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Oral selenate improves glucose homeostasis and partly reverses 
abnormal expression of liver glycolytic and gluconeogenic enzymes 
in diabetic rats 
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Summary Selenium is a trace element that exerts cer- 

tain insulin-like actions in vitro. In this study, we eval- 

uated its in vivo effects on the glucose homeostasis of 

rats made diabetic and insulin-deficient by streptozo- 

tocin. Na2SeO 4 was administered ad libitum in drink- 

ing water and/or food for 10 weeks. The elevated 

plasma glucose levels ( -25  mmol/1) and glucosuria 

( -  85 mmol/day) of untreated rats were decreased by 

50 and 80 %, respectively, by selenate treatment.  The 

beneficial effect of selenate was also evident during 

oral and intravenous glucose tolerance tests: the inte- 

grated glucose responses were decreased by 40-50 % 

as compared to those in untreated rats. These effects 

were not due to an increase in plasma insulin levels. 

Compared to non-diabetic rats, pancreatic insulin re- 

serves were reduced by more than 90 % in treated 

and untreated diabetic rats. The hepatic activities 

and m R N A  levels of two key glycolytic enzymes, glu- 

cokinase and L-type pyruvate kinase were blunted in 

diabetic rats. They increased - t w o -  to threefold af- 

ter selenate treatment,  to reach 40-75 % of the val- 

ues in non-diabetic rats. In contrast, elevated activity 

and m R N A  levels of the gluconeogenic enzyme, 

phosphoenolpyruvate carboxykinase, were reduced 

by 40-65% after selenate administration. Since 

selenate induced a moderate  decrease in body 

weight due to an anorexigenic effect, we checked 

that there was no improvement of glucose homeo- 

stasis or hepatic glucose metabolism in an additional 

group of calorie-restricted diabetic rats, which was 

weight-matched with the selenate group. In addition, 

no obvious toxic side-effects on the kidney or liver 

were observed in the rats receiving selenate. In con- 

clusion, selenate induces a sustained improvement of 

glucose homeostasis in streptozotocin-diabetic rats 

by an insulin-like action, which involves partial cor- 

rection of altered pretranslational regulatory mecha- 

nisms in liver metabolism. [Diabetologia (1996) 39: 

3-11] 
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Selenium is a ubiquitous trace element in nature [1] 
which has proved to be essential for humans [2]. Its 

deficiency produces an endemic fatal cardiomyopa- 

thy in Keshan, China [3] and a muscular dystrophy 

in patients submitted to long-term unsupplemented 

parenteral nutrition [4]. Its best-known biochemical 

role is as a component of the anti-oxidant enzyme 
glutathione peroxidase [5]. More recently, evidence 

has also been presented that selenium could affect 
carbohydrate metabolism. 

Addition of sodium selenate to the incubation me- 

dium of adipocytes from normal rats stimulated glu- 

cose transport, cAMP phosphodiesterase activity 
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and  r i b o s o m a l  S 6 p ro t e i n  p h o s p h o r y l a t i o n  [6]. These  

in vi t ro  insulin-l ike effects  a re  in k e e p i n g  with  the  ob-  

s e rva t ion  tha t  insu l in-s t imula ted  g lucose  ox ida t ion  

was d e c r e a s e d  in ad ipocy tes  f r o m  se len ium-def ic ien t  

rats  [7]. R e p o r t s  r ega rd ing  the  effects  of  s e l en ium 

s u p p l e m e n t a t i o n  on  p l a s m a  glucose levels  in n o r m a l  

rats  are  conflicting: no change  or a rise, especia l ly  at  

h igh doses, has  b e e n  o b s e r v e d  [8]. McNei l l  et al. [9] 

r ecen t ly  r e p o r t e d  tha t  f r equen t  i.p. admin i s t r a t ion  of  

se lena te  to s t r ep tozo toc in  (STZ) -d i abe t i c  rats  for  

7 weeks  caused  a sus ta ined  dec rease  in the i r  hyper-  

g lycaemia .  In  this p r e l i m i n a r y  study, however ,  the  

an imals  w e r e  s tudied  only  u n d e r  basa l  condit ions,  

the  conc lus ion  tha t  the  effects  of  s e l en ium were  insu- 

l i n - independen t  was ba sed  on  a single m e a s u r e m e n t  

of  p l a s m a  insulin, and  the  t issues invo lved  in the  hy- 

p o g l y c a e m i c  ac t ion  of  s e l en ium were  no t  identif ied.  

Finally, w h e t h e r  or  not  the  ora l  rou te  is as eff icient  

as the  i.p. rou te  for  an t i -d iabe t ic  pu rpos e s  r e ma ins  

unknown .  

The re fo re ,  in the  p r e s en t  w o r k  we eva lua t ed  the  ef- 

fects  of  an  oral  ( r a the r  t han  i.p.) admin i s t r a t ion  of  

se lena te  for  10 weeks  in S T Z - d i a b e t i c  rats. We  charac-  

t e r ized  the i r  g lucose  homeos t a s i s  in s o m e  detail ,  and  

d e t e r m i n e d  w h e t h e r  the  ac t ion  of  se lena te  was associ-  

a t ed  with  a co r r ec t ion  of  the  express ion  of  genes  in- 

vo lved  in k e y  s teps of  hepa t i c  g lucose  m e t a b o l i s m  

and p roduc t ion .  Thus,  we m e a s u r e d  m R N A  levels  

( and  activi t ies)  of  glycolyt ic  [glucokinase,  ( G K )  and  

L-type p y r u v a t e  k inase  (L-PK)] and  g luconeogen ic  

p h o s p h o e n o l p y r u v a t e  c a r b o x y k i n a s e  ( P E P C K )  en- 

zymes,  and  of  the  m a i n  glucose t r a n s p o r t e r  i so fo rm  

( G L U T 2 )  in the  livers of  s e l e n a t e - t r e a t e d  rats. 

Materials and methods 

Animals and experimental design. Two distinct series of 19 and 
30 male Wistar/CPB rats (aged 7 weeks; weight 220 + 1 g) pur- 
chased from IFFA Credo (Brussels, Belgium) were used. The 
animals were housed in individual cages at a constant tempera- 
ture (22 ~ with a fixed 12-h light-dark cycle (lights on from 
07.00 to 19.00 hours). During week 7 of the experiment, they 
were housed in metabolic cages permitting measurement of 
daily fluid intake, and daily recording of food consumption 
and urine volume. All rats received ad libitum a standard labo- 
ratory chow in powdered form (A04; UAR, Villemoisson-sur- 
Orge, France) composed of (% of wet weight): 59 carbohy- 
drate, 3 fat, 17 protein, 21 water-minerals-cellulose. 

The animals were divided into three (first series) or four 
(second series) experimental groups: non-diabetic control rats 
(C, n = 11; 5 and 6 in series I and II, respectively); untreated di- 
abetic rats (D, n = 13; 6 and 7, respectively); diabetic rats trea- 
ted with selenate (Se, n = 17; 8 and 9, respectively); diabetic 
rats submitted to calorie restriction to match their body weight 
with that of the selenate group (WM (weight-matched); n = 8, 
series II only). Non-ketotic diabetes was induced by an i.v. in- 
jection of STZ (39 mg/kg body weight) into a tail vein. STZ 
(Upjohn Co, Kalamazoo, Mich., USA) was dissolved in cold 
0.1 mol/1 citrate buffer (pH 4.5) immediately before use. Con- 
trol animals received the buffer only. Five days after buffer in- 
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jection, body weight, plasma glucose and insulin levels of con- 
trol rats averaged 245 _+ 5 g, 6.6 + 0.2 mmol/1 and 2.5 + 0.3 ng/ 
ml, respectively. Five days after STZ injection, the diabetic 
rats were assigned to untreated, weight-matched or selenate- 
treated groups. The three groups of diabetic rats had similar ini- 
tial body weight values (D, 228 • 3 g; WM, 224 _+ 4 g; Se, 
227 + 2 g) and fed plasma glucose levels (D, 23 + 1 mmol/1; 
WM, 25 + 1 mmol/1; Se, 23 + 1 mmol/1). They also had, as seen 
a posteriori, similar initial fed plasma insulin concentrations 
(D, 1.2 + 0.2 ng/ml; WM, 1.0 + 0.1 ng/ml; Se, 1.2 + 0.1 ng/ml). 
The treated group received increasing amounts of sodium 
selenate (Na2SeO4; Aldrich Chem., Milwaukee, Wis., USA) in 
drinking solutions (distilled water empirically supplemented 
with 85 mmol/1 or slightly flavoured with cocoa) and in food. 
The final concentration of sodium selenate (series I, 22 mg/1 in 
water; series II, 14 mg/1 in water and 20 mg/kg in food) was 
reached after 26 days of treatment and was maintained until 
the end of the study (10 weeks). This progressive increase per- 
mitted us to partially overcome the rats' aversion to selenate. 
However, a slight decrease in body weight was observed in Se 
rats during the treatment. In order to detect a possible influ- 
ence of this slowing of body weight on glucose homeostasis, 
the third group of diabetic rats (WM) was submitted to mild 
calorie-restriction to ensure a body weight gain similar to that 
of Se rats. The amount of food given to WM rats was empiri- 
cally adjusted daily and administered in two rations (one-third 
at 09.30 hours and two-thirds at 18.00 hours). 

Blood sampling and tests. On several occasions, tail vein blood 
was collected from fed animals (between 08.30 and 
09.00 hours) for determination of plasma glucose and insulin 
levels. All rats underwent an oral glucose tolerance test 
(OGTT) after 4 weeks of treatment. An intravenous glucose 
tolerance test (IVGTT) was also performed after 7 weeks in 
series I. On the day before the test, food was removed at 
18.00 hours (thus, WM rats did not receive their evening ra- 
tion). The tests started at 08.30 hours. For the OGTT, glucose 
(30 % in water) was introduced directly into the stomach 
through a fine gastric catheter at a dose of 2 g/kg body weight. 
For the IVGTT, glucose was injected at a dose of 1 g/kg body 
weight. Rats were gently wrapped in a towel to restrain them 
during injections or blood sampling. 

After 10 weeks of treatment, the rats were killed by decap- 
itation between 02.00 and 04.00 hours, i.e. in the absorptive 
state when the largest differences in mRNA levels and activi- 
ties of glycolytic and gluconeogenic enzymes can be observed 
between normal and diabetic rats. The liver was immediately 
removed, frozen in liquid nitrogen and stored at - 7 0  ~ for 
subsequent RNA extraction and enzyme measurement. Lar- 
ger samples of plasma were also saved. 

RNA extraction and Northern blot analysis. This was per- 
formed on livers from series I rats only. Total RNA was iso- 
lated with an acid guanidinium-thiocyanate-phenol-chloro- 
form mixture [101, after glycogen extraction [11]. The concen- 
tration of RNA was determined by absorbance at 260 nm. All 
samples had a 260/280 absorbance ratio of about 1.8. For 
Northern blot analysis, RNA (30 ~tg) was denatured in a solu- 
tion containing 2.2 mmol/1 formaldehyde and 50 % formam- 
ide (v/v) by heating at 95 ~ for 2 min. RNAwas then size-frac- 
tionated by 1% agarose gel electrophoresis, transferred to a 
Hybond-N membrane (Amersham Int., Amersham, Bucks., 
UK) and cross-linked by ultraviolet irradiation. The integrity 
and relative amounts of RNA were assessed by methylene 
blue staining of the blot. 

The cDNA probes were kindly supplied by Drs. R Iynedjian 
for GK [12], A. Kahn for L-PK [13], R. W. Hanson for PEPCK 
[14], and B.Thorens for GLUT2 [15]. Probes were labelled 
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with 32p using the Multiprime labelling system kit (Amer- 

sham). Hybridizations with L-PK, PEPCK or GLUT2 probes 
were carried out in a medium containing 42 % deionized form- 
amide, 40 mmol-Tris/HC1 (pH 7.5), 8 x Denhardt's solution 
(Denhardt 1 x: 0.2 g/1 polyvinylpyrrolidone, 0.2 g/1 bovine se- 
rum albumin, 0.2 g/1 ficol1400), 7.5 % dextran sulphate, 0.1% 
sodium pyrophosphate, 1% SDS and denatured herring 
sperm DNA (0.3 mg/ml) at 42~ overnight. Hybridizations 
with GK probe were performed in 3 • SSPE buffer (sodium sa- 
line phosphate ethylenediamine tetraacetic acid i x, pH 7.4: 
8.77 g/1 NaC1, 1.38 g/1 NaH2PO 4. H20, 0.37 g/1 EDTA), 1% 
SDS, 1% glycine, 0.2% ficoll, 0.2% polyvinylpyrrolidone, 
10 % polyethylene glycol and denatured herring sperm DNA 
(0.2 mg/ml) at 65 ~ overnight. The membranes were washed 
twice for 30-60 min in 2 x sodium saline citrate (SSC)/0.1% 
SDS at 42~ and once for 15-30 min in 0.2-0.5 x SSC/0.1% 
SDS at 65 ~ (L-PK) or 55 ~ (PEPCK, GLUT2). The mem- 
branes hybridized with GK were washed twice for 20 min in 
2 x SSPE/1% SDS and once for 15 min in 0.5 x SSPE/1% 
SDS at 65 ~ The filters were thereafter exposed to Kodak X- 
OMAT AR films (Rochester, New York, USA), for 3-18 h at 
- 70~  with intensifying screens. Intensity of the mRNA 
bands on the blots was quantified by scanning densitometry 
(Ultroscan XL, LKB, Bromma, Sweden). To normalize the 
amount of total RNA loaded on each lane, specific mRNA lev- 
els were expressed relative to those of fl-actin mRNA, a 
housekeeping gene which did not significantly vary between 
the three test groups. The levels of/?-actin mRNA (in optical 
density units) averaged 2.17 + 0.38 in C rats, 2.56 + 0.39 in D 
rats and 1.91 + 0.11 in Se rats (mean + SEM for 5-8 rats; 

p > 0.05). 

Measurements of enzyme activities. These were performed in 
both series of rats at 37 ~ GK (EC 2.7.1.1) activity was deter- 
mined using a spectrophotometric assay [16], by subtracting 
the hexokinase activity measured at 0.5 mmol/1 glucose from 
the activity measured at 100 mmol/1 glucose. Results were ex- 
pressed as ~mol NADPH produced-min-1, g liver -~. L-PK 
(EC 2.7.1.40) was measured according to Blair et al. [17], at a 
subsaturating concentration of 1.3 mmol/l phosphoenolpyru- 
vate (PEP) (active form of the enzyme) and at a saturating 
concentration of 6.6 mmol/1 PEP (maximal activity of the en- 
zyme). Results were expressed as pmol NADH oxi- 
dized, min -1 - g liver 4. PEPCK (EC 4.1.1.32) activity was de- 
termined in liver cytosolic fractions using the NaH[14C]O3 fixa- 
tion assay of Chang and Lane [18]. Results were expressed as 
Fmol NaH[14C]O3 fixed, min -1 . g liver -~. One unit of enzyme 
is defined as the amount which catalyses the conversion of 
1 pmol substrate/min under the conditions mentioned above. 

Analytical procedures. Plasma glucose was measured by a glu- 
cose oxidase method (Glucose Analyzer; Beckman, Fullerton, 
Calif., USA). Plasma insulin was determined by a double-anti- 
body radioimmunoassay, using rat insulin as standard (Novo 
Research Institute, Bagsvaerd, Denmark). Pancreatic insulin 
was extracted by homogenization and sonication of the tissue 
in acidified ethanol. Plasma urea creatinine, glutamic-oxalo- 
acetic transaminase, and glutamic-pyruvic transaminase were 
measured with a Hitachi 717 Automatic Analyzer (Tokyo, Ja- 
pan). Proteinuria was determined by the method of Bradford 
(Bio-Rad, Munich, Germany) [19], using bovine serum albu- 
min as standard. Plasma selenium was measured by electro- 
thermal atomic absorption [20] with a Perkin Elmer apparatus 
(Model 3030; Uberlingen, Germany, with Zeeman corrector). 
Liver and urine samples were mineralized [21] and their sele- 
nium content was determined by spectrofluorimetry [22]. 
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Fig. 1.  Time course of the effects of selenate treatment on 
body weight, plasma glucose, and plasma insulin in diabetic 
rats. Control (C) rats were injected with citrate buffer and did 
not receive selenate. Diabetes was induced by streptozotocin: 
one group of diabetic rats was untreated (D), another group 
received Na2SeO 4 in drinking solutions and food (Se), and a 
fourth was calorie-restricted to ensure a body weight gain sim- 
ilar to that of Se rats (weight-matched: WM). All measure- 
ments were made between 08.30-09.00 hours except those in 
the stippled area (02.00-04.00 hours). Values are mean + SEM 
for 11, 13, 8 and 17 rats 

Statistical analysis 

Results are given as the mean + SEM for the indicated number 
of rats. Comparisons between control, diabetic, weight-mat- 
ched and selenate-treated diabetic rats were carried out by 
analysis of variance followed by the Newman-Keuls test for 
multiple comparisons [23]. Differences were considered statis- 
tically significant at p less than 0.05. 

Results 

The  u n t r e a t e d  d iabe t ic  (D)  ra ts  ga ined  weight  at  a 

m u c h  lower  ra te  than  the  cont ro l  (C) rats  (F ig . l ) .  

C o m p a r e d  to D rats, the  b o d y  weight  of  the  selen- 

a t e - t r ea t ed  d iabet ic  (Se) rats  was slightly dec rea sed  

because  of  s o m e  avers ion  to the  e lement .  The  b o d y  

weight  of  the  w e i g h t - m a t c h e d  d iabet ic  ( W M )  rats  

was consis tent ly  s imilar  to tha t  of  Se ra ts  (Fig. 1). 

A v e r a g e  fed p l a s m a  glucose levels (at  09.00 hours )  

were  a round  25 mmol/1 in D rats. H y p e r g l y c a e m i a  

was only  t rans ien t ly  dec rea sed  by  calor ie  res t r ic t ion  

in W M  rats  (p < 0.05 vs D rats  solely dur ing w e e k  1). 
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m C  

[ ]D 
[ ]  WM 
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*t* Fig.2. Metabolic balance of control �9 
(C), untreated diabetic []  (D), weight- 
matched diabetic []  (WM) and selen- 
ate-treated diabetic []  (Se) rats. Mea- 
surements were made daily during 
week 7 of the treatment, while the ani- 
mals were housed in metabolic cages. 
Corrected food intake corresponds to 
total intake minus calories lost as glu- 
cose in urine. Values are mean + SEM 
for 11, 13, 8 and 17 rats. * p < 0.001 vs C 
rats; +p < 0.001 vs D rats; �9 p < 0.00i 
vs WM rats 

In contrast, a sustained and pronounced decrease in 

plasma glucose levels was observed in Se rats 

(p < 0.01 or less vs WM rats from the second week on- 

ward). After  9 weeks, this fall amounted to - 5 0  % 

(Fig.l). 
Fed plasma insulin levels were similar in the three 

groups of diabetic rats and were markedly reduced 

compared to those of C rats (p < 0.05 or less at each 

sampling). The difference was particularly striking 

when measurements  were made during the night, 

when the animals were in an absorptive state (02.00- 

04.00 hours) (Fig. 1). 

The metabolic balance of the four groups of rats 

was measured during w e e k 7  of the t reatment  

(Fig.2). Daily food intake was doubled in D rats. It 

proved necessary to only moderately reduce 

( -  23 %) food consumption of WM rats to ensure a 

body weight evolution similar to that of Se rats. By 

contrast, selenium administration totally reversed 

the diabetic polyphagia. When food intake was cor- 

rected for urinary losses of glucose, energy consump- 

tion remained lower ( - 2 3  %) in Se than in C rats, 

suggesting that selenium itself exerts a mild anorexi- 

genic effect. The important glucosuria of D rats was 

diminished by 25 and 80 % in WM and Se rats, respec- 

tively. This may explain, at least in part, why urine 

volume and fluid intake were modestly reduced in 

WM rats and completely corrected by selenate treat- 

ment. 
Af ter  an overnight fast, plasma glucose concentra- 

tions in Se rats (5.4 + 0.1 mmol/1; mean values ob- 
tained at t ime zero of the OGTT) were lower 

(p < 0.05 or less) than in D rats (6.6 + 0.1 mmol/1) or 
WM rats (8.4 + 0,9 mmol/1), but were not different 

from those in C rats (4.5 + 0.1 mmol/1). Fasting plas- 
ma insulin levels were similar in the four groups of 

rats (in ng/ml: C, 0.43 _+ 0.03; D, 0.53 + 0.05; WM, 
0.50 _+ 0.09; Se, 0.40 + 0.04). 

During the OGTT, plasma glucose levels of C rats 
remained below 10mmol/1 (Fig.3), but rose to 

30 mmol/1 and did not return to basal values at the 

end of the test in D rats. They were even slightly high- 

er (p < 0.05 vs D rats from 60 min onward) in WM 

rats. By contrast, plasma glucose concentrations in 

Se rats were consistently lower (p < 0.01 or less) than 

those in D or WM rats, and decreased to control val- 

ues at 180 min. The integrated glucose response 

(area under the curve and above basal levels) was ap- 

proximately 50 % lower in Se than in D and WM rats 

(p < 0.001), but remained threefold higher than in C 

rats. A marked rise in plasma insulin levels was ob- 

served in C rats, which contrasted with the almost 

complete absence of change in the three groups of di- 

abetic animals. The integrated insulin responses were 

not different in Se, WM and D rats and were 80 % 

lower than those in C rats. 

During the IVGTT (series I only) (Fig. 4), glucose 

concentrations in Se rats were lower than in D rats 

from 15 min onward (p < 0.01) and returned to con- 

trol levels at 120 min. The glucose disappearance 

rate (KG, slope of the logarithm of glucose levels be- 
tween 5 and 60 min) was twofold higher (p < 0.01) in 

Se rats (1.37+0.17%/min) than in D rats 

(0.64 + 0.05 %/min), but remained lower than in C 
rats (2.27 + 0.18 %/min). The integrated glucose re- 

sponse in Se rats was similar to that in C rats and 

was reduced by about 40 % compared with that in D 

rats. A strong rise in plasma insulin levels was again 

observed in C rats only. Thus, the integrated insulin 

responses of treated and untreated STZ rats re- 
mained blunted compared with those of normal rats. 

Pancreatic insulin reserves (in ~g/pancreas) were 

reduced by more than 90% (p<0.001) in Se 

(17 + 3), WM (6 _+ 1), and D rats (6 + 1) compared 

with those in C rats (208 + 13). 
Hepatic glycogen stores measured in series I only 

(in mg/g), were decreased threefold in D rats com- 
pared with C rats (11.5 + 0.9 vs 33.9 + 3.5; p < 0.01) 
and were not replenished by selenium administra- 

tion (16.1 + 2.1). In contrast, selenate t reatment  par- 
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Fig.3. Lefipanels, Plasma glucose and insulin levels during an 

oral glucose tolerance test ( O G T r )  in control (C), untreated 

diabetic (D), weight-matched diabetic (WM) and selenate- 

treated diabetic (Se) rats. Right panels, Integrated glucose and 

insulin responses during the OGTT. The test was performed af- 

ter 4 weeks of treatment. Values are mean + SEM for 11, 13, 8 

and 17rats. *p<0 .001  vs C rats; +p<0 .001  vs D rats; 

�9 p < 0.001 vs WM rats 
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Fig. 4. Left panels, Plasma glucose and insulin levels during an 

intravenous glucose tolerance test (IVGTT) in control (C), un- 

treated diabetic (D), and selenate-treated diabetic (Se) rats 

(series I). Right panels, Integrated glucose and insulin re- 

sponse during the IVGTI'.  The test was performed after 

7 weeks of treatment. Values are mean + SEM for five, six 

and eight rats. * p < 0.01 vs C rats; + p < 0.01 vs D rats 

tially corrected activity and expression of glycolytic 
and gluconeogenic enzymes in livers of diabetic rats 
(series I and II). The activities of two major glyco- 
lytic enzymes, GK and L-PK, were decreased by - 90 
and -70  %, respectively in diabetic animals (Ta- 
ble 1). They remained unchanged by mere caloric re- 
striction, but were increased - two-  to threefold by 
selenate treatment to reach - 50-74 % of the values 
in C rats. A 4.5-fold rise in the activity of the key glu- 
coneogenic enzyme, PEPCK, was induced by diabe- 

tes. This again remained unchanged in WM rats, but 
was corrected by selenate administration (Table 1). 

We next examined whether selenate-related chan- 

ges in enzyme activities were associated with chan- 

ges in corresponding mRNA levels. This was per- 
formed in rats from series I. Yields of total hepatic 
RNA did not differ between the experimental 
groups (C, 4.8 + 0.2 mg/g; D, 5.1 + 0.3 mg/g; Se, 
4.4 + 0.2 mg/g). The abundance of specific mRNAs 
was assessed by Northern blot analysis. GK mRNA 
(2.4kilobases) and L-PK mRNA (2, 2.2 and 
3.2 kilobases) transcripts were barely detectable in 
livers of D rats, whereas some restoration was ob- 
served after selenate treatment (Fig.5). In good 
agreement with changes in enzyme activities, quanti- 
fication of autoradiographic signals showed that GK 
and L-PK mRNAs, which were decreased by 90 and 
80 %, respectively in diabetic livers, were partially re- 
stored by selenate treatment (to - 40-60 % of C val- 
ues) (Fig. 6). On the other hand, the strong rise (11- 
fold) in PEPCK mRNA produced by diabetes was re- 
duced by - 40 % in Se rats (Figs. 5, 6). 

In keeping with previous reports [24-27], a two- 
fold augmentation of GLUT2 mRNA was found in 
livers of STZ-rats (Figs. 5, 6). This is thought to con- 
tribute to the increased glucose output from diabetic 
liver [24]. However, transport is not limiting for he- 

patic glucose metabolism or export [28]. Selenate 
treatment did not modify liver GLUT2 mRNA 
(Figs. 5, 6). 

Daily consumption of sodium selenate averaged 
3.09 + 0.32 mg/kg body weight per day in treated rats 
(n = 17), which corresponds to 1.29 + 0.14 mg sele- 
nium element/kg body weight per day. Concentra- 
tions of selenium were increased by 64 % in plasma 
and sixfold in liver of treated rats compared with un- 
treated (C and D) animals. Urinary excretion of sele- 
nium was also increased in Se rats (Table 2). 

As shown in Table 3, selenate treatment had no 
obvious toxic side-effects on kidney or liver. The cre- 
atinine clearance which was increased in D rats, due 
to the glomerular hyperfiltration rate [29], was nor- 
malized in Se rats. Daily proteinuria was also cor- 
rected. The rise in plasma urea observed in both 
groups of STZ rats may reflect a marginal dehydra- 
tion, due to either increased urinary volume (D rats) 
or decreased fluid consumption (Se rats). Liver c y -  
tolytic enzymes were not increased, but actually 
even decreased (glutamie-pyruvic transaminase) af- 
ter selenate treatment (Table 3). 

Discussion 

The present study confirms that selenate treatment 
lowers plasma glucose concentrations in STZ-dia- 
betic rats [9]. It further demonstrates that oral admin- 
istration of selenium is effective and that the hypo- 
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Table 1. Effects of selenate treatment on GK, L-PK and PEPCK activities in the livers of diabetic rats 

U/g liver 

Control  Un t r ea t ed  diabetic Weight matched  diabetic Selenate t reated 

n 11 13 8 17 

G K  1.31 + 0.17 0.18 + 0.02 a 0.16 +_ 0.04 a 0.62 + 0.10 a,b,c 

L-PK 

PEP  1.3 mmol/1 33.7 + 3.7 10.7 + 1.9 a 13.7 _ 2.0 a 25.0 • 1 . 7  a ' b ' c  

PEP 6.6 mmol/1 97.8 + 10.9 21.5 _+ 2.9 a 26.3 + 5.5 a 62.0 _+ 4.1 a'b'c 

P E P C K  0.71 + 0.06 3.19 + 0.37 a 3.02 + 0.30 a 1.15 + 0.12 b,~ 

Values are mean + SEM. Measurements made after 10 weeks 
of treatment. L-PK was measured at 1.3 mmol/1 PEP (active 
form of the enzyme) and at 6.6 mmol/1 PEP (maximal activity 

of the enzyme), a p < 0.01 or less vs C rats; b p < 0.01 or less vs 
D rats; ~p < 0.05 or less vs WM rats 

Fig.5. Northern blot analysis of glucokinase (GK), L-type 
pyruvate kinase (L-PK), phosphoenolpyruvate carboxykinase 
(PEPCK) and GLUT2 transporter mRNA in liver from con- 
trol (C), untreated diabetic (D) and selenate-treated diabetic 
(Se) rats. All lanes were loaded with 30 ~g of total RNA. The 
filters were then successively hybridized with the different ra- 
diolabelled cDNA probes. Representative of five-eight differ- 
ent rats in each group, kb, Kilobase 

glycaemic action of the element can be observed dur- 

ing glucose tolerance tests as well as under basal con- 

ditions, and is clearly independent  from a rise in cir- 

culating insulin levels or decrease in food intake and 

slowing of body weight gain. It also shows that the 

blood glucose-lowering effect of selenate results in 

part from restoration of glucose metabolism in the di- 

abetic liver. 
In our study, i.p. selenate gave less consistent re- 

sults than the oral route (D. J. Becker  and B. Reul,  un- 

published data). Some heterogeneity in the hypo- 

glycaemic responses has also been reported by 

McNeill et al. after i, p. t reatment [9]. Moreover,  it 

should be noted that acute i.p. selenium adminis- 

tered to normal rats may induce hyperglycaemia, at 

least when relatively high doses of sodium selemite 

(1.6 mg/kg or more) are used [8]. 

A moderate  decrease in body weight, which is like- 

ly to be due to a reduction in food intake, was ob- 

served in Se rats compared with D rats. This is remi- 

niscent of the anorexigenic effect reported in dia- 

betic rats treated with vanadate, a well-established in- 

sulin-like agent [30]. It has recently been claimed that 

the antihyperglycaemic action of vanadate was en- 

tirely attributable to its inhibition of feeding and 

slowing of body weight gain [31]. This made it impor- 

tant to compare Se rats, not only with diabetic rats fed 

ad libitum (D), but  also with calorie-restricted and 

body-weight matched STZ (WM) rats, to distinguish 

be tween genuine effects of the element and effects 

secondary to reduction of body weight. Our results 

clearly show that the lowering of blood glucose and 

the improvement  of hepatic glucose metabolism 

brought about  by selenium cannot be ascribed to the 

decrease in food intake. 

Several other mechanisms could theoretically con- 

tribute to the blood glucose-lowering action of oral 

selenate in chronically treated diabetic rats. First, an 

inhibition of intestinal glucose transport by selenate 

has been observed in vitro [32]. However,  this only 

occurred at a concentration of selenate (1 mmol/1), 

one order of magnitude higher than that actually 

reached in the drinking solutions given to the rats 

( -0 .1  mmol/1). Moreover.  the influence of selenate 

was detectable during IVGTT as well as OGTT, and 

in fasted animals. Second. an acceleration of renal 

glucose excretion can also be excluded since gluco- 

suria was decreased in Se rats. In this respect, the hy- 

poglycaemic action of selenate entirely differs from 

that of phlorizin [33]. Third, a decrease in insulin 

counterregulatory hormones could contribute; how- 

ever, acute selenium treatment has actually been 

shown to increase plasma corticosterone levels in 

normal rats [8]. Fourth, an insulin-like action on the 

insulin target tissues is likely to be  of major impor- 

tance in the in vivo effects of selenate [9]. This is sup- 

ported by the significant improvement in tolerance to 

oral or i.v. glucose despite the lack of changes in cir- 

culating insulin levels and pancreatic insulin stores. 
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Fig.& Effects of selenate t rea tment  on glucokinase (GK),  L- 
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diabetic rats. Values are means  + S E M  for five, six and eight 

control  (C), unt rea ted  diabetic (D) and selenate- t reated dia- 

betic (Se) rats (series I). m R N A  levels were  quantif ied by 

scanning densi tometry  of  autoradiographic signals obtained 

f rom Nor thern  blots. Results  are expressed as percentages of 

values in C rats. * p < 0.05 or  less vs C rats; + p < 0.05 or less 

vs D rats 

This is also evidenced by the effects in the liver where 
selenate treatment partially restored mRNA levels 
and activities of two key glycolytic enzymes (GK 
and L-PK). It also decreased the elevated mRNA 
concentration and activity.of a major gluconeogenic 
enzyme (PEPCK). Thus, oral selenate partially shif- 
ted the predominating gluconeogenic flux, which pre- 
vails in the diabetic liver, into a glycolytic flux. Inter- 
estingly, the concentration of selenium in the liver of 
treated rats (70 Fmol/kg) is close to that at which it 
elicits insulin-like effects in vitro (100 ~tmol/1) [6]. 
Some of the in vivo effects of selenium may be repro- 
duced by treatment with phlorizin and might there- 
fore partly be due to an alleviation of glucose toxic- 
ity in the liver [27]. However, phlorizin treatment 
modified neither the activity (at both PEP concentra- 
tions) nor mRNA levels of L-PK, suggesting that 
other mechanisms (i. e. an insulin-like action) may 
play a determinant role in the in vivo effects of sele- 
nium on liver metabolism. Thus far, the in vitro insu- 
lin-like effects of selenium have only been studied in 
adipocytes [6]. It is clear that such an action on mus- 
cle and adipose tissue, which was not explored in this 
study, may also substantially contribute to the anti-di- 
abetogenic effects of selenium treatment. 

The effects of selenium on glucose homeostasis 
and liver metabolism in diabetic rats are similar to 
those of vanadium and several other trace elements 
[26, 30, 34-38]. This similarity raises the possibility 
that those elements could exert non-specific actions 

Table 2. Changes in plasma and liver selenium concentrat ions 

and urinary selenium excret ion induced by selenate t rea tment  

in diabetic rats 

Selenium Control Untreated Selenate 

diabetic treated 

n 5 6 8 
Plasma (~tg/dl) 42 + 2 46 _+ 2 72 _+ 2 a,b 

Liver (gg/g) 0.80 + 0.06 0.97 _+ 0.03 5.62 + 0.61 a'b 

Urine (Fg/24 h) 11 + 8 5 + 0.3 143 _+ 14 a,b 

Values are mean  + SEM. Plasma and liver selenium concentra-  

tions were measured  after 10 weeks of t reatment .  Ur inary  ex- 

cret ion of selenium was de te rmined  while the animals were  

housed in metabol ic  cages (week 7). "p  < 0.01 vs control  rats; 

bp < 0.01 VS untrea ted  diabetic rats 

Table 3. Effects of selenate t rea tment  on renal function, pro- 

teinuria and on liver cytolytic enzymes in diabetic rats 

Control Untreated Selenate 
diabetic treated 

n 5 6 8 

Plasma 

Urea (mmol/1) 12.1 + 0.4 17.9 + 1.1 ~ 21.4 + 1.4 a 
Creatinine (~tmol/1) 36.2 + 1.8 41.5 _+ 1.8 30.9 _+ 0.9 
GOT (IU/1) 161 _+ 20 162 + 63 117 + 7 
GPT (IU/1) 50 + 4 116 + 36 b 75 _+ 6 

Creatinine clearance (ml/min) 2.37 _+ 0,17 3.47 + 0.36 b 2.21 _+ 0.16 c 

Proteinuria (rag/24 h) 16 _+ 2 43 + 7 a 17 _+ 5 ~ 

Values are m e a n +  SEM. Measurements  were  made  after 

10 weeks of t reatment ,  except  those of urinary determinat ions  

(week 7, during housing in metabol ic  cages). Two samples 

were taken for daily proteinuria  and the obtained values were 

averaged for each rat. GOT, glutamic-oxaloacet ic  transami- 

nase; GPT, glutamic-pyruvic transaminase.  "p  < 0.01 vs con- 

trol rats; bp  < 0.05 VS control  rats; Cp < 0.01 vs unt rea ted  dia- 

betic rats 

on glucose metabolism. This is unlikely for several 
reasons. First, selenium and vanadium belong to dis- 
tinct groups of elements in the periodic table, and ex- 
hibit quite different physico-chemical properties: se- 
lenium is primarily an anti-oxidant, vanadium an in- 
hibitor of ATPases and phosphatases [1, 39, 40]. Sec- 
ond, in contrast to selenium, vanadium treatment to- 
tally replenished glycogen stores in diabetic liver [30, 
36, 41, 42]. This occurred even in rats given a low con- 
centration of vanadate, in which glycaemia was only 
very modestly decreased [30]. Third, evidence has 
been presented that trace elements may specifically 
affect different pathways of glucose metabolism in di- 
abetic rats. Thus, lithium and vanadium administered 
to partially pancreatectomized rats stimulated their 
muscle glycogen synthesis, while combined zinc and 
magnesium therapy specifically enhanced their 
whole-body glycolytic rate [38]. 

In conclusion, oral selenate induces a sustained 
improvement  of glucose homeostasis in STZ-dia- 
betic rats by an insulin-like action, which involves 
partial correction of altered pretranslational regula- 
tory mechanisms in liver metabolism. Additional 
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studies a re  necessa ry  to es tabl ish  w h e t h e r  small  doses  

of  se lenium,  which also possess  in teres t ing  anti-oxi-  

dan t  proper t ies ,  m a y  be  useful  as an ad junc t ive  ther-  

apy  in h u m a n  diabetes .  
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