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Glucose metabolism in vascular smooth muscle cells (VSMCs) is characterized by substantial lactate production even in fully 
oxygenated conditions. Insulin and metformin, an insulin-sensitizing agent, have direct effects on the vascular tissue 
metabolism. We investigated whether insulin or metformin can induce a switch in VSMC glucose metabolism from lactate 
production to pyruvate oxidation, by measuring lactate oxidation as determined by the conversion of [1-14C]-D,L-lactate to 
[1-14C]-pyruvate and subsequent oxidation to acetyl coenzyme A and 14CO2 by pyruvate dehydrogenase (PDH). Lactate 
oxidation was measured in control rat aortic cultured VSMCs incubated for 30 minutes in media with and without additional 
glucose compared with VSMCs cultured in the presence of insulin or metformin. The addition of glucose to VSMCs decreased 
lactate oxidation (4.6 _+ 1.7 v 9.6 --- 2.4 pmol/cell/min, P < .001). In the absence of additional glucose, metformin decreased 
lactate oxidation in VSMCs compared with controls (4.9 _+ 1.4 v9.6 -+ 2.4 pmol/cell/min, P < .01). Metformin in the presence of 
glucose caused the greatest decline in lactate oxidation (2.5 + 0.4 pmol/cell/min, P < .001). In contrast to the effects of 
metformin, insulin increased lactate oxidation both with (12.9 __ 1.5 pmol/ceU/min, P < .001) and without (17.9 _+ 4.4, P < .01) 
additional glucose. This suggests that insulin facilitates VSIVIC utilization of lactate as a source of pyruvate and energy 
production even during noncontractile periods. 
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C URRENT INVESTIGATIONS of glucose metabolism in 
vascular smooth muscle cells (VSMCs) have determined 

that VSMC glycolysis primarily produces lactate from pyruvate 
under fully oxygenated conditions, 1-3 rather than pyruvate 
oxidation via the mitochondrial Krebs cycle, the more common 
pathway for most tissues. The mechanism involved in this 
increase in lactate is based on the observation that carbohydrate 
metabolism in VSM may occur via two functionally indepen- 
dent pathways. 4"6 One pathway involves lactate formation from 
the catabolism of extracellular glucose, while the other is 
directed at energy production from the oxidative metabolism of 
glucosyl units derived from glycogen. 7,8 In support of these two 
pathways, studies have determined that energy generated during 
lactate production from extracellular glucose is specifically 
coupled to sodium-potassium transport in vascular tissues, 9-1~ 
while the energy derived from oxidative metabolism of glyco- 
gen and fatty acids is mainly used for active isometric force. 12-14 

The evidence describing these pathways in VSMCs, based on in 
vitro studies of labeled glucose 39,12 or measurement of changes 
in pH, 15-17 is inconclusive. The relative importance of these 
pathways may be better established by measuring mitochondrial 
lactate oxidation to determine the amount of pyruvate and 
lactate used in oxidative metabolism. 

Insulin has been reported to increase glucose uptake in 
VSMCs 18,a9 and to decrease intracellular pH by generating 
lactate. Similarly, metformin has also been associated with an 
increase in aerobic lactate production and lactic acidosis. 2°-22 In 
VSMCs, metformin increases glucose transport and utiliza- 
tion 23,24 similar to the action of insulin. 25-as The effects of insulin 
and metformin on glucose metabolism at the level of mitochon- 
drial oxidation in VSM have not been investigated. The 
influence of insulin and oral hypoglycemic agents such as 
metformin on VSMC glucose metabolism is of considerable 
clinical significance. 

The effects of insulin and metformin on glucose metabolism 
and lactate utilization in VSMCs were investigated in this study 
by measuring mitochondrial lactate oxidation. We hypothesized 
that insulin and metformin have different effects on mitochon- 
drial function in VSMCs. Whereas metfolanin favors lactate 

production, insulin enhances mitochondrial oxidative phosphor- 
ylation and lactate utilization, thereby protecting VSMCs from 
lactic acidosis. 

MATERIALS AND METHODS 

Cell Preparation 

Four- to 7-week-old male Sprague-Dawley rats (200 to 250 g) were 
purchased from Charles River Laboratories (Wilmington, MD) and fed 
standard chow and water ad libitum. Aortic VSMCs were grown from 
primary cultures as previously described. 18,19 Rats were anesthetized, 
and the thoracic aorta (from the aortic arch to diaphragm) was removed 
and transferred to a sterile petri dish containing 2 mL Hanks balanced 
salt solution (HBSS). The fatty tissue was removed and the vessel 
washed free of blood. A longitudinal incision was made in the vessel, 
and the endothelial layer was removed by gentle rubbing. The denuded 
vessel was minced into small (2- to 4-ram) pieces and placed in 10 mL 
sterile digestion medium containing 0.5 mg/mL collagenase, 0.3 mg/mL 
soybean trypsin inhibitor, 0.4 mg/mL papain, 7.5 mg/mL bovine serum 
albumin, and 0.5 mg/mL dithiothreitol (Sigma Chemical, St Louis, MO) 
in Dulbecco's modified Eagle's medium ([DMEM] Mediatech, Washing- 
ton, DC), pH 7.40. The tissue was digested for 90 minutes in a 37°C 
shaking water bath (300 rpm). The released VSMCs were washed, and 
the final pellet was resuspended in 3 mL DMEM supplemented with 
20% fetal bovine serum ([FBS] Biocell, Carson, CA), 0.2% tylosin, 50 
U/mL penicillin G potassium, and 50 pg/mL streptomycin sulfate 
(GIBCO, Grand Island, NY). Cells were plated into six-well tissue 
culture dishes and placed in an incubator under 5% COz and 100% 
humidity at 37°C. After the initial plating in 20% FBS growth medium, 
cells were passed onto 100-ram tissue cuIture dishes to obtain an 
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adequate number of cells for subsequent experiments. The cells were 
fed every other day by aspirating the growth medium and replacing it 
with fresh DMEM containing 10% FBS. Cells were positively identified 
as VSMCs by treatment of confluent culture dishes with 0.1% trypsin 
and 1 mmol/L EGTA in Ca2+/Mg2+-free HBSS for 5 minutes at 37°C, 
followed by immunoflnorescent staining specific for smooth muscle- 
specific actin and myosin, is 

Tissue Culture 

Cells were counted on a Coulter counter (model ZM; Fullerton, CA), 
subcultured into 25-cm 2 tissue flasks, and grown as monolayer cultures 
in DMEM supplemented with 10% FBS, 50 U/mL penicillin G 
potassium, and 50 pg/mL streptomycin sulfate. The cells were grown 
and maintained at 5% CO2 in a 37°C humidified incubator. Media were 
replaced twice per week. Cells were passed during the logarithmic 
growth phase and transferred for a maximum of 10 passages. Cultures 
were routinely screened for mycoplasma contamination with Mycotrim 
TC (Hanna Biologicals, Alameda, CA). 

Cells were prepared for the assay soon after they reached confluence. 
To evaluate the medication effects, metformin (1 mmol/L) was added 24 
hours before the assay, whereas insulin (100 pU/mL) was added at the 
beginning of the assay. Our group has previously reported insulin-like 
effects of metformin on tyrosine ldnase activity and glucose transport 
after 24 hours in rat VSMCs at a concentration of 1 mmol/L without any 
evidence of cellular toxicity. 24 The ceils remained in the tissue culture 
flasks for the duration of assay with four flasks per group. The cell 
number and morphology were used to monitor cellular toxicity. 
Individual assay results are based on the mean of quadruplicate 
samples. Assays were performed three times for each group, and 
cumulative data are expressed as the mean _ SE for all measurements. 

Lactate Oxidation Assay 

In vitro metabolism of [1-14C]-D,L-lactate was measured in VSMCs 
grown in normal growth media. At the appropriate time before the 
assay, the cells were rinsed twice in phosphate-buffered saline (PBS). 
Glucose-depleted medium containing 0.1 mmol/L glucose and 25 
mmol/L potassium phosphate for a final of pH 7.4 was prepared without 
FBS and sodium bicarbonate. The lactate oxidation assay was per- 
formed in cells divided into six groups: (1) glucose-depleted medium, 
(2) glucose-depleted medium with 100 pU/mL insulin, (3) glucose- 
depleted medium with 1 mmol/L metformin, (4) glucose-depleted 
medium with additional glucose (5 mmol/L), (5) depleted medium with 
additional glucose and 100 pU/mL insulin, and (6) depleted medium 
with additional glucose and 1 mmol/L metformin. The assays were 
initiated by the addition of 1 mL glucose-free media with or without 
additional glucose, containing either insulin or metformin as appropri- 
ate, 25 pmol/L L-lactate (Sigma), and 1 DaCi/mL [1-14C]-D&-lactate 
(American Radiochemical, St Louis, MO). ~4CO2 was collected on filter 
paper moistened with 0.2 mL 2.5-mol/L NaOH and suspended directly 
above the monolayer in each flask with an airtight stopper, and the flasks 
were slowly shaken at 37°C for 30 minutes. (We previously measured 
lactate oxidation in VSMCs every 10 minutes for 2 hours and 
determined that 14CO2 accumulation was linear for 60 minutes, and the 
period of 30 minutes is comparable to our previously reported data for 
insulin's effects on lactate oxidation in other cell types. 29-31) Each filter 
was then transferred to a scintillation vial, and the amount of z4CO2 
collected was determined. After washing the flasks three times with 
PBS, the cells were trypsinized and counted. The cells were lysed, and 
total protein was determined by the bicinchoninic acid assay. Activity is 
expressed as picomoles of t4COz released per cell per minute. Back- 
ground activity was determined using flasks without cells, containing 
the appropriate glucose concentration, 25 gmol/L L-lactate, and 0.1 
pCi/mL [l-14C]-D,L-lactate in 1 mL glucose-free medium and the 

appropriate concentration of insulin or metformin. Background activity 
was then subtracted from total radioactivity for each sample. 29"31 

Data Analysis 

The effects of insulin and metformin on lactate oxidation in 
glucose-free and glucose-supplemented conditions were compared by 
the Student t test. The results were considered significant at a P level 
less than .05. 

RESULTS 

Effect of  lnsulin and Me~formin on Mitochondrial 
Lactate Oxidation 

There was no difference in the cell number  or cell morphol-  

ogy as a result o f  the treatment among any groups (data not  

shown).  Mitochondria l  lactate oxidation in V S M C s  is presented 

in Fig 1. The rate of  lactate oxidation for group 1 (control 
V S M C s  in glucose-depleted media)  was 9.6 -+ 2.4 pmol/cel l /  

min. Lactate oxidation for group 2 (insulin-treated V S M C s  in 
glucose-depleted media) increased to 17.9 + 4.4 pmol/cel l /min 

(P < .01 v group 1). The rate of  lactate oxidation for group 3 
(metformin-treated V S M C s  in glucose-deple ted media)  de- 

creased to 4.9 _+ 1.4 pmol/cel l /min (P < .01 v group 1 and 
P < .001 v group 2). 

In group 4 (glucose-treated VSMCs) ,  lactate oxidation de- 
creased to 4.6 _+ 1.7 pmol/cel l /min (P < .01 v group 1). In 
group 5 (insulin and glucose- t rea ted  VSMCs) ,  lactate oxidation 

increased to 12.9 -+ 1.6 pmol/cel l /min (P < .01 v group 4), and 
decreased  compared  with insul in-treated g lucose-deple ted  

V S M C s  (P  < .01 v group 2). In group 6 (metformin and 
glucose- t rea ted  VSMCs) ,  the rate of  lactate oxidation de- 
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Fig 1. Effect of metformin and insulin on mitochondrial lactate 
oxidation in VSMCs during glucose depletion or supplementation. 
Lactate oxidation increased in glucose-depleted VSMC (group 1) v 
glucose-supplemented cells (group 4, *P < .01). insulin treatment 
increased lactate oxidation, indicating stimulation of PDH activity in 
glucose-deprived cells (group 1 v 2, * P <  .01), while metformin 
treatment decreased lactate oxidation (group I v3, *P < ,01; group 2 
v3, * *P  < .001). In the presence of glucose, insulin decreased lactate 
oxidation (group 4 v 5, *P < .01), while metformin treatment de- 
creased lactate oxidation (group 4 v 6, *P < .01; group 5 v 6, 
* *P  < .001). Lactate oxidation was determined in VSMCs by determin- 
ing the amount of 1-14C02 collected for 30 minutes and is expressed 
as pmol/ce|l/min (n = 4 flasks for each condition per assay and 3 
assays per determination). 
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creased to 2.4 _+ 0.4 pmol/cell/min (P < .01 v groups 4, 2, and 1 
and P < .001 v group 5). 

DISCUSSION 

VSMCs are known to produce a large amount of lactate from 
glucose. 1-7 The subsequent metabolism of this lactate, the 
maintenance of lactate/pyruvate balance, and their respective 
roles in mitochondrial oxidation are important in understanding 
glucose metabolism. We determined the lactate oxidation 
activity to better delineate the effects of insulin and metformin 
on glucose metabolism either toward lactate production or 
through the mitochondrial processing of pyruvate via the Krebs 
cycle. We have previously shown that in fibroblasts, adipocytes, 
and Chinese hamster ovary (CHO) cells, insulin increases 
glucose uptake and stimulates mitochondrial pyruvate dehydro- 
genase (PDH), thereby increasing the oxidative metabolism of 
pyruvate. 29-31 In these cells, the glycolytic pathway activity 
accounting for lactate production and that accounting for 
oxidative phosphorylation are regulated by insulin via PDH and 
can be measured by lactate oxidation activity. 29 

We have previously determined PDH activity by measuring 
~4CO2 directly from cells growing in culture. This method 
requires a minimum number of cells with minimal handling. As 
the glucose in the medium is depleted, there is a gradual shift 
from glucose metabolism to lactate metabolism that is measured 
by a gradual increase in 14CO2 accumulation. 29 We have 
previously confirmed the accuracy of this method as an 
indicator of PDH activity in the presence of insulin. 29-33 This is 
the first time lactate oxidation has been used to study the effects 
insulin and metformin on glucose metabolism in VSMCs. 
Therefore, before any similarities can be established between 
the effects of insulin and metformin on PDH activity in VSMCs, 
PDH activity must be measured directly. 

As glucose is depleted in the medium, lactate oxidation is 
expected to increase in order to maintain the pyruvate substrate 
required for oxidative metabolism. We observed that the shift 
from glucose oxidation to lactate oxidation as a result of a 
decreased glucose concentration is relatively small in VSMCs 
(37%) at rest as compared with our observations in other tissues 
such as a smooth muscle-like cell line (BC3H1) at rest and CHO 
cells during growth, where lactate oxidation increases by 96% 
and 63%, respectively. 29 

The addition of glucose to VSMCs results in glycolysis, 
increasing the concentration of pyruvate and decreasing the 
activity of lactate dehydrogenase, shifting the equilibrium of the 
reaction toward the formation of lactate from pyruvate. 34,3s This 
shift in equilibrium dilutes the labeled lactate available for 
conversion to pyruvate. VSMCs, because of the high number of 
mitochondria and tonic muscle activity, might be expected to 
have a resting lactate oxidation rate similar to that of BC3H1 
cells. However, we observed that the rate of lactate utilization 
during aerobic conditions is considerably lower in resting 
VSMCs compared with our previous findings in BC3HI ceils at 
rest. 29 It is unclear whether the pyruvate generated from 
increased glycolysis is used to increase oxidative metabolism or 
to increase lactate production. The low lactate oxidation rate of 
VSMCs in glucose-supplemented media and the merely slight 

shift to lactate oxidation with glucose depletion do not argue 
conclusively for or against the utilization of either lactate or 
pyruvate as an energy source for different cellular functions. 

Although insulin has been shown to increase PDH activity in 
fibroblasts, 29,3°,33 its effect on VSMC mitochondria has not been 
clearly defined. In many cells, the increase in lactate oxidation 
in response to a decrease in glucose can be accentuated by 
insulin, which stimulates PDH activity. We have previously 
shown that treatment with insulin stimulates lactate oxidation in 
glucose-deprived BC3H1 cells by 20%, in CHO cells by 0.5%, 
in fibroblasts by 26%, and in adipocytes by 19%. 32 The present 
study demonstrates that insulin increases lactate oxidation by 
43% in VSMCs deprived of glucose, suggesting that insulin 
modulates PDH activity. 

In the presence of glucose, insulin has been reported to 
induce intracelhilar lactic acid production in VSMCs. 17 An 
increase in aerobic lactate production by VSMCs may result in 
lactic acidosis in certain vascular diseases such as hypertension 
and atherosclerosis. 2°-2z It has also been argued that diverting 
glucose metabolism from lactate production to the oxidative 
pathway has an unfavorable effect on high-energy phosphate 
metabolism in resting VSMCs. 1 Insulin is known to increase 
glucose uptake in various tissues, including VSMCs. ~ The 
effect of insulin on lactate oxidation is different in VSMCs 
compared with other tissues. In BC3HI and CHO cells, insulin 
increases lactate oxidation with glucose depletion and attenu- 
ates lactate oxidation with glucose supplementation. In contrast, 
insulin increases lactate oxidation in VSMCs in glucose- 
depleted or -supplemented environments. These observations 
indicate that insulin regulates the lactic acid pool in VSMCs by 
increasing lactate utilization and thus protecting the cell from 
lactic acidosis. 

Metformin (dimethyl-biguanide), an insulin-sensitizing agent 
used in the treatment of type 2 diabetes mellitus, and its 
precursor phenformin (phenetyl-biguanide) are known to cause 
lactic acidosis as a potential side effect. 36,37 Although metformin 
has been reported to stimulate glucose utilization, it is not 
known whether metformin has insulin-like effects on mitochon- 
dria. 24 Metformin decreased the rate of mitochondrial lactate 
oxidation by 49% in the absence of glucose. This decrease in 
lactate oxidation is in contrast to the effects of insulin, which 
increased lactate oxidation in VSMCs by 43%. It has been 
demonstrated that metformin increases basal and insulin- 
stimulated glucose transport in isolated adipocytes, skeletal 
muscle, and VSMCs. 24 However, the mechanism for this 
process is not completely understood. In contrast to the effects 
of insulin, metformin significantly decreased lactate oxidation 
in VSMCs in the presence of glucose. These results may help to 
explain metformin's propensity to cause lactic acidosis. Unlike 
insulin, mefformin does not appear to have the ability to 
increase mitochondrial lactate oxidation and regulate the lactate 
pool. Although metformin exhibits insulin-like effects with 
respect to glucose uptake in peripheral tissues, unlike insulin, it 
decreases oxidative metabolism in VSMCs either with or 
without additional glucose. The action of mefformin to selec- 
tively increase glucose metabolism to lactate may be harmful to 
VSMCs. 



1360 OFENSTEIN ET AL 

REFERENCES 

1. Barron J, Parrillo J: Production of lactic acid and energy 
metabolism in vascular smooth muscle: Effect of dichloroacetate. Am J 
Physio1268:H713-H719, 1995 

2. Paul R, Krisanda J, Lynch R: Vascular smooth muscle energetics. 
J Cardiovasc Pharmacol 6:$320-$327, 1984 (suppl) 

3. Chace K, Odessey R: The utilization by rabbit aorta of carbohy- 
drates, fatty acids, ketone bodies and amino acids as substrates for 
energy production. Circ Res 48:850-858, 1981 

4. Lynch R, Paul R: Compartmentation of glycolytic and glycogeno- 
lytic metabolism in vascular smooth muscle. Science 222:1344-1346, 
1983 

5. Lynch R, Paul R: Compartmentation of carbohydrate metabolism 
in vascular smooth muscle. Am J Physio1252:C328-C334, 1987 

6. Lynch R, Paul R: Compartmentation of carbohydrate metabolism 
in vascular smooth muscle: Evidence for at least two functionally 
independent pools of glucose 6-phosphate. Biochim Biophys Acta 
887:315-318, 1986 

7. Barron J, Kopp S, Tow J, et al: Differential effects of fatty acids on 
glycolysis and glycogen metabolism in vascular smooth muscle. 
Biochim Biophys Acta 1093:125-134, 1991 

8. Lynch R, Kuettner C, Paul R: Glycogen metabolism during 
tension generation and maintenance in vascular smooth muscle. Am J 
Physio1257:C736-C742, 1989 

9. Lynch R, Paul R: Glucose uptake in porcine carotid artery: 
Relation to alterations in active Na+-K + transport. Am J Physiol 
247:C433-C440, 1984 

10. Lynch R, Balaban R: Coupling of aerobic glycolysis and 
Na+-K+-ATPase in renal cell line MDCK. Am J Physiol 253:C269- 
C276, 1987 

11. Campbell J, Paul R: The nature of fuel provision for the 
Na+,K+-ATPase in porcine vascular smooth muscle. J Physiol (Lond) 
447:67-82, 1992 

12. Barton J, Kopp S, Tow J, et al: Fatty acid, tricarboxylic acid 
cycle metabolites and energy metabolism in vascular smooth muscle. 
Am J Physio1267:H764-H769, 1994 

13. Lynch R, Paul R: Energy metabolism and transduction in smooth 
muscle. Experientia 41:970-977, 1985 

14. Krisanda J, Paul R: Energetics of isometric contraction in 
porcine carotid artery. Am J Physio1246:C510-C519, 1984 

15. Dangirdas J, Batlle D: Interactions of pHi and Cai 2+ in vascular 
smooth muscle tissue. J Lab Clin Med 119:667-675, 1992 

16. Nagesetty R, Paul R: Effects of pHi on isometric force and 
[Ca2+]i in porcine coronary artery smooth muscle. Circ Res 75:1994 

17. Kahn A, Song T: Insulin-induced intracellular lactic acid produc- 
tion in vascular smooth muscle (VSM) cell lowers pH i which raises 
Nai + by stimulating the activity of the Na+-H + exchanger. Endocrinol- 
ogy 43:1995 (suppl) 

18. Standley R Rose K, Sowers J: Increased basal arterial smooth 
muscle glucose transport in the Zucker rat. Am J Hypertens 8:45-52, 
1995 

19. Sowers JR: Insulin and insulin-like growth factor in normal and 
pathological cardiovascular physiology. Hypertension 29:691-699, 1997 

20. Wiholm B, Myrhed M: Metformin-associated lactic acidosis in 
Sweden 1977-1991. Eur J Clin Pharmaco144:589-591, 1993 

21. Perriello G, Misericordia R Volpi E, et al: Acute antihyperglyce- 
mic mechanisms of mefformin in NIDDM: Evidence for suppression of 
lipid oxidation and hepatic glucose production. Diabetes 43:1994 

22. Bailey C: Metformin revisited: Its actions and indications for 
use. Diabet Med 5:315-320, 1988 

23. Klip A, Leiter L: Cellular mechanism of action of metformin. 
Diabetes Care 13:696-704, 1994 

24. Dominguez LJ, Davidoff AJ, Srinivas PR, et al: Effects of 
metformin on tyrosine kinase activity, glucose transport and intracellu- 
lar calcium in rat vascular smooth muscle. Endocrinology 137:113-121, 
1996 

25. Hamann A, Benecke H, Greten H, et al: Mefformin increases 
glucose transporter protein and gene expression in human fibroblasts. 
Biochem Biophys Res Commun 196:382-387, 1993 

26. Purrello F, Gullo D, Brunetti A, et al: Direct effects of biguanides 
on glucose utilization in vitro. Metabolism 36:774-776, 1987 

27. Yu B, Pugazhenthi S, Khandelwal R: Effects of metformin on 
glucose and glucagon regulated gluconeogenesis in cultured normal and 
diabetic hepatocytes. Biochem Pharmaco148:949-954, 1994 

28. Sharma R, Bhalla R: Metformin attenuates agonist-stimulated 
calcium transients in vascular smooth muscle cells. Clin Exp Hypertens 
17:913-929, 1995 

29. Ofenstein J, Kiechle F, Dandurand D, et al: Lactate oxidation for 
the detection of mitochondrial dysfunction in human skin fibroblasts. 
Anal Biochem 210:332-336, 1993 

30. Dandurand D, Ofenstein J, Kiechle F: Pyruvate dehydrogenase 
activity in human fibroblasts, in Sunderman FW (ed): Manual of 
Procedures for the Applied Seminar on Laboratory Diagnosis of 
Metabolic Disorders With Emphasis on Diabetes Mellitus. Philadelphia, 
PA, Institute for Clinical Science, 1992, pp 109-121 

31. Ofenstein J, Dandurand D, Kiechle F: Assessment of mitochon- 
drial function in cells grown in tissue culture. Ann Clin Lab Sci 
22:405-413, 1992 

32. Kiechle F, Staudacher D, Ofenstein J: Tyrphostin 47 nonenzymati- 
cally decarboxylates [1J4C]-pymvate. Ann Clin Lab Sci 24:422-429, 
1994 

33. Buffington C, Stentz F, Kitabchi A: Activation of pyruvate 
dehydrogenase complex by porcine and biosynthetic human insulin in 
cultured human fibroblasts. Diabetes 33:681-685, 1983 

34. Venizelos N, Hagenfeldt L: Pyruvate and lactate oxidation by 
leukocytes in vitro. Activation of pyruvate dehydrogenase complex by 
uncoupling of oxidative phosphorylation. Scand J Clin Lab Invest 
45:335-340, 1985 

35. Patal T, Olson M: Regulation of gluconeogenesis from pyruvate 
and lactate in the isolated perfused rat liver. Biochim Biophys Acta 
888:316-324, 1986 

36. Cook D, Blair J, Landy H: Mode of action of hypoglycemic 
agents. V. Studies with phenethylbiguanide in isolated perfused rat liver. 
J Biol Chem 248:5272-5277, 1973 

37. Klip A: Cellular mechanism of action of metformin. Diabetes 
Care 13:696-704, 1990 


