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Objective: Flame atomic absorption spectrometry (FAAS) and a microdialysis analyzer were employed for
dynamic monitoring of magnesium (Mg), glucose and lactate levels in blood samples of gerbils subjected to
cerebral ischemia.

Methods: Focal cerebral ischemia was induced by occlusion of the unilateral common carotid artery and the
middle cerebral artery for 60 minutes followed by 180 minutes of reperfusion. Whole blood samples were
continuously collected from the jugular vein via an auto-blood sampling system. The dynamic profiles of Mg,
glucose and lactate before, during and after ischemia were determined.

Results: During cerebral ischemia, blood Mg levels gradually rose to 130% of the baseline and returned to
the basal levels within 30 minutes after reperfusion. Lactate concentrations decreased to approximately 50% of
the basal levels during cerebral ischemia and returned to basal levels immediately after reperfusion. Glucose
levels remained the same during cerebral ischemia and gradually fell to 50% of basal levels at the end of
reperfusion. The linearity ranges of glucose, lactate and Mg were 0.1–25 mM, 0.02–2.5 mM and 5–1500
�g/L, respectively. The required volume of each blood sample is less than 30 �L. The intra- and inter-assay
variation was less than 3%. Since blood loss is minimal from repeated blood sampling, it is suitable for
small animals.

Conclusions: Mg may be accumulated in blood cells, which are helpful for reducing glucose utilization. As
a result, less lactate was produced during the acute phase of cerebral ischemia. Preservation of glucose is
advantageous for brain cells’ restoration after ischemia.

INTRODUCTION

The essential mineral, Mg, is important in the maintenance
of normal cellular and body functions. Mg is the second most
abundant intracellular cation, and its many biological values for
living organisms have been well reported [1]. Among the
biological functions of Mg are: acting as a cofactor in many

enzymatic catalyzations, modulating the activity of adenot-
riphosphatases (ATPases), which have central importance in
energy metabolism, enhancing cerebral blood flow to ischemic
areas, inhibiting calcium (Ca) flow into cells, and reducing the
size of brain infarcts [2–6]. Loss of ionic homeostasis during
cerebral ischemia is recognized as important [7], but derange-
ment of Ca, potassium (K), and sodium (Na) has received more
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attention than that of Mg, despite the fact that brain Mg seems
to be associated with a variety of diseases and its loss is
important in stroke [8–13]. In addition, the function of Mg in
regulating cerebral vascular tone and blood flow has been
reported [14,15]. However, the role or function of Mg in blood
vessels during cerebral ischemia remains an unsettled question
and awaits further elucidation. To ascertain the role of Mg in
blood vessels, dynamic changes of Mg were investigated by
flame atomic absorption spectrometry (FAAS) during cerebral
ischemia/reperfusion.

Glucose is normally a major and important energy source
for all cells. Appropriate glucose concentration is helpful for
cells in maintenance of normal physiological functions. Eryth-
rocytes, being non-nucleated and devoid of organelles, are one
of the simplest cells in blood. Through the glycolysis pathway,
glucose is catabolized in producing adenosine triphosphate
(ATP) and pyruvate in cells, thus, their supply of ATP is not
limited. However, pyruvate is limited, and production of lactate
is increased under anaerobic conditions such as severe exercise
or ischemia. Under these conditions, lactate is accumulated and
is harmful to the cells.

Microdialysis analysis is a powerful tool in the determina-
tion of glucose and lactate in a sample volume as small as less
than 1 �L. This analyzing system is excellent in providing
advanced information about energy metabolites in a small
sample volume. For small animals, such as gerbils (approxi-
mately 65–85 g), it is difficult for investigators to collect
enough blood samples throughout the experimental processes
for dynamic investigation, therefore, it is important to develop
an appropriate tool to overcome the above problems, which
adapt to our experimental needs in understanding dynamic
changes during cerebral ischemia. In the present study, blood
samples from the jugular vein were collected through an auto-
blood sampling system. This advanced system allows auto-
matic blood sampling via an implanted catheter in a small
laboratory animal. This system is advantageous, not only in
eliminating the intensive labor of researchers, but also in re-
ducing the stress on animals caused by a human approach.

MATERIALS AND METHODS

Male gerbils (n � 3, 65–85 g) were obtained from the
Laboratory Animal Center at the Taichung Veterans General
Hospital (Taichung, Taiwan). They were allowed to become
acclimated to their environmentally controlled quarters (25°C
and 12:12 h light-dark cycle) before the experiments. The
gerbils were then anesthetized with chloral hydrate (360 mg/kg
body weight, i.p.), with additional chloral hydrate (200 mg/kg)
when needed throughout the experimental process. The body
temperature was maintained at 37°C with a heating pad (CMA/
150). The right common carotid artery (CCA), exposed through
a ventral midline incision in the neck, was carefully separated
from the vago-sympathetic trunks and loosely encircled with

3-0 sutures for later occlusion. The gerbil’s head was mounted
on a stereotaxic apparatus (Stoelting, IL, USA) with the nose
bar positioned 4.0 mm below the horizontal line. Following a
midline incision, the skull was craniectomised to expose the
right middle cerebral artery (MCA). An 8-0 suture (blue mono-
filament polypropylene, DG, Davis-GECK, Wayne, N.J.) was
positioned so that it encircled the middle cerebral artery for
later ligation. A transient focal ischemic lesion was induced by
simultaneous occlusion of the right CCA and the right MCA for
60 minutes followed by 180 minutes of reperfusion.

Blood samples were automatically collected via an im-
planted catheter in the jugular vein by the auto-blood sampling
system (DR-II, EICOM, Kyoto, Japan). Thirty �L of whole
blood samples were collected every 15 minutes. In order to
preserve glucose, 15 �L of NaF solution was added to the
whole blood sample and then centrifuged at 1500 g for 10
minutes at 4°C. The supernatant was removed and mixed with
90 �L of the HClO4 (1 N), and then centrifuged again at 1500 g
for 10 minutes at 4°C. A Perkin-Elmer Model 5100 Flame
atomic absorption spectrometer (FAAS, Perkin-Elmer, Uber-
lingen, Germany) was used for analyzing Mg. Twenty-five �L
of supernatant was taken and diluted with 975 �L of 0.2%
HNO3 for further analysis by FAAS. All reagents used were of
analytical grade and were purchased from E. Merck. All con-
tainers were soaked with 20% of nitric acid, rinsed with water
and then dried in a clean room for later use.

The microdialysis autoanalyser was employed for determi-
nation of glucose and lactate. Two �L of Tris buffer was added
to 8 �L of the supernatant to adjust its pH value to about 7.0 for
further glucose and lactate analysis. The glucose concentra-
tion was determined by glucose oxidase and the lactate level
was determined by lactate oxidase in the microdialysis auto-
analyser.

RESULTS

Blood Mg levels rose to approximately 130% of the base-
line levels during cerebral ischemia and returned to baseline
levels within 3 hours of reperfusion (Fig. 1).

Lactate decreased to approximately 50% of the baseline
levels during cerebral ischemia and returned to the baseline
levels right after reperfusion (Fig. 2).

Slightly decreased glucose levels were observed during
cerebral ischemia/reperfusion (Fig. 3).

The linearity ranges of glucose, lactate and Mg were 0.1–25
mM, 0.02–2.5 mM and 5–1500 �g/L (correlation coefficient
value � 0.9992), respectively. The detection limits of glucose,
lactate and Mg were 20 �M, 10 �M and 1 �g/L, respectively.
The required volume of each blood sample is less than 30 �L.
The intra- and inter-assays variation of glucose, lactate and Mg
were less than 3%.
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DISCUSSION

In the past, studies have been largely concerned with the
relation between the disturbance of Ca levels and various
diseases. Accruing evidence has focused on the importance of
Mg [16]. Mg possesses an important role in oxidative phos-
phorylation and glycolysis in the cells [17]. In general, 54% of
total body Mg exists in skeleton, 45% is stored in soft tissue,
and only 1% is in extracellular fluid, which is drawn upon for
maintenance of the intracellular Mg. Cerebral ischemia results
in a reduced glucose and oxygen supply and decreases ATP
formation in ischemic area [18]. We have previously demon-
strated Mg pre-treatment significantly preserved brain glucose
levels during cerebral ischemia [19]. Also, previous study
showed that serum Mg level was lower than normal in patients
shortly after a stroke [20]. Similarly, hypomagnesemia has
been reported to correlate with a variety of diseases such as

ventricular arrhythmias, myocardial infarction, and head injury
[9–11]. Accordingly, these results suggest that higher Mg
levels may attenuate the severity of cerebral energy failure
during ischemia. Conversely, any decline in serum Mg levels
may adversely influence these critical processes.

Cellular Mg determinations provide a more accurate assess-
ment of Mg homeostasis than do serum-based determinations
in diagnosing Mg deficiency [21]. Our data showed that the
blood Mg concentration increased to 130% of the baseline
levels during cerebral ischemia and gradually returned to the
baseline levels within 3 hours of reperfusion. It has been
proposed that hypermagnesemia substantially reduces the rate
of glucose metabolism in neural tissue by directly inhibiting
glycolysis [22]. It has also been reported that high Mg concen-
trations decrease human leukocyte activation [23]. Our data
also support the trend in reduction of blood glucose observed
during cerebral ischemia. By reducing the rate of glucose

Fig. 1. Dynamic changes of Mg levels in blood of gerbils during 60 minutes CCA � MCA occlusion and 3 hours reperfusion. Data are presented
as mean � SEM (n � 3).

Fig. 2. Dynamic changes of lactate levels in blood of gerbils during 60 minutes CCA � MCA occlusion and 3 hours reperfusion. Data are presented
as mean � SEM (n � 3).
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metabolism resulting from higher blood Mg levels, lactate
levels decreased and returned to baseline values right after
reperfusion.

CONCLUSION

Our data support speculation that Mg is accumulated in
blood vessels during the acute phase of cerebral ischemia in
gerbils. This phenomenon may be important for blood dynam-
ics, not only in reducing the glucose utilization rate but also in
decreasing blood cell activities. As a result, less lactate and
preserved glucose are advantages for supporting brain cells
during cerebral ischemia/reperfusion.

ACKNOWLEDGMENTS

This study was supported by grants from Taichung Veterans
General Hospital (TCVGH-917306C & 917311D) and the Na-
tional Science Council (NSC-91-2113M-075A-002), Taiwan,
the Republic of China.

REFERENCES

1. Wacker W, Parisi A: Magnesium metabolism. N Engl J Med
278:658–663, 712–717, 772–776, 1968.

2. Romani A, Scarpa A: Regulation of cell magnesium. Arch Bio-
chem Biophys 298:1–12, 1992.

3. Haupt H, Scheibe F: Preventive magnesium supplement protects
the inner ear against noise-induced impairment of blood flow and
oxygenation in the guinea pig. Magnes Res 15:17–25, 2002.

4. Bussiere FI, Mazur A, Fauquert JL, Labbe A, Rayssiguier Y,

Tridon A: High magnesium concentration in vitro decreases human

leukocyte activation. Magnes Res 15:43–48, 2002.

5. Dilsiz N, Olcucu A, Cay M, Naziroglu M, Cobanoglu: Protective

effects of selenium, vitamin C and vitamin E against oxidative

stress of cigarette smoke in rats. Cell Biochem Funct 17:1–7, 1999.

6. Beyenbach KW: Transport of magnesium across biological mem-

branes. Magnes Trace Elem 9:233–254, 1990.

7. Heiss WD, Theil A, Grond M, Graf R: Which targets are relevant

for therapy of acute ischemic stroke. Stroke 30:1486–1489, 1999.

8. Vandenbergh WM, Algra A, Vandensprenkel JW, Tulleken CA,

Rinkel GJ: Hypomagnesemia after aneurysmal subarachnoid

haemorrhage. Neurosurg 52:276–281, 2003.

9. Ceremuzynski L, Gebalska J, Wolk R, Makowska E: Hypomag-

nesemia in heart failure with ventricular arrhythmias. J Intern Med

247:78–86, 2000.

10. Suzuki N, Tanabe K, Osada N, Yamatoso A, Nakayama M,

Yokoyama Y, Oya M, Murabayashi T, Omiya K, Itoh H, Miyake

F, Murayama M: Magnesium dynamics and relation to left ven-

tricular function in acute myocardial infarction. Jpn Circ J 64:377–

381, 2000.

11. Borowik H, Pryszmont M: Concentration of magnesium in serum

and cerebral spinal fluid in patients with stroke. Neurologia Neu-

rochirurgia Poska 32:1377–1383, 1998.

12. Altura BM, Gebrewold A, Zhang A, Altura BT: Low extracellular

magnesium ion induce lipid peroxidation and activation of nuclear

factor-kappa B in canine cerebral vascular smooth muscle: possible

relation to traumatic brain injury and strokes. Neurosci Lett 341:

189–192, 2003.

13. Polderman KH, Peerdeman SM, Girbes AR: Hypophosphotemia

and hypomagnesemia induced by cooling in patients with severe

head injury. J Neurosurg 94:697–705, 2001.

14. Altura BM, Altura BT: New perspectives on the role of magnesium

in the pathophysiology of the cardiovascular system. Magnes

4:245–271, 1985.

15. Altura BM, Altura BT: New perspectives on the role of magnesium

in the pathophysiology of the cardiovascular system. Magnes

4:226–244, 1985.

Fig. 3. Dynamic changes of glucose levels in blood of gerbils during 60 minutes CCA � MCA occlusion and 3 hours reperfusion. Data are presented
as mean � SEM (n � 3).

Determination of Blood Glucose, Lactate and Magnesium

JOURNAL OF THE AMERICAN COLLEGE OF NUTRITION 559S



16. Haupt H, Scheibe F: Preventive magnesium supplement protects
the inner ear against noise-induced impairment of blood flow and
oxygenation in the guinea pig. Magnes Res 15:17–25, 2002.

17. Saris NEL, Mervaala E, Karppanen H, Khawaja JA, Lewenstam A:
Magnesium: an update on physiological, clinical and analytical
aspects. Clin Chimi Acta 294:1–26, 2000.

18. Lee JM, Zipfel GJ, Choi DW: The changing landscape of ischemic
brain injury mechanisms. Nature 399:A7–14, 1999.

19. Lin JY, Chung SY, Lin MC, Cheng FC: Effects of magnesium
sulphate on energy metabolites and glutamate in the cortex during
focal cerebral ischemia and reperfusion in the gerbil monitored by
a dual-probe microdialysis technique. Life Sci 71:803–811, 2002.

20. Altura BT, Memon ZI, Zhang A, Chen TP, Silverman R, Cracco
RQ, Altura BM: Low levels of serum ionized magnesium are

found in patients early after stroke which result in rapid elevation
in cytosolic free calcium and spasm in cerebral vascular muscle
cells. Neurosci Lett 230:37–40, 1997.

21. England MR, Gordon G, Salem M, Chernow B: Magnesium ad-
ministration and dysrhythmias after cardiac surgery. JAMA 268:
2395–2402, 1992.

22. Szabo MD, Grosby G: Effect of profound hypermagnesemia on
spinal cord glucose utilization in rats. Stroke 19:747–749, 1988.

23. Bussiere FI, Mazur A, Fauquert JL, Labbe A, Rayssiguier Y,
Tridon A: High magnesium concentration in vitro decreases human
leukocyte activation. Magnes Res 15:43–48, 2002.

Received August 5, 2004.

Determination of Blood Glucose, Lactate and Magnesium

560S VOL. 23, NO. 5


