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Abstract--The effects of the oral hypoglycaemic drugs, phenformin and tolbutamide, and insulin, alone 
and in combination, on steroid metabolism in hepatocytes isolated from control and streptozotocin- 
diabetic male rats has been studied. Both phenformin and tolbutamide mimic the action of insulin in 
stimulating hepatic steroid metabolism in a dose-dependent manner in control cells. Unlike insulin, 
however, both drugs give a similar effect in cells derived from diabetic animals although to a lesser 
extent. Both drugs can partially restore the effect of insulin in cells derived from diabetic animals. 
Biguanides and sulphonylureas, therefore, have a direct effect on liver cells to mimic insulin action and 
can still have an effect under conditions where insulin is inactive. Both types of oral hypoglycaemics can 
also affect insulin-insensitive cells isolated from diabetic rat liver to restore to a certain extent their 
response to insulin. 

Diabetes mellitus is a complex disease state caused 
by the lack of insulin (type 1) or lack of effect of 
insulin (type 2). Two major groups of drugs are used 
in the treatment of diabetes, the biguanides and the 
sulphonylureas. Although these drugs unquestion- 
ably reduce the elevated blood glucose levels seen 
in diabetes mellitus, it is unclear how they act. There 
are reports of pancreatic [1] and extrapancreatic 
actions [2, 3] with reports indicating effects on insulin 
receptors in target tissues [3, 4] and others indicating 
post-receptor actions [5]. One target site for insulin 
is the hepatocyte and oral hypoglycaemics have been 
shown to have direct effects on this cell type [6, 7]. 
It has also been indicated that oral hypoglycaemics 
can enhance the action of insulin on the liver in 
normal and diabetic animals [4, 8]. 

One hepatic function that is known to be insulin- 
dependent in the rat is the metabolism of steroids 
[9]. We have shown that hepatocytes cultured in 
hormone- and serum-free medium can respond to 
insulin by a marked stimulation of enzyme activity 
[9] but that hepatocytes isolated from streptozotocin- 
induced diabetic male rats are refractory to these 
effects of insulin [10]. 

This study was undertaken, therefore, to examine 
the direct effects of biguanides (phenformin was 
used in this study) and sulphonyureas (tolbutamide) 
on steroid metabolism in hepatocytes isolated from 
control and streptozotocin-induced diabetic male 
rats and to examine the interaction of the oral hypo- 
glycaemic drugs with insulin in the control of this 
hepatic function. 
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MATERIALS AND METHODS 

Chemicals. Streptozotocin, androst-4-ene-3,17- 
dione, tolbutamide and bovine serum albumin were 
obtained from the Sigma Chemical Co. (Poole, 
U.K.) ,  Ham's F-10 culture medium and penicillin/ 
streptomycin solution from Gibco BRL Ltd (Paisley, 
U.K.) and collagenase from BRL Ltd (Lewes, U.K.)  
[4-t4C]Androst-4-ene-3,17-dione was purchased 
from Amersham International plc (Aylesbury, U.K.)  
and insulin (porcine) from Novo Research Institute 
(Copenhagen, Denmark).  Phenformin was the kind 
gift of Sterling Winthrop (Surrey, U.K.)  All other 
chemicals were of, at least, reagent grade. 

Animals. Mature, male Wistar rats, bred in the 
Department,  were used throughout the study. The 
animals were kept, maximum five per cage, in light- 
and temperature-controlled conditions (light on 7:00 
a.m.-7:00 p.m. ; temperature 19 - 1 °) and given food 
(CRM Nuts, Labsure, Surrey, U.K.)  and water ad 
lib. The animals weighed 300-350 g at the start of 
the study. Animals were made diabetic by a single 
intravenous injection of streptozotocin (60 mg/kg) in 
distilled water given under halothane/nitrous oxide 
anaesthesia. Control animals were treated similarly 
except that drug vehicle only was given. Treated 
animals were tested for induction of diabetes mellitus 
by measurement of blood glucose concentration 
before preparation of hepatocytes by removal of a 
drop of blood from the tail vein after induction of 
anaesthesia. The blood was analysed using a Corning 
Glucometer and only those animals with a glucose 
level above 30 mM were considered to be diabetic 
(control animals were typically below 10 mM glucose 
concentration). 

Preparation of hepatocytes. Animals (control or 
3 days after induction of diabetes mellitus) were 
anaesthesized using halothane/nitrous oxide and a 
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cannula placed in the hepatic portal vein. Hepa- 
tocytes were isolated by the double perfusion tech- 
nique of Seglen [11] as modified by Hussin and Skett 
[12]. The ceils, as isolated, were tested for viability 
by Trypan blue exclusion. Typically 1 × 108 cells/g 
wet wt liver were obtained with a viability of greater 
than 95%. Cells were plated onto 9-cm plastic dishes 
(NUNCLON, Denmark) at a density of 3 x 105 cells/ 
cm 2 in Ham's F-10 medium supplemented with 0.1% 
bovine serum albumin as described by Hussin and 
Skett [12]. 

Preincubation ofhepatocytes. Hormones and drugs 
were added to the incubation medium after a resting 
period of 24 hr. Insulin was added as a solution in 
0.1 M hydrochloric acid and tolbutamide and phen- 
formin were dissolved in 0.1 M sodium hydroxide 
solution. The compounds were added in the smallest 
volume possible and in no case did the addition alter 
the pH of the medium. In the case of the addition 
of the oral hypoglycaemic drugs, the cells were used 
24 hr following addition of the drug, whereas for 
insulin the preincubation time was 30 rain. If both 
oral hypoglycaemic drug and insulin was used, then 
the 24 hr pretreatment with oral hypoglycaemic was 
followed by 30 rain with insulin. These were the 
preincubation times found to give the optimum 
effect. The cells were kept in an incubator during the 
preincubation period at a temperature of 37 -+ 0.1 °, 
98% humidity and 5% carbon dioxide/95% air. 
After the preincubation time, the cells were assayed 
for steroid metabolizing capacity. 

Assay of steroid metabolism. After treatment with 
the hormone or drugs for the required period, the 
cells were carefully scraped from the culture plate 
and lightly centrifuged (200 g for 2 min at 4°). The 
cells were washed with incubation medium (Hank's 
Balanced Salt Solution supplemented with 1 g/L glu- 
cose, 0.1 g/L of each of magnesium chloride and 
sulphate and 0.185 g/L calcium chloride) and resus- 
pended in the same solution. The cells were assessed 
again for number and viability and adjusted to 
3 x 10 ~ cells/mL. The cell viability was at least 90% 
in all cases. To triplicate 1 mL aliquots of this sus- 
pension was added the substrate, androst-4-ene-3,17- 
dione (500~g; 0.1 #Ci) dissolved in 60/~L acetone, 
and 1.94 mL incubation medium. The mixture was 
incubated in a shaking waterbath at 370 for 30 rain 
and the metabolites extracted, separated and quan- 
titated according to the method of Gustafsson and 
Stenberg [13]. Actual enzyme activity expressed as 
pmoles product formed per minute per 10 ~ cells was 
calculated using a custom-made computer program. 

Statistics. Results were calculated as mean-+ 1 
standard deviation of the values obtained from simi- 
larly treated cell suspensions. Statistical significance 
was assessed using Student's t-test and the level of 
significance set at P < 0.05 in all cases. 

R E S U L T S  

The assay of steroid metabolism as performed 
allows the measurement of five separate enzyme 
activities, namely; 7ol-, 6/3 and 16o~-hydroxylases, 
17(ol,/3)-oxosteroid oxidoreductase and the 5ol- 
reductase. The two isomers of the 17-reduced metab- 
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Fig. 1. The effect of pretreatment with phenformin (10 "- 
10 ~ M) for 24 hr on the metabolism of androst-4-ene-3,17- 
dione by hepatocytes isolated from the control male rat. 
The various enzyme activities are denoted by ~ (7~v- 
hydroxylase), ---0--  (6[3-hydroxylase), - - A - -  (16cv- 
hydroxylase), - - A - -  (17-oxosteroid oxidoreductase) and 
--V1-- (5c~-reductase). Results are expressed as mean _+ 1 
SD of six independent samples from the same batch of cells 
and where no error bars are shown, these were less than 
the size of the symbol. All treated values were significantly 

different from their respective controls (P < 0.05). 

olite were not separated in this assay. The 5cr- 
reductase measurement represents a composite 
figure for the production of 5ol-androstane-3,17- 
dione, 501-androstane-3o~-ol-17-one and 5o~-andros- 
tane-3/3-ol-17-one, the latter being secondary metab- 
olites formed from the first. 

Figure 1 shows the dose-response curve for phen- 
formin for its action on the five steroid metabolizing 
enzymes noted above in control male rat hepato- 
cytes. It is seen that there is a marked increase in all 
of the enzyme activities with increasing concen- 
trations of phenformin with significant elevations in 
enzyme activity seen at 1 x 10 -6 M (14-44% above 
control; P < 0.05) and a maximum being reached at 
about 1 × 10 4M (60-119% above control; 
P < 0.05). The 16ol-hydroxylase reacted least and 
the 6/3-hydroxylase the most. 

A similar dose-response curve for tolbutamide is 
shown in Fig. 2. Again it is seen that all enzyme 
activities increased with increasing concentrations 
of tolbutamide. There was, as with phenformin, a 
significant effect at 1 × 10-6M (9-27% above 
control; P < 0.05) and a maximum effect was seen 
at 1 x 10 4 M (52-102% above control; P < 0.05). 
The 6/3- and 7o:-hydroxylase activities responded the 
least whereas the 17-oxosteroid oxidoreductase gave 
the largest rise. Concentrations of tolbutamide above 
5 x 10 4M appeared to cause a diminution of the 
effect. 

If similar dose-response curves are constructed for 
the effect of phenformin and tolbutamide on steroid 
metabolism in hepatocytes isolated from diabetic 
male rats (3 days after treatment with streptozo- 
tocin), then it is seen (Fig. 3 for phenformin and 
Fig. 4 for tolbutamide) that both drugs still give a 
significant increase in metabolic activity with increas- 
ing concentrations of drug. The apparent sensitivity 
of the cells to the drugs and the maximum effect is, 
however, diminished. There is no significant effect 
(P>0 .05 )  with l x 10-6M phenformin and the 
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Fig. 2. The effect of pretreatment with tolbutamide (10 -"-  
10 3 M) for 24 hr on the metabolism of androst-4-ene-3,17- 
dione by hepatocytes isolated from the control male rat. 
The various enzyme activities are denoted by ~ (7o:- 
hydroxylase), - - - 0 - -  (6fl-hydroxylase), - - ~ - -  (160:- 
hydroxylase) , - -A--  (17-oxosteroid oxidoreductase) and 
- -E l - -  (50:-reductase). Results are expressed as 
mean ± 1 SD of six independent samples from the same 
batch of cells and where no error bars are shown, these 
were less than the size of the symbol. All treated values 
were significantly different from their respective controls 
(P < 0.05) except the 70:-hydroxylase activity at 10 -6 M. 
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Fig. 4. The effect of pretreatment with tolbutamide (10 6_ 
10 3 M) for 24 hr on the metabolism of androst-4-ene-3,17- 
dione by hepatocyte isolated from the diabetic male rat. 
The various enzyme activities are denoted by ~ (7o:- 
hydroxylase), ----0--- (6fl-hydroxylase), - - A - -  (160:- 
hydroxylase), - - A - -  (17-oxosteroid oxidoreductase) and 
- -E l - -  (50:-reductase). Results are expressed as 
mean -+ 1 SD of six independent samples from the same 
batch of cells and where no error bars are shown, these 
were less than the size of the symbol, e = significantly 

different from respective control (P < 0.05). 
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Fig. 3. The effect of pretreatment with phenformin (10 -6- 
10 3 M) for 24 hr on the metabolism of androst-4-ene-3,17- 
dione by hepatocytes isolated from the diabetic male rat. 
The various enzyme activities are denoted by ~ (7o:- 
hydroxylase), ~ (6,6-hydroxylase), - - A - -  (160:- 
hydroxylase), - - & - -  (17-oxosteroid oxidoreductase) 
and - - t - t - -  (50:-reductase). Results are expressed as 
mean --- 1 SD of six independent samples from the same 
batch of cells and where no error bars are shown, these 
were less than the size of the symbol. All treated values 
were significantly different from their respective controls 

(P < 0.05) except those at 10 -6 M. 

maximum effect is an increase to 23-59% above 
control (compared to 63-119% above control for 
control animals). For  tolbutamide,  only the 6fl- 
hydroxylase and 5tr-reductase are significantly raised 
(P < 0.05) by the 1 × 10 -6 M concentrat ion (cf. con- 
trol animal,  Fig. 2) and the maximum increase is 13- 
73% above control  (compared to 52-106% above 
control for the control  animal).  

An extension of this exper iment  was also 
performed,  whereby hepatocytes  were pretreated 
with phenformin or tolbutamide (at the con- 
centration giving the maximum effect,  i.e. 

5 × 10 -4 M for phenformin and 1 x 10 -4 M for tol- 
butamide) and subsequently treated with insulin 
(1 x 10-9M).  The results of this exper iment  are 
given in Table 1. 

It is seen in the control animal that both phen- 
formin and tolbutamide increase all enzyme activities 
significantly (P < 0.05) as seen in the previous exper- 
iment.  It is also seen that insulin (1 x 10 -9 M) alone 
increases all enzyme activities to a similar extent.  A 
combination of insulin and either phenformin or  
tolbutamide further increases all enzyme activities 
over  that seen for insulin or the drug alone. In the 
hepatocytes isolated from the 3 day diabetic rat, a 
slightly different effect is seen. Firstly, the enzyme 
activities measured in the cells were markedly lower 
than those seen in the cells from control animals. 
Both phenformin and tolbutamide give a significant 
increase in most enzyme activities (P < 0.05), as 
noted above,  but insulin is ineffective in these cells. 
Combined t reatment  with phenformin and insulin 
gave a significant increase (P < 0.05) in all activities 
except the 5ol-reductase as compared  to phenformin 
alone and tolbutamide and insulin gave significant 
increases ( P < 0 . 0 5 )  in 6/~-hydroxylase, 17-oxo- 
steroid oxidoreductase and 5o~-reductase activities 
when compared to the effects of tolbutamide alone. 

DISCUSSION 

Sulphonylureas and biguanides are widely used as 
hypoglycaemics in the t reatment  of type 2 (insulin- 
independent  diabetes mellitus) but the exact mech- 
anism of action of these drugs is unclear. Using our 
model  of insulin-sensitive and -insensitive hepa- 
tocytes [9, 10], we have investigated the actions of 
phenformin (a biguanide) and tolbutamide (a sul- 
phonylurea) on a known insulin-sensitive hepatic 
function, the metabolism of steroids [9]. It was found 
that both phenformin and tolbutamide mimicked the 
action of insulin on this liver function in insulin- 
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Table 1. The effects of insulin (10 -9 M), phenformin (5 x 10 4 M) and tolbutamide (1 × 10 4 M) alone and 
in combination on the metabolism of androst-4-ene-3,17-dione by hepatocytes isolated from control and 

streptozotocin-diabetic male rats 

Treatment 7cr-OHase 6fl-OHase 16o:-OHase 17-OHSD 50:-Red 

Control male 
Control 56 ± 3 79 ± 7 53 - 7 77 ± 4 81 ± 3 
Phenformin 91 ± 7* 113 ± 5* 73 ± 3* 103 ± 5* 112 ± 5* 
Insulin 85 ± 6* 104 ± 7* 72 ± 3* 94 ± 2* 94 ± 4* 
Phen. + insulin 112 ± 7t 180 ± 6t 86 ± 4t 120 ± 2t 121 ± 4t 
Tolbutamide 74 ± 1" 103 ± 1" 80 ± 2* 98 -+ 3* 93 ± 3* 
Tol. + insulin 85 ± 2:[: 113 ± 55 104 ± 3:~ 116 ± 4:[: 135 ± 6~: 

Diabetic male 
Control 21 ± 3 28 ± 1 45 --- 4 45 ± 2 49 ± 6 
Phenformin 26 ± 1" 33 ± 2* 54 ± 2* 64 ± 2* 77 ± 5* 
Insulin 25 -+ 3 31 ± 1 50 ± 4 45 ± 3 52 ± 2 
Phen. + insulin 30 ± 2t 40 ± 4t 76 ± 6t 71 ± 5t 83 - 5 
Tolbutamide 33 ± 1 42 ± 1" 62 ± 3* 54 ± 2* 64 ± 2* 
Tol. + insulin 36 ± 3 52 ± 55 74 ± 9 69 ± 25 86 ± 75 

Results are expressed as pmoles product formed per minute per 106 cells and 
six independent samples. 

Phen. = phenformin; Tol. = tolbutamide. 
* P < 0.05 compared to respective control. 
t P < 0.05 compared to phenformin treated cells. 
$ P < 0.05 compared to tolbutamide treated cells. 

as mean ± 1 SD of at least 

sensitive cells isolated from control  male rats, giving 
a significant increase in all enzyme activities assayed 
(Figs 1 and 2). The  mechanism of action of phen- 
formin in giving this effect is unknown.  There  are a 
number  of  reports,  as detai led below, concerning the 
enhancement  of insulin action by biguanides but few 
dealing with the insulin-like activity of these drugs. 
One  such report  [14], however ,  suggests that phen- 
formin stimulates a high affinity c A M P  phospho- 
diesterase as does insulin [15]. This would have the 
effect of reducing intracellular c A M P  levels. As 
c A M P  is known to reduce the metabol ism o9 steroids 
by the liver [16], a reduct ion in c A M P  may be 
expected to increase steroid metabol ism as seen in 
this study. It has also been repor ted  that metformin 
(another  biguanide) can enhance hexose transport 
in the absence of  insulin [8]. For  tolbutamide there 
have also been reports  of  direct effects on liver cells 
related to cAMP.  Luly et al. [14] repor ted  a similar 
activation of  high affinity c A M P  phosphodiesterase 
as seen with phenformin  above.  More  recently, tol- 
butamide has been shown to inhibit protein kinase 
A [17], the kinase activated by c A M P  and, thus, 
further diminishing the effects of c A M P  in the cell. 
Tolbutamide  also activates hepatic guanylate cyclase 
( therefore increasing intracellular cGMP)  but the 
significance of  this is not  known as no role for this 
cyclic nucleot ide in the control  of hepatic steroid 
metabol ism has been postulated.  

Phenformin and tolbutamide also increase all 
enzyme activities measured in insulin-insensitive 
hepatocytes isolated from male rats made diabetic 
by t rea tment  with streptozotocin.  Streptozotocin is 
a pancreat ic  B-cell toxin and, as such, would be 
expected to give a type 1 ( insulin-dependent)  model.  
The hepatocytes  isolated from these animals, 
however ,  have been shown to be refractory to the 
effects of insulin [10], indicating a type 2 model .  This 

was confirmed in this study (Table 1). The oral 
hypoglycaemics can, therefore,  give an insulin-like 
action in conditions where insulin itself cannot.  
There  is no insulin present in this system and, there- 
fore,  the drugs cannot be enhancing insulin action. 
Few reports have addressed the quest ion of the direct 
effects of oral hypoglycaemics on liver from diabetic 
animals but one [18] has suggested that the reduct ion 
in hepatic calmodulin levels noted in streptozotocin- 
induced diabetic rats can be reversed by glyburide 
(a second generat ion sulphonylurea) .  

It is clear, therefore,  that both phenformin and 
tolbutamide can mimic the action of  insulin on hep- 
atic steroid metabol ism by a direct effect on the 
hepatocyte and that this effect is still seen in hepa- 
tocytes isolated from a diabetic animal,  unlike the 
effect of  insulin which is not seen in such cells. Both 
drugs can work, at least on this insulin-sensitive 
function, in the complete  absence of  insulin and even 
on cells that are refractory to insulin. 

If consideration is given to the interaction of phen- 
formin and tolbutamide with insulin, it is seen (Table 
1) that there is an additive effect of  both drugs with 
insulin on all enzyme activities studied in the control 
animal. The  concentrat ions of  hormone  and drugs 
used were similar to those found in v ivo  during 
t rea tment  [14] and, thus, represent  potential  clinical 
interactions. There  does not seem to be any 
enhancement /synergism although many reports have 
suggested such enhancement .  For  instance, phen- 
formin has been reported to increase insulin binding 
to target cells [3] and metformin has been shown to 
enhance insulin-stimulated incorporat ion of  glucose 
into glycogen and tyrosine aminotransferase activity 
[19]. Likewise, tolbutamide has been shown to 
increase insulin binding to target cells [20] but this is 
disputed [21]. The apparent  discrepancy between 
this and the present  study may reflect the design of 
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the exper iment  which was specifically to investigate 
the effect of  the drug alone and in combinat ion with 
insulin. 

In the insulin-insensitive hepatocyte model ,  it is 
confirmed in this study that insulin has no action on 
steroid metabol ism in cells isolated from strep- 
tozotocin-diabetic male rats (Table 1) as repor ted  
earlier [10]. As seen above,  both phenformin and 
tolbutamide still give their actions in these cells. 
What  is of great interest,  however ,  is that although 
insulin appears to have no action of its own, it can 
enhance the action of the oral hypoglycaemics in this 
test system (Table 1). The effect is not  as marked as 
in the cells isolated from the control animal but there 
is a significant increase in a majori ty  of the enzymes 
studied after t rea tment  with phenformin/ insul in  or  
tolbutamide/ insul in than with the oral hypogly- 
caemic alone. This effect could be interpreted as the 
oral hypoglycaemic drug restoring the ability of the 
cell to respond to insulin as well as mimicking insulin 
action. This effect has been  repor ted  previously by 
a number  of workers.  Gawler  et al. [22] showed that 
metformin could restore the ability of insulin to 
inhibit glucagon-st imulated adenylate cyclase 
activity and Lord et al. [5, 23] have suggested that 
biguanides can restore insulin effects by a post-recep- 
tor action. No such reports have appeared related to 
sulphonyureas. 

Oral  hypoglycaemics and insulin, therefore,  inter- 
act in an additive manner  to increase hepatic steroid 
metabol ism in control animals but in the hepatocytes 
isolated from diabetic male animals (which are insu- 
lin-insensitive), oral hypoglycaemics of both classes 
can restore insulin action to a certain extent.  
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