well established analytic tool in the study of the meta-
bolic status of biofluids [29, 30] and the metabolism directly 
in living cells [31, 32]. Indeed, this technique possesses 
many advantages over alternative analytical methods, since 
(i) it is virtually non-invasive (ii) it provides instantaneous 
multi-component information regarding the metabolic profile 
of biofluids and appropriate tissue or cell cultures, (iii) it 
allows detection during a time-series. Furthermore, a meta-
bolic profile can be determined, to define the normal meta-
bolic situation and after addition of xenobiotics and possible 
yield information about the nature of the metabolic compen-
sations. A complicating factor in the use of 

1
H-NMR spec-

troscopy on biological material is the high information level 
which may complicate the interpretation of the 

1
H-NMR 

spectra. The low sensitivity of the 
1
H-NMR technique may 

to some extent be overcome by the use of high cell density 
made possible by growing the cells on micro-carriers [32] 
which has been used in the present study. 

In the present study, cultured primary rat brain astrocytes 
were exposed to either PQ or A , to test the hypothesis that 
oxidative stress causes transient damage to astrocytes and 
affects their metabolism. We have used high field 

1
H-NMR 

spectroscopy to assess the ability of the two ROS inducers 
PQ and A  to affect the metabolic profile mediated by intra-
cellular oxidative damage.  

EXPERIMENTAL  

Materials 

Phosphate-buffered saline (PBS), was purchased from 
Gibco/Invitogen. The following chemicals were from Sigma-
Aldrich: L-Glutamine, Gentamycin, Paraquat, Amyloid  
peptide (1-40), Amyloid  peptide (25-35), dibutyl-cyclic 
AMP (dBcAMP), MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) and D2O. D-(+)-Glucose, 
NaHCO3 and N,N-dimethylformamide were purchased from 
Merck. SDS was from Bio-Rad Laboratories Inc., Fetal calf 
serum (FCS) from Harlan Sera-Lab Ltd., Crawleydown, UK, 
micro-carriers Cellon (90-125 m) from Solo Hill Engineer-
ing Inc., USA. 5 mm NMR tubes from Wilmad, U.S.A. 70 
μm nylon filter (Falcon cell strainer) from Becton Dickinson. 
75 cm

2
 culture flanks and other cell culturing equipments 

were from Costar/Corning. All other chemicals were of 
highest purity available. 

Preparation of Primary Astrocyte Cell Culture 

An astroglia (astrocytes) cell culture was established by 
the methods described elsewhere [33]. In addition, 85 mg 
Micro-carrier (suspended in 10 ml PBS, pH 7.4 and auto-
claved for 15 min at 121˚C) was added to the astrocytes cul-
ture on day 8. To differentiate the astrocytes, 0.28 mM dBc-
cAMP was added to the cultures during the last week of cul-

ture [34]. After three weeks in culture, the primary astrocytes 
were ready for use. 

The primary culture where characterized as nearly 100% 
astrocytes [33] using anti-GFAP (glial fibrillary acid protein) 
as an astrocyte marker [35]. A neuronal interference could be 
excluded since N-acetylaspartate was clearly absent from all 
the 

1
H-NMR spectra, as N-acetylaspartate is recognized by 

the singlet of its N-acetyl CH3 at 2.01 ppm [36, 37].  

Solutions of A  1-40 and A  25-35 and Formation of  
Aggregates 

Aggregated A (1-40) is often more cytotoxic than solu-
ble A  and therefore the peptide was treated in the way de-
scribed by Isobe et al. [38] and by the manufacturer. A 1-40 
was dissolved in doubly-distilled and sterile water (ddH2O) 
to a final concentration of 1390 M. For maximal biological 
activity, the solution was further diluted with calcium and 
magnesium-free PBS to a final concentration of 350 μM and 
was incubated at 37°C for at least 6 days and the solution 
was mixed by pipeting every third day to facilitate formation 
of large aggregates.  

The A  (25-35) fragment was dissolved in ddH2O to 1 
mg/ml and then in PBS to a final concentration of 350 M 
without further treatment.  

Viability Assay 

The in vitro sensitivity of astrocytes to either A  or PQ 
was determined using the MTT viability assay. The assay 
was performed as described previously [33]. Astrocytes were 
incubated with A  (25-35) in the range 5-40 μM for 6-72 
hours, whereas the cytotoxicity of PQ was tested in the range 
60-500 M PQ for 0.5-6 hours or 1 to 5 mM for one hour. 
Astrocytes exposed to 5 mM PQ for 24 hours were used as 
positive control. All the presented results are means of four 
separate wells per experiments and the experiments were 
repeated twice. Values are expressed as % of controls 
(mean± STD).  

Preparation of Samples for 
1
H-NMR Spectroscopy 

The astrocytes and micro-carriers produce a cell-matrix, 
which was harvested as gently as possible using a “rubber-
police-man”. After two times of wash with PBS, the sedi-
mented cell-matrix was mixed with 500 l deuteriated me-
dium leading to a final deuterium content of approximately 
75%. Deuteriated medium was prepared from freeze-dried 
cell culture medium without FCS and re-dissolved in an 
equal amount of 99.9 % D2O. Finally, the cell-matrix was 
transferred to a 5 mm (O.D.) NMR tube. Prior to data acqui-
sition, a careful shimming was needed since the NMR sam-
ple contains a matrix of cells and micro-carriers. 

1
H-NMR Spectroscopy 

The 
1
H-NMR spectroscopic studies were performed on a 

VARIAN Unity-Inova 600 MHz spectrometer using a Wa-
tergate pulse sequence [39], which includes a Hahn spin 
echo sequence [40]. The 1D 

1
H-NMR spectra were recorded 

with a triple resonance gradient probe at a proton frequency 
of 599.84 MHz at 37 °C, relaxation delay 0.1 second, 90° 
pulse width 8 to 9 μs, spin echo time (tau) 63 ms, spectral 
width 8000 Hz, acquisition time 2.048 seconds with 32 K 
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data points, 128 to 256 transients. A selective 3-9-19 180° 
refocusing pulse was applied [41]. 1 mM TSP was added 
after the NMR experiment was finished. All chemical shifts 
( ) were referenced to the TSP-d4 (sodium 3-(trimethylsilyl)-
[2,2,3,3-

2
H4]propionate) signal set at  = 0 ppm. The data 

were collected in an Array mode: every 10 min for the first 
two hours, then every 30 min for the next two hours and fi-
nally every hour for the next 4 hours, resulting in a total col-
lection time of 8 hours. However, only some of the spectra 
are presented here, such as the spectra at 10, 30 min, 1 hour, 
2, 3, 4, 5 and finally 6 hours.  

The NMR spectra are presented in the following ways: 
The effects of prooxidant addition (PQ or A ) on the NMR 
spectrum are either shown as single-spectrograms or as part 
D of a bigger figure, whereas the time-series experiments are 
illustrated in part A-C of the figures, focusing on three re-
gions; 5.0-9.0 ppm (A), 1.4-4.2 ppm (B) and 0.4-0.9 ppm 
(C). In all figures, the time from addition of fresh deuteriated 
medium until the addition of the compound (direct addition) 
or until the start of recording for pre-incubations is given as 

T. 

1
H-NMR Sample Assignments 

Resonance assignments in the 
1
H-NMR were done by i) 

comparison with literature value of chemical shifts [37, 42, 
43], ii) reference spectra recorded in our laboratory and iii) 
comparison with spectra from the SDBS database http: 
//riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi?lang= eng. 

For further verification, a small amount of authentic 
compound when available was added to the 

1
H-NMR sample 

and a reference spectrum was recorded. Furthermore, the 
spectra were normalized to creatine, as the creatine level 
very often is found unchanged during neurodegenerative 
conditions, and may therefore be used as an internal standard 
[36, 44]. 

The unusual phases of the Lac-CH3 ( =1.33 ppm), Ala-
CH3 ( =1.47 ppm), Lac-CH ( =4.11 ppm) resonance are due 
to a narrow excitation profile of the 3-9-19 selective pulse. 

RESULTS 

Cell Culture 

After 21 days of in vitro primary rat astrocytes isolated 
from cerebellum covered the micro-carrier beads resulting in 

a cell-micro-carrier matrix that easily could be transferred to 
the NMR tubes (Fig. 1A). As shown in Fig. (1A), control 
cells showed the typical morphology features of quiescent 
astrocytes in culture, being a monolayer of flat and polygo-
nal-shaped cells. In contrast, incubation with A (25-35) at 
10 M for 44 hours or 20 M for 22 hours (Fig. 1B and C) 
induced a marked changes resulting in more stellate-shaped, 
with a spherical and phase bright cell soma and possess two 
or more processes. Addition of PQ at 500 M for six hours 
or 60 M for 72 hours to the primary astrocytes did not re-
veal any detectable changes of the morphology (data not 
shown).  

Viability Assay (MTT) 

The toxicity of A (25-35) is limited as the cell viability 
was not changed following exposure to 40 M A (25-35) up 
to 72 h (Fig. 2A). The effect of PQ on the viability of astro-
cytes was analyzed at 60 M (Fig. 2B) for 0.5, 1, 3 and 6 
hours and up to 5mM for 1 hour (Fig. 2C). None of these 
concentrations or 500 M PQ for up to 6 hours reduced the 
ability of the astrocytes to convert MTT. Only when astro-
cytes were treated with 5 mM for 24 hours (Fig. 2C), a 
strong toxic effect was observed. Thus, neither A  nor PQ 
used in the present NMR experiments affect the survival rate 
or the mitochondrial activity of the astrocytes per se.  

1
H-NMR Spectroscopy 

To elucidate the contribution from the medium, a spec-
trum was recorded (Supplementary Fig. 1) and the reso-
nances of the medium are summarized in Supplementary 
Table 1. The spectrum of astrocytes without addition of ei-
ther PQ or A  (Fig. 3D, denoted as “reference spectrum”) 
demonstrates the contributions from various cellular metabo-
lites. Several metabolites where identified as shown in Table 
1. Identification of resonances between 3.20 to 4.11 ppm was 
complicated in some instances due to the C H proton reso-
nances of e.g. amino acids making this region crowed. The 
time-dependent spectra showed a minor increase of lac-
tate/threonine (indicated by an arrow pointing up) at =1.33 
ppm (Fig. 3C), choline at =3.20/3.22 ppm (Fig. 3B) and a 
decrease of glucose at =5.24 ppm (Fig. 3A). The strong 
signal at =3.2 ppm is generally attributed to choline and 
choline-containing compound i.e. phosphocholine and glyc-
erophosphocholine. The most obvious time-dependent dif-
ference in resonance intensity was seen at 1.33 ppm (Figs. 

 

 

 

 

 

 

 

 

Fig. (1). Morphology of untreated primary astrocytes on micro-carrier beads and after exposure to A . After 8 days in vitro, 0.085 mg micro-

carrier beads were added to the cultures of astrocytes and astrocytes were grown to confluence (additional two weeks). Pictures of astrocytes 

with micro-carriers were taken under phase contrast. Morphology of (A) untreated astrocytes, (B) astrocytes pre-treated with 10 M A (25-

35) for 44 hours or (C) 20 M A (25-35) for 22 hours.  
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Fig. (2). The viability of astrocytes after exposure to A (25-35) or PQ. Astrocytes were exposed to (A) A (25-35) (20-40 M) for 6 – 72 

hours or (B) 60 M PQ for 0.5 – 6 hours and the viability was then determined using the MTT assay. In C, the cytotoxic effect of high con-

centrations of PQ was estimated for 1 or 24 h. Values are expressed as % of controls (means± sd from 4 separate wells). Two independent 

experiments were performed with similar results but only one experiment is presented here. 

 

Table 1. Assignment of Resonances Belonging to Metabolites in the Reference Spectrum and After Exposure of Astrocytes to PQ or 

A  

Metabolite Proton(s) Origins Chemical Shifts, ppm (Multiplicity) 

Fatty Acids  (-CH3) A.i.r.s.  0.94(s) 

Valine (Val), Isoleucine (Iso), 

Leucine (Leu) 

(-CH3) Medium 

A.i.r.s.  

0.96 -1.05 (d), (d), (d)  

Lactate (Lac) / Threonine (Thr) / Fatty acids  (-CH3) 

(-CH2-) 

A.i.r.s.  1.33(d)/(d) 

Alanine (Ala) (-CH3) A.i.r.s.  1.47(d) 

Acetate (Ace) (-CH3)  1.92(s) 

Glutamate (Glx) (-CH2-)  2.05(m) 

Methionine (Met) (-CH3)  2.15(s) 
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(Table 1). Contd….. 

Metabolite Proton(s) Origins Chemical Shifts, ppm (Multiplicity) 

Glutamine (Glx) (-CH2-)  2.45(m) 

Pyruvate (-CH3) New 2.37(s) 

Succinate (-CH2-) New 2.41(s) 

Methionine (Met) (-S-CH3)  2.65(t) 

Dimethylaminea  New 2.87(s) 

Creatine/Phosphocreatine (Cre) (-N-CH3) A.i.r.s.   3.03(s)  

Choline (Cho) (-N-(CH3))3 A.i.r.s.  3.20(s) 

Phosphocholine (-N-(CH3)) A.i.r.s.  3.22(s) 

 (-N-CH2-) A.i.r.s.  3.25/3.27(t) 

  A.i.r.s.  3.47(s) 

Glycine (Gly) (-CH-)  3.57(s) 

Alanine (Ala) (-CH-)  3.77(q) 

Methionine (Met) (-CH-)  3.84(t) 

Lactate (Lac) (-CH-) A.i.r.s.   4.11(q) 

Glucose (Glu) C1H From medium 5.24(d) 

Guanosine  New 5.81(d) 

  New 5.91(s) 

  New 6.06(d) 

  New 6.11(m) 

Tyrosine (Tyr)  From medium 6.88(d), 7.18(d) 

Histidine(His)   7.15(s) 

Phenylalanine (Phe)  From medium 7.31(d), 7.44(d) 

Histidine (His)  A.i.r.s.  7.95(s) 

Xanthineb   7.98(s) 

  New 8.05(s) 

Hypoxanthine (Hyp) NH-C=N/O A.i.r.s.  8.20(s), 8.22(s) 

  New 8.35(s) 

Formate (For) HCOO- A.i.r.s.  8.46(s) 

The proton(s) contributing to the resonance intensity and multiplicities of the resonances are described by s, singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, mul-
tiplet. 

Also in reference spectra (A.i.r.s.) of astroglia, but the intensity of the resonance changes further atentatively assigned to dimethylamine, b[45]. 

3C and 3D), which may consist of both lactate from the 
cells, threonine from the medium, but a contribution from 
fatty acids cannot be excluded. Several resonances increases 
over time, including lactate ( =1.33) (Fig. 3C) and ( =4.11 
ppm) (Fig. 3C), choline-containing resonances ( =3.20-3.25 
ppm) (Fig. 3B), glycine ( =3.57 ppm), histidine ( =7.15 
ppm), xanthine ( =7.98 ppm), and hypoxanthine 
( =8.20/8.22 ppm) (Fig. 3A). 

The Direct Effect on Astrocytes Detected by 
1
H-NMR 

Effect of PQ 

The additions of 5 or 10 mM PQ were used to demon-
strate the acute effect of ROS by PQ treatment. To ensure a 

detectable effect of PQ-mediated ROS generation, 5 mM 
was add to the primary astrocyte culture and the metabolic 
effect was followed for up to 6 hours (Fig. 4). A similar pat-
tern of resonances was detected when astrocytes were treated 
directly with 10 mM PQ (see Table 2). The direct addition of 
PQ resulted in a new resonance at =2.41 ppm, which was 
assigned to succinate. The resonance increased over time 
(Fig. 4B) and even faster with addition of 10 mM PQ (spec-
tra not shown). In addition, the resonances assigned to 
alanine, glutamate, succinate, glycine, and hypoxanthine 
increased over time (Figs. 4A and 4B). Most pronounced 
was the increase of the choline-containing resonance at 
=3.2 ppm (Fig. 4B). The resonance intensity of lactate did 

not change up to 2 hours after PQ addition (Fig. 4C) but 
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Fig. (3). 
1
H NMR reference spectra of primary astrocytes in half deuteriated medium. The first spectrum was recorded 34 min after addition 

of D2O ( T = 34 min) with 10 min of acquisition; (D). The spectra illustrated in A-C present the different regions. The arrows indicate 

weather the resonances increases or decreases. The spectra correspond to different measurement times: + 10 min, 30 min, 1 hour, 2, 3, 4, 5 

and 6 hours. 

subsequently the intensity of the lactate resonance decreased 
(Fig. 4C). Furthermore, next to the medium resonances from 
tyrosine (6.88 and 7.18 ppm), phenylalanine (7.31 and 7.44 
ppm) and histidine (7.15 and 7.95 ppm), and as time elapsed 
new resonances appeared at =7.98, 8.05 and 8.35 as well as 
a second group of new resonances at =5.91, 6.06 and 6.11 
ppm (Fig. 4A). At a late stage, also resonances at =7.98 and 
5.81 ppm (guanosine) appeared together with negative reso-
nances at =7.54 and 7.73 ppm (trypthophan). Addition of 
60 M PQ directly to the NMR-tube was without any detect-
able difference (spectrum not shown) compared to reference 
spectrum. 

Effect of Amyloid-Beta Peptide 

When A (25-35) (10 or 40 M) or A (1-40) (10 or 40 
M) were exposed directly to the astrocytes in the NMR 

tube, no effect was detected for up to 6 hours (spectra not 
shown). As no acute effect was detected and since the viabil-
ity test showed no detectable effect for prolonged exposure 
time, it was relevant to investigate the effect when the astro-
cytes were pre-incubated with these reagents. 

The Effect of Pre-Incubation on Astrocytes Detected by 
1
H-NMR 

In order to control the oxygen level and the environment 
of the astrocytes for prolonged times, the astrocytes were 
pre-incubated with either PQ or A  and for up to 48 hours 
before the astrocytes were investigated by 

1
H-NMR. Of spe-

cial interest was the pretreatment with 60 M PQ, since this 
concentration was the subject of a transcriptional characteri-
zation in a previous experiment in our laboratory [33]. A 
long-term effect was found when pre-incubating the astro-
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Table 2. Overview of Changes of Metabolites in Astrocytes Exposed to PQ or A  Using 
1
H NMR. These Metabolic Changes Occurs 

Either Due to Pre-Incubation with PQ or A  or During Incubation with PQ or A  

 Direct Effect: Effect of Pre-Incubations (44-48 hours) 

Reference 

(Fig. 3) 

PQ
c 

5 mM 

(Fig. 4) 

PQ 

60 M, 48 hours 

(Fig. 5) 

A (25-35) 

10 M, 44 hours 

(Fig. 6) 

A (1-40) 

10 M, 

44 hours 

(Spectra not shown) 

Lactateb (+) Lactateb (-) Alanine (+) Lactateb (+) Pyruvate (+) 

 Alanine (+) Acetate (+)  Acetate N.D. 

 Glutamate (+) Glutamate (-) Glutamate (-)  

 Pyruvate (+) Methionine (+)  Methionine (+) 

 Succinate (+) Dimethylaminea(+) Dimethylaminea(+)  

Choline (+) Choline (+) Choline (+)  Choline (+) 

Glycine (+) Glycine (+) Glycine (+)  Glycine (+) 

 R: 5.91-6.11 ppm (+)    

 Guanosine (+)    

Histidine (+)     

Xanthine (+) Xanthine (+)    

 Trypthophan (+)    

 R: 8.05 ppm (+)    

Hypoxanthine (+) Hypoxanthine (+)    

 R: 8.35 ppm (+)  R: 8.35 ppm (+)  

 Formate (-) Formate (+)  Formate (+) 

R: resonance, where (-) and (+) indicate resonance decreases and increases, respectively. N.D. not detected. For pre-incubation the increase refers to a comparison with the reference 
spectrum. For the time-series the spectrum presented in D-panels of the figures is the reference. aTentatively assigned to dimethylamine. blactate changes are estimated exclusively on 
the peak intensity at 4.11 ppm. cSuccinate increases faster for 10 M PQ (but results are generally similar to 5 M PQ). 

cytes with 60 M of PQ for 48 hours (Fig. 5, Table 2). A 
new resonance at =2.87 ppm, which was tentatively as-
signed to dimethylamine, and additional new resonances 
appeared at =7.15 and =7.95 ppm, which can be assigned 
to histidine, were normally only seen in the spectrum of the 
medium, and neither detectable in the reference spectrum nor 
after direct addition of 5 mM of PQ (Fig. 4). The long term 
treatment with PQ also caused a relatively higher resonance 
intensities of alanine, acetate, methionine, choline, glycine, 
formate (Fig. 5), whereas glutamate was decreased, com-
pared to the reference spectrum (Fig. 3D). The resonance at 
=1.57 ppm was simply due to the particular medium used in 

this case.  

Effect of Pre-Incubation with Amyloid-Beta Peptide 

Considering the result from the MTT assay, it was ap-
propriate to pre-incubate the astrocytes with 10 M A (25-
35) for 22 and 44 hours and 20 M A (25-35) for 22 hours. 
The spectra presented here are from an experiment where 
cells were exposed to 10 M A (25-35) for 44 hours (Fig. 
6). Pre-incubation of astrocytes with 10 M A (25-35) for 
44 hours resulted in a new appearance at =8.35 ppm, di-
methylamine at =2.87 and increase of the resonance inten-

sity of lactate, whereas the resonance intensity of glutamate 
(Glx at 2.05 ppm) was decreased (Fig. 6) relatively to the 
reference spectrum (Fig. 3).  

To reproduce and to clarify whether the metabolic effect 
from A  was the same whenever the astrocytes were incu-
bated with either the truncated fragment A (25-35) or the 
full-length A (1-40), astrocytes were pre-incubated with 10 

M A (1-40) for 44 hours (spectra not shown). The pre-
incubations with A (1-40) resulted in an increase of the 
resonance intensities of pyruvate, methionine, choline, gly-
cine and formate, whereas the resonance of acetate was not 
detected (Table 2).  

DISCUSSION 

In the present study the cellular response after exposure 
to PQ or A  on a primary astrocyte cell culture was analyzed 
using 

1
H-NMR spectroscopy. An important feature of 

1
H-

NMR spectroscopy is that it is non-specific, in the sense that 
signals may be observed without prior specification of which 
species should be measured. Two problems are important in 
NMR studies focusing on exposure of xenobiotics to cells in 
culture, maintenance of physiological conditions and the use 
of correct doses of the xenobiotics.  
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Fig. (4). 
1
H-NMR spectra of astrocytes exposed to PQ directly in the NMR-tube. 

1
H-NMR spectrum of astrocytes T = 53 min with D2O 

exposed to 5 mM PQ for 10 min (D). The aromatic protons originating from PQ are clearly visible at 8.58 and 9.11 ppm, (see arrows) (D). 

The metabolic effects of PQ were followed for a total of 6 hours and 10 min. From bottom to top, the spectra correspond to different meas-

urement times as indicated on right side of the lactate resonance of each spectrum, beginning at 20 min. Here T = 63 min for the first spec-

trum in the time-series, meaning that there is 10 min between D and the lower panel of A, B and C. The arrows indicate weather the reso-

nances increase or decrease. 

The experiments presented here are made in different 
ways: i) addition of compound and the NMR-measurements 
were started immediately after the addition to investigate the 
direct effect of the compound followed by a time series ii) 
pre-incubation with a compound for a relatively long time 
before the NMR-measurement were initiated. The viability 
of astrocytes, without addition of ROS generating com-
pounds has previously been shown to be at least 2-3 hours in 

the NMR-tube [32]. This is further prolonged by the addition 
of deuteriated medium instead of PBS/D2O under the harvest 
of astrocytes. 

NMR-measurement were conducted for 6 hrs to make 
changes as obvious as possible, but only the two first hours 
are discussed in the following. Fresh medium was added just 
before the NMR-measurement in all cases to the cells and 
the medium was aerated before transfer of the cells to the 
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Fig. (5). 
1
H-NMR spectra of astrocytes pre-incubated with PQ. The spectrum was recorded at T = 48 min after D2O addition and presents 

the effect after pre-incubation with 60 M PQ for 48 hours. This experiment was performed twice with two independent primary cell cultures 

with similar results. The arrow indicates the appearance of a new resonance at 2.87 ppm. 

NMR tube. Two sets of parameters can easily be followed as 
markers for cell physiology: glucose and lactate on one side 
and metabolites such as hypoxanthine, choline and histidine 
on the other (see Table 2). For the cells without additions of 
PQ or A , the glucose consumption and lactate production is 
moderate. Glucose is still detectable after 2 hrs despite the 
fact that the medium used here is only half the concentration 
of normal media. For 1-2 hours, the development of metabo-
lites is moderate (Fig. 3A-C). At longer times hypoxanthine 
develops (Table 2) indicating possible hypoxia. 

The direct addition of 5 mM PQ had no immediate ef-
fects except for the consumption of glucose (Fig. 4D). The 
time series (Fig. 4A-C) showed increased lactate production 
for up to two hours. Furthermore, PQ (5 mM) seemed to 
disturb the oxidative metabolism of the mitochondrial tricar-
boxylic acid (TCA) cycle, indicated by the increase in the 
metabolites of succinate (new) and glutamate in the time-
series (Fig. 4B) as well as the lost ability to reduce MTT 
seen in the MTT assay when exposure to 5 mM PQ was ex-
tended to 24 hours (Fig. 2C) [46]. Succinate is a component 
in the TCA cycle, whereas glutamate may enter the TCA 

cycle via -ketoglutarate. Alternatively, the accumulation of 
succinate could be a direct consequence of a nonenzymatic 
decarboxylation of -ketoglutarate observed under oxidative 
stress [47]. The accumulation of succinate and glutamate 
may occur through the inhibitions of TCA enzymes -
ketoglutarate dehydrogenase ( -KGDH) and succinate dehy-
drogenase (SDH). KGDH and SDH have been shown to be 
sensitive to inactivation by increased H2O2 concentration, 
both in vivo and in vitro [7, 48, 49]. Thus, the blockage of 
these TCA enzymes would slower the TCA that would lead 
to accumulation of pyruvate and in turn to increase of 
alanine and lactate levels. These alterations are observed to 
some extent as the resonances of alanine and pyruvate were 
increased together with a minor increase of lactate. 

The MTT assay clearly demonstrated that the selected 
concentrations of PQ (60 M) [33] and A (25-35) (either 20 
or 40 M) does not increase the mortality of the astrocytes 
for up to 72 hrs. However, 

1
H-NMR showed an effect when 

astrocytes were pre-incubated with 60 M PQ or 10 M 
A (25-35). New resonances such as acetate (only PQ) and a 
resonance at =2.87 ppm tentatively assigned to dimethy-
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lamine (both PQ and A (25-35)) were observed. In addition, 
an indication of a disturbed metabolic profile is given by the 
fact, that various metabolites such as alanine, acetate, pyru-
vate, dimethylamine, methionine, choline and formate are 
increased relative to the reference spectrum, while the reso-
nance assigned to glutamate (Glx) at =2.05 ppm decreased. 

Indications of PQ or A  induced oxidative stress altera-
tion in the metabolic profile in astrocytes after pre-
incubation can be seen by the increased intensity of acetate 
(PQ) and formate (PQ and A (1-40)). The increase in acetate 
is presumably a compensatory effect to protect biomolecules 
from ROS. Other studies indicate that -keto-acids, such as 
pyruvate, may act as scavenger molecules [50] leading to the 
generation of acetate via oxidative decarboxylation. This will 
also explain why pyruvate is only slightly increased. Moreo-
ver, the increased signal of formate may also serve as a 
“marker” of oxidative damage, due to the oxidative attack of 
hydroxyl radical (•OH) on carbohydrates in particular (e.g. 
glucose, glucosaminoglycans) and the molecularly mobile 
carbohydrate side-chains of glycoproteins in general [51, 
52]. The reduced glutamate content in astrocytes is probably 
a consequence of consumption of glutamate as an intermedi-
ate in the TCA cycle or used in synthesis of glutathione 
(GSH). The formation of ROS can lead to depletion of 
endogenous antioxidants and the TCA is partly inhibited by 

dogenous antioxidants and the TCA is partly inhibited by 
ROS. As a consequence synthesis of GSH needs to be en-
hanced, which will lead to a reduction of the components of 
GSH, glutamate, cysteine and glycine. No such reduction of 
glycine was observed either because the GSH recycling is 
working properly or because 

1
H-NMR is not suitable for 

determination of glycine. A direct measurement of the GSH 
depletions, as a consequence of its oxidation, cannot be fol-
lowed due to lack of sensitivity of the 

1
H-NMR technique.  

In the time series especially the consumption of glucose 
and the production of lactate were obvious. Lactate is nor-
mally characterized by a resonance at =1.33 ppm. However, 
this signal coincides with those of threonine and fatty acids 
[53, 54]. Therefore, the estimations of lactate here is based 
only on its methine proton at =4.11 ppm. The intensity of 
this resonance could be influenced by deuterium incorpora-
tion. However, this is not the case here, due to the short time 
span [55]. Increasing lactate level has formerly been consid-
ered a marker for ischemia and hypoxia [56] but is now also 
known as a significant player in brain metabolism and bio-
energetics [25, 57]. Evidence for lactate being secreted from 
astrocytes and preferentially metabolized by neurons has 
accumulated [58, 59] and the concept of a lactate/alanine 
shuttle between astrocytes and neurons was proposed.Using 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). 
1
H NMR spectra of primary astrocytes were pre-treated with A . Astrocytes were pre-incubated with 10 M A  (25-35) for 44 

hours. Hereafter the cells were washed twice in phosphate buffered saline (PBS), and transferred in 500 M deuteriated medium to a 5 mm 

NMR tube. The spectrum was recorded T = 31 min. The arrows indicate the appearance of new resonances at 2.87 ppm and 7.18 ppm.  
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combination of 
13

C-NMR labelled glucose and lactate dem-
onstrates the astrocyte-neuron lactate shuttle in the coupling 
of between cerebral activity and energy metabolism [25, 60, 
61]. 

A decrease of the glucose signal at =5.24 ppm indicate 
glucose consumption. In particular, the direct exposure to 5 
mM PQ or A (1-40) (40 M) increased glucose consumption 
resulting in a decrease in resonance intensity of glucose after 
63 min or 59 min, respectively together with the pre-
incubation with A (25-35) (10 M). In contrast, the pre-
incubation with 60 M PQ or A (1-40) did not lead to a sig-
nificant increase in the consumption of glucose possible due 
to a shift of the oxidative metabolism from glycolysis and 
TCA cycle towards the pentose phosphate pathway which is 
know to be involved in the H2O2 disposal [14]. In addition, 
when glucose is not limited, astrocytes has been found to up-
regulate their capacity to metabolize glucose during hypoxia 
and during oxidative stress [62], and thereby maintain their 
energetic status during hypoxia (up to 2 hours) at the ex-
pense of increased glucose utilization under anaerobic condi-
tions [63]. 

CONCLUSION 

In conclusion, high-field 
1
H-NMR spectroscopy offers 

many advantages over alternative time-consuming labour 
intensive analytic methods and can be used to study the 
metabolic profile evolving over time. This allows a rapid, 
virtually non-invasive and instantaneous examination of a 
very wide range of components present in living astrocytes. 
The primary astrocytes represent on the other hand a model 
system wherein the biological effects of xenobiotics can be 
analyzed in a biological system by the use of 

1
H-NMR spec-

troscopy. The main drawback at the moment is the low sen-
sitivity. This can hopefully in the future be overcome by use 
of polarization techniques beautifully demonstrated using 
13

C NMR [64]. 

We could demonstrate oxidative stress-induced metabolic 
alteration due to PQ and A  peptide. In particular the reso-
nances from the end-products of glycolysis, lactate and py-
ruvate, and other metabolites such as alanine, acetate, me-
thionine, choline, glycine and formate increased. Glutamate 
was decreased as a consequence of pre-incubation. It is also 
obvious that pre-incubation or addition of a large concentra-
tion of PQ increased the metabolic activity considerably. 

ABBREVIATIONS 

A  = Amyloid -peptide 

-KGDH =  -ketoglutarate dehydrogenase  

ddH2O = doubly-distilled and sterile water 

dBcAMP = dibutyl-cyclic AMP  

FCS = Fetal calf serum  

GSH = Glutathione 

MTT = 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide 

PBS = Phosphate-buffered saline  

PQ = Paraquat 

ROS = Reactive Oxygen Species 

SDH = Succinate dehydrogenase 

TCA = tricarboxylic acid 

TSP-d4 = sodium 3-(trimethylsilyl)-[2,2,3,3-
2
H4]propionate 
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