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RESEARCH DESIGN AND MATERIALS DETAILS 
 
Details of mGPD enzyme assays. mGPD enzyme activity was measured with four different 
enzyme assays each with a different electron acceptor. When mGPD enzyme activity was 
measured according to the method of Gardner (S1, S2) (Table 2) the enzyme reaction mixture 
contained 25 mM L-glycerol phosphate as the D-L mixture (Vmax rate), 1 mM KCN, 50 mM 
Bicine buffer, pH 8.0, and 4 mM iodonitrotetrazolium violet and enzyme source incubated at 
37° for 30 min. The enzyme reaction was stopped by adding ethyl acetate. The reaction mixture 
was centrifuged briefly and the ethyl acetate phase of the mixture containing the reduced 
iodonitrotetrazolium dye was removed and its absorbance measured at 490 nm.  

In addition mGPD enzyme activity was measured in a continuous spectrophotometric assay 
at 600 nm at 38o in a reaction mixture containing 50 mM potassium phosphate buffer, pH 7.6, 1 
mM KCN and 47.5 µM 2,6-dichlorophenolindophenol (DCIP) with or without 25 mM (Vmax  rate) 
(Table 3) or 0.2 mM L-glycerol phosphate (Table 4) as the DL mixture as previously described 
(S2-S4) The background rate was recorded for 2 min before starting the enzyme rate by the 
addition of glycerol phosphate (Tables 3 and 4).  

mGPD was also measured in a continuous spectrophotometric assay used by the laboratory 
that saw inhibition of mGPD by metformin (S5) in a reaction mixture of 10 mM Tris-chloride 
buffer pH 8.0, 50 mM KCl, 25 µM sodium azide, 1 mM EDTA, 50 µM cytochrome c with or 
without 25 mM (Vmax rate) (Table 3) or 0.2 mM L-glycerol phosphate (Table 4) as the DL mixture 
maintained at 550 nm at 38o. The background rate was recorded for 2 min before starting the 
enzyme rate by the addition of glycerol phosphate (Tables 3 and 4).  

mGPD activity when measured according to Rauchová et al (6) was measured in a 
continuous spectrophotometric assay in a reaction mixture of 20 mM Tris-chloride buffer, pH 7.4, 
50 mM KCl, 2 mM KCN, 1 mM EDTA, 0.1 mM cytochrome c and with or without 25 mM or 0.2 
mM L-glycerol phosphate as the DL mixture. After measuring a background rate for 2 min, the 
reaction was started by the addition of glycerol phosphate. The reaction rate was measured at 550 
nm at 30o (Table 3).  

In each of the four enzyme assay procedures absorbance values or reaction rates from 
reaction mixtures containing all ingredients except glycerol phosphate (background rates) 
were subtracted from reaction mixtures containing all ingredients to give the enzyme rate 
attributable to mGPD activity. Also, in all four enzyme assay procedures metformin or 
phenformin, when added, were incubated with the enzyme source in the reaction mixture for 10 
min at 30o before measuring either the background rate or starting the enzyme rate with the 
addition of glycerol phosphate (Because the laboratory that observed inhibition of mGPD by 
metformin (S5) preincubated the enzyme source with the biguanide for 10 min). In addition, we 
used metformin from three separate lots in the unlikely event there was a problem with a specific 
lot. 

Preparation of whole cell homogenates and purification of mitochondria were performed 
as previously described (S4, S7). 
PCR. Quantitative PCR measurements of mRNA of SLC29A4 were performed as previously 
described (S4, S7) using a forward primer 5’ GCTTCACCTTCGACAGTCAC 3’and a reverse 
primer 5’TCCGCCGCCTCCTCCAGCTG 3’for human pancreatic islets and a forward primer 
5’ACCTGCACACTAGGATCACC 3’ and a reverse primer 
5’TGGTCGTGAGAGAAGAGCTG 3’ for the INS-1 832/13 rat beta cell line.    
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Immunoblot. Immunoblot analyses were performed as previously described (S4, S7) using a 
rabbit anti-SLC29A4 polyclonal antibody (Catalog no. bs-4176R from Bioss Antibodies) at 
1:1,000 dilution.  
Islets. Human pancreatic islets were 95% pure and were from the Department of Surgery, 
University of Wisconsin School of Medicine and Public Health via the Integrated Islet 
Distribution Program. 
 

SUPPLEMENTAL RESULTS 
 
The plasma monoamine transporter is abundantly expressed in beta cells. The plasma 
monoamine transporter (SLC29A4 or PMAT) can carry metformin into cells. Quantitative PCR 
showed that PMAT mRNA is expressed at 210 ± 52 % (3) and 180 ± 46 % (6) (mean ± SE (N)) of 
the glutamic acid decarboxylase gene (GLUD) control in human pancreatic islets and the INS-1 
832/13 rat beta cell line, respectively. Immunoblot analysis showed that PMAT protein is 
expressed at levels in human pancreatic islets and the INS-1 832/13 cell line that are similar to 
human liver (Supplemental Figure 1). 
 

SUPPLEMENTAL DISCUSSION 
 
Metformin cannot inhibit gluconeogenesis by a redox mechanism. In regard to metformin 
inhibiting gluconeogenesis via a redox mechanism in liver (Even if metformin did inhibit mGPD.), 
this is not likely because of the redundancy of the malate aspartate redox shuttle to the glycerol 
phosphate redox shuttle as discussed in the main text of the paper. The group that reported that 
metformin inhibited mGPD also reported that metformin inhibited gluconeogenesis from reduced 
substrates lactate and glycerol but not from oxidized substrates pyruvate and alanine in the rat. It 
was concluded that this was consistent with metformin inhibiting gluconeogenesis by a redox-
dependent mechanism in vivo (S8). The malate aspartate redox shuttle is known to be redundant 
to the glycerol phosphate redox shuttle in liver where the activity of the malate aspartate shuttle is 
especially high (S9-S11) and the activity of the glycerol phosphate shuttle is low due to the 
extremely low level of mGPD in liver (S2, S4, S12, S13). Thus, even if metformin inhibited 
mGPD, metformin inhibiting gluconeogenesis by a redox mechanism is not likely. Another group 
found that metformin did not inhibit the enzyme activity of mGPD and showed that metformin 
inhibited gluconeogenesis from both reduced and oxidized substrates in liver cells and concluded 
that metformin inhibited gluconeogenesis by a redox-independent mechanism (S14).  
Tissues with high levels of mGPD are less able than liver to handle redox changes. The 
phenotype of a mouse lacking the glycerol phosphate shuttle due to a null mutation in the 
cytosolic glycerol phosphate dehydrogenase (cGPD) gene is similar to that of the mGPD 
knockout mouse. There are three main pathways by which a tissue can maintain a normal 
cytosolic NAD+/NADH ratio. If this ratio is low in cytosol, glycolysis will be inhibited at the 
glyceraldehyde phosphate dehydrogenase step that requires NAD+ and glucose metabolism will 
be inhibited. Several tissues with high levels of mGPD are less equipped than liver for maintaining 
this ratio. The three pathways are the glycerol phosphate shuttle, the malate aspartate shuttle and 
the Cori cycle. In the Cori cycle pyruvate is converted to lactate catalyzed by lactate dehydrogenase 
by anaerobic glycolysis and the reduced product lactate is carried by the blood stream to the liver 
where it is converted to glucose which then can be returned to the tissue that formed the lactate 
thus closing the cycle. The pancreatic beta cell is poorly equipped to participate in the Cori cycle 



4 

because its level of lactate dehydrogenase is extremely low (S15, S16). In the mGPD knockout 
mouse insulin secretion is normal because the beta cell has the malate aspartate shuttle (S17, S18). 
Skeletal muscle that normally has a high level of mGPD is poorly equipped to maintain a normal 
lactate/pyruvate ratio in the mGPD knockout mouse because normal skeletal muscle has no malate 
aspartate shuttle (S11). Skeletal muscle and the pancreatic beta cell, unlike liver and kidney, are at 
an additional redox disadvantage because they do not possess glycerol kinase that can catalyze the 
formation of glycerol phosphate from glycerol (S19). The cytosolic glycerol phosphate 
dehydrogenase (cGPD) enzyme reaction is reversible and in the liver of the mGPD knockout 
mouse cGPD can convert glycerol phosphate to dihydroxyacetone phosphate to maintain a 
somewhat less abnormal NAD+/NADH ratio via the glycerol phosphate/dihydroxyacetone 
phosphate ratio. 
A mouse that has a null mutation in the cGPD gene shows little or no redox abnormalities in 
liver but severe redox abnormalities in skeletal muscle. For reasons discussed in the paragraph 
above the phenotype of a mouse with absence of the glycerol phosphate redox shuttle due to the 
total body absence of cGPD is similar to the total body knockout of mGPD. cGPD and mGPD 
catalyze the two reactions of the glycerol phosphate shuttle by which NADH formed at the 
glyceraldehyde phosphate dehydrogenase step in glycolysis is reoxidized to NAD+ via 
mitochondrial metabolism. The BALB/cHeA mouse due to a naturally occurring null mutation of 
the gene that encodes cGPD has no cGPD enzyme activity (S19). Insulin secretion in this mouse 
is normal and the liver lactate/pyruvate ratio reflecting the NADH/NAD+ratio is similar to this 
ratio in control mice that possess normal levels of cGPD. In contrast, in skeletal muscle of this 
mouse the lactate/pyruvate ratio is markedly increased and the ATP/ADP ratio is severely 
decreased at rest, but even more so after exercise and/or a lowfat diet (S19). This is because as 
discussed in the main text of the paper, the malate aspartate redox shuttle is absent in skeletal 
muscle. 
           All of the above information reinforces other information that inhibition of mGPD by 
metformin, even if it could occur, cannot be the mechanism by which metformin benefits type 2 
diabetes. 
mGPD is located in spermatozoa in testis. The level of mGPD is 11- to 25-fold higher in testis 
than in liver (S4, S12, S13). Since mGPD is concentrated in spermatozoa in testis (S20, S21), the 
level of mGPD in spermatozoa is much higher than the level in whole testis and even higher than 
the 11-25-fold ratio compared to liver.  
There are transporters that can carry metformin into cells of various tissues that contain a 
high amount of mGPD. A possible explanation for metformin not causing metabolic effects in 
tissues where the level of mGPD is much higher than in liver, if indeed metformin did inhibit 
mGPD, might be that metformin is not permeable to pancreatic beta cells and other tissues that 
contain a high amount of mGPD. Consistent with metformin being able to penetrate these tissues, 
metformin has beneficial effects in many of these tissues that have much higher levels of mGPD 
than liver. Metformin is actively transported into liver via the cell membrane organic cation 
transporters 1 and 3 (OCT1 and OCT3). Both OCT1 and OCT3 are expressed in skeletal muscle 
that may also be another major site of metformin action (S22). Metformin can also be transported 
into cells via the plasma membrane monoamine transporter (PMAT or SLC29A4). PMAT and 
OCT3 have been reported to be present in both human and mice pancreatic islets and in different 
𝛽𝛽-cell lines (S23, S24). PMAT has an affinity for metformin comparable to that reported for OCT1 
(S25, S26). Supplemental Figure 1 shows that the level of PMAT protein is similar in human liver, 
human pancreatic islets and the rat beta cell line INS-1 832/13.  PMAT is abundantly expressed in 
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brain (S26-S28) and skeletal muscle (S25, S27, S28) where the levels of mGPD are high. That 
metformin can be taken up by various tissues with much higher mGPD levels than liver and have 
no adverse or even beneficial effects is also consistent with metformin not inhibiting mGPD.  
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Supplementary Figure 1. The plasma monoamine transporter protein (SLC29A4 or 
PMAT) is expressed in human pancreatic islets and the rat INS-1 832/13 beta cell line at 
levels equal to human liver. Immunoblot with 20 µg whole cell protein per lane. 
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