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Regulation of Mg 2+ homeostasis by insulin in perfused rat livers and 
isolated hepatocytes 
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Abstract Several recent studies demonstrate that adrenergic suppor ted  by evidence revealing tha t  condi t ions  of  decreased 
receptor stimulation evokes marked changes in Mg 2+ home- insulin release are associated with al terat ions of  b lood  and  
ostasis. As insulin counter-regulates many of the metabolic tissue M g  2÷ level [14,16]. 
consequences of adrenergic receptor stimulation, we evaluated The current  study was under t aken  to elucidate the cellular 
the potential influence of insulin on Mg 2÷ movements in response mechanism(s)  responsible for the insulin effect on  cellular 
to adrenergic stimulation. The data demonstrate that insulin is Mg 2+ t ranspor t  and  to assess the possible inter-rela t ionship 
able to block the Mg 2+ efflux from perfused rat livers stimulated between insulin, adrenergic s t imulat ion and  Mg 2÷ homeosta-  
by isoproterenoi or 8-Br-cAMP, but has little or no effect on sis in the liver. 
epinephrine or phenylephrine induced Mg 2+ efflux. Thus, 
evidence is provided demonstrating that there are redundant 
adrenergic pathways regulating Mg 2÷ efflux from liver tissue. 2. Materials and methods 
One of these pathways, the [~-adrenergic component, is 
selectively blocked by insulin. Furthermore, these findings may 2.1. Mg 2+ effiux from perfused rat livers 
provide a cellular explanation for hypomagnesemia associated Rat livers from fed, male Sprague-Dawley rats (250-350 g body wt) 
with diabetes, were perfused with a hemoglobin-free buffer according to the method 

of Sugano et al. [17]. After cannulation of the portal vein, livers were 
perfused with a buffer containing (raM): Na +, 144; K +, 4.7; CI-, 

Key words." Mg2+; [3-Adrenergic receptor ;  Insul in;  Liver;  110; HCO~-, 24; Ca 2+, 1.2; PO]- ,  1.2; HEPES, 10; glucose, 10; at 
c A M P  a pH of 7.2 with no added Mg 2+. The Mg 2+ present as contaminant 

in the buffer was 15 p.M. The buffer was equilibrated with a O2lCO2 
95:5 gas mixture and maintained at 37°C. The livers were removed 
from the abdomen, inverted and placed on a platform. After 10 min 
of washout (-20--- , -10 min), the effluent was sampled at l-min inter- 

1. Introduction vals. The first 10 min of sampling ( -10  ~ 0 min) provided a baseline 
and was used to initiate pre-treatment with insulin (INS, 10 mU/ml). 

To date, adrenergic receptor  agonists  have been established Epinephrine (EPI, 1 ~tM), phenylephrine (PHE, 1 laM), isoproterenol 
as the p reeminent  endogenous  med ia to r  of  M g  2÷ homeostasis .  (ISO, 10 ~tM), 8-bromo-cAMP (8BrcAMP, 125 ~tM) or vehicle (CON) 

were added to the perfusate during the second 10 min of sampling 
In ra t  liver, a pa rad igm has  emerged whereby s t imula t ion of  (0 ~ 10 min). The last 10 min of sampling (10 ~ 20 min) allowed for 
the ~-adrenergic ([~-AR) receptor  results in the mobi l iza t ion  of  recovery. Effluent ( ~ 1 ml) was collected in borosilicate glass culture 
an  intracel lular  M g  2+ pool  and  s imul taneous  extrusion of  tubes and the Mg 2+ content was measured by atomic absorbance 
Mg 2+ across the p lasma m e m b r a n e  into the extracellular spectrophotometry (AAS)in a Perkin-Elmer 3100. 

space [14] .  In vivo, a measurable  increase in circulating 
Mg 2+ level occurs following [3-AR s t imula t ion [5]. Thus,  13- 2.2. Mg 2+ efflux from collagenase dispersed rat hepatocytes 

Collagenase dispersed rat hepatocytes were isolated according to 
A R  s t imula t ion has  p ro found  effects on  M g  2+ homeostas is  at  the method of Seglen [18] from fed, male Sprague-Dawley rats 
the cellular and  extracellular level. In  addi t ion,  there is some (225-300 g body wt). The hepatocytes were sedimented through a 
evidence indicat ing tha t  ct-adrenergic (~-AR)  s t imula t ion may  Percoll gradient resulting in a viability of >95% as measured by the 
also regulate extrusion of  M g  2+ across the p lasma m e m b r a n e  trypan blue exclusion test. Cells were then suspended in a buffer 

identical to that used to perfuse livers except for a Mg 2+ concentra- 
in the liver [6]. tion of 1.2 mM. The cells were continuously equilibrated with a 02/ 

Insulin is known  to an tagonize  many  of  the metabol ic  re- CO2 95:5 gas mixture and maintained at 25°C until used. To measure 
sponses tha t  occur secondary to ei ther  ~ - A R  or [3-AR stimu- Mg 2+ extrusion across the hepatocyte plasma membrane, aliquots of 
la t ion in the liver [7-10]. Most  notably,  insulin inhibits  bo th  cells were resuspended in a buffer identical to that described above but 

with no added Mg 2+. The cells were then incubated in 10 ml of the 
o~-AR (Ca 2÷ mediated)  and  [3-AR ( c A M P  mediated)  induced same Mg2+-free buffer pre-warmed to 37°C. The cells were maintained 
glycogenolysis and  glucose release. In addit ion,  insulin has in suspension by magnetic stirring, under continuous flow of O~/CO2 
been shown to al ter  Mg 2+ homeostas is  in several tissues 95:5. After 3 min of equilibration ( - 5 . 0 ~ - 2 . 0  rain), insulin or ve- 

2+ [11-13] where increases in intracel lular  M g  following insulin hicle were added to the suspension and sampling was performed there- 
t rea tment  have been observed [14,15]. The  potent ia l  role of  after at 2.0-min intervals. The first sampling period ( 2 . 0 ~ 0  min) 

allowed for the measurement of a baseline. Insulin (10 mU/ml ~ 6  
insulin as an  endogenous  media to r  of  Mg 2+ homeostas is  is nM) was added at -2 .0  min and isoproterenol (10 ~tM), or vehicle 

(buffer), was added at 0 min. Sample aliquots were sedimented in 
microfuge tubes at 8000×g for 30 s and the Mg 2+ concentration in 
the supernatant was measured by AAS. 
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3. Results A 25 

• C O N  
• P H E  * Fig. 1 shows the change in Mg ~+ content in the effluent of 

perfused control livers (CON) and perfused livers following 20 • T f f ' x ~ - ~ T ~  T I N S / P H E  T ~ T ~  ~ j ] -  I ]~'J"-'f~ 
treatment with epinephrine in either the absence (EPI) or pre- ~ [ I_/I I .L3~"~ & 
sence (INS/EPI) of insulin. As previously shown [2,6], epi- = 
nephrine (EPI) added to the perfusate at 0 min resulted in a %-" 15 
rapid increase in effluent Mg 2+ from 12.3 + 1.2 to 25.1 + 5.1 + 
}aM during the first 3 min of perfusion. No statistically sig- 
nificant differences in effluent Mg 2+ level were observed be- 10 

tween any of the control and treated groups during the first 10 I +1- Phenylephrine I 1~/ 
min (--10 to 0 min) of sampling. A persistent elevation of 5 . +/-Insulin , ] ~- , 
Mg 2+ for the next 3 min was observed, decreasing thereafter -5 0 5 10 15 
despite the persistence of EPI in the perfusate. 10 min of Time, rain 
perfusion of insulin alone had negligible effect on liver g 
Mg 2+ redistribution in that there was little change in the ef- 25 

• CON 
fluent Mg 2+ between - 1 0  (14.7+3.9 gM) and 0 (15.4+5.3 • I s o  

gM) min. When insulin was present in the perfusate for the 20 " INSIISO * . 
10 min prior to and during epinephrine treatment (INS/EPI), 
the extrusion of Mg 2+ in response to epinephrine was de- 2~ . * 
creased. The initial increase in effluent Mg 2+ was quantita- %'; 15 
tively similar to that observed in the non-insulin treated + 
group. However, at the latter time points the Mg 2+ content 
in the effluent in the INS/EPI group was less than that ob- 10 
served in the EPI group (although this difference did not 
achieve statistical significance). Since it has been previously 
demonstrated that both ~-AR and ~-AR stimulation result 5 -5 0 5 10 15 
in Mg 2+ extrusion from perfused rat livers [2,6], we hypothe- Time, rain 
sized that partial inhibition of epinephrine induced Mg 2+ ef- 
flux by insulin may be due to the preferential blockade of Fig. 2. Effect of insulin on (A) phenylephrine or (B) isoproterenol 
either the ct or [3 mediated pathway. Fig. 2A demonstrates induced Mg 2+ efflux from the perfused rat liver. Concentration of 

Mg 2+ in effluent vs. time. Rat livers were perfused as described in 
the variations in effluent Mg 2+ from livers perfused with phen- Section 2. During the designated time, phenylephrine, isoproterenol 
ylephrine (a selective c~-AR agonist) in either the absence or vehicle were added to the perfusing buffer. For the insulin pre- 
(PHE) or presence (INS/PHE) of insulin. Addition of PHE treatment groups, insulin was present in the perfusing buffer for the 
to the perfusate resulted in an increase in effluent Mg z+ from 10 min prior to, and during, agonist treatment. ANOVA and Tu- 

key's test for multiple comparisons was performed at 0, 2, 4, 6, 8 
12.13_+0.9 gM at 0 min to 17.3_+5.4 gM at 1 rain. Effluent and 10 min. There were no significant differences between the PHE 
Mg 2+ remained at this elevated level for the following 4 min and INS/PHE groups. *p-<0.05 vs. control and vs. isoproterenol in 
before returning to baseline levels despite the persistence of the presence of insulin. 
PHE in the perfusate. In the presence of insulin, the Mg 2+ 

3o measured in the effluent in response to phenylephrine was 
• CON slightly higher at the first observation points and then declined 
• EPI  towards values not significantly different than those observed 

25 , INS/EPI with PHE alone. In Fig. 2B, the livers were perfused with 
20 T isoproterenol (a selective I3-AR agonist) in either the absence 

-" ~ (ISO) or presence (INS/ISO) of insulin. The mobilization of 
+ 15 Mg 2+ in the effluent induced by ISO was qualitatively differ- 
c~ ent from that observed following EPI or PHE in that there 

10 was a more gradual increase over time. Furthermore, in con- 
trast to the previous observations from livers perfused with 

5 [ +/-Epinephrine ] either a mixed adrenergic receptor agonist (EPI) or an cx-AR 
÷/-Insulin agonist (PHE) in the presence of insulin, the increase in ef- 

t 5  0 5 10 1~- fluent Mg 2+ following ~-AR (ISO) stimulation was completely 
Time, rain inhibited by the insulin pre-treatment. To determine whether 

Fig. 1. Effect of insulin on epinephrine induced Mg 2+ efflux from insulin was inhibiting ISO stimulated Mg 2+ efflux from the 
perfused rat liver. Concentration of Mg 2+ in effluent vs. time. Rat liver through an effect on the [~-AR second messenger system 
livers were perfused as described in Section 2. During the designated cyclic AMP, livers were perfused with the cell-permeant cyclic 
time, epinephrine or vehicle were added to the perfusing buffer. For AMP analogue 8-bromo-cAMP, in either the absence (8Br- 
the insulin pre-treatment group, insulin was present in the perfusing cAMP) or presence (INS/8Br-cAMP) of insulin. Fig. 3 dem- 
buffer for the 10 min prior to and during agonist treatment. ANO- 
VA and Tukey's test for multiple comparisons was performed at 0, onstrates that, after a delay of 5 rain following the addition 
2, 4, 6, 8 and 10 min. Despite the partial inhibition, there were no of 8Br-cAMP to the perfusate, the Mg 2+ content of the efflu- 
statistically significant difference between EPI and ISO/EPI. ent increased. The presence of insulin prior to and during the 
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8Br-cAMP treatment completely abolished the Mg 2+ efflux. 22 
As stated above, and as partially evident in the figures, the 20 , , CON T L 
presence of  insulin for the 10 min pre-treatment period ~ 1618 . . . . .  I s o  

~" ~ 1014 ...... ( - 1 0 - ~ 0  min) had no effect on the Mg 2+ content in the ef- ~ ~. 12 
fluent. In data not  shown, livers were perfused with insulin "~ e c e~ 
and buffer containing up to 70 ~M Mg 2+ and no detectable ® = s 
Mg 2+ uptake was observed. Taken together, these results sug- ®~=~ E 4 c m 2 gest that insulin antagonizes the effects of  [3-AR and 8Br- .- ® ®~ 0 
c A M P  rather than activating a separate Mg 2+ uptake process. ~ E -2 

~ = - 4  
Finally, Fig. 4 shows the effect of  insulin pre-treatment on = -6 o 
isoproterenol induced Mg 2+ extrusion from collagenase dis- -a 
persed rat hepatocytes. Also in this system, ISO resulted in a -2 -1 0 1 2 3 4 5 6 
rapid extrusion of  Mg 2+ into the supernatant with over 90% Time after addition, rain 

of  the effect already present at 2 min following the addition of  Fig. 4. Effect of insulin on isoproterenol induced Mg 2+ efflux from 
agonist. Consistent with the data from perfused livers, treat- collagenase dispersed rat hepatocytes. Concentration of Mg 2+ in 
ment with insulin completely blocked the extrusion of  Mg z+ supernatant vs. time. Rat hepatocytes were prepared as described in 

Section 2. Cells were pre-treated with either insulin or vehicle at - 2  
into the supernatant, min and then treated with either isoproterenol or vehicle at 0 min. 

ANOVA and Tukey's test for multiple comparisons was performed 
4. Discussion at 0, 2 and 4 min. *p-< 0.05 vs. isoproterenol alone. 

The current study illustrates a novel mechanism of hormo- 
nal control of  intracellular Mg 2+ homeostasis in liver cells, mediated Mg 2+ extrusion is speculative at this point. Insulin 
The data demonstrate that insulin completely inhibits 13-AR has been shown to interfere with 13-AR signalling at several 
mediated Mg 2+ efflux from perfused livers or isolated hepato- levels. Recent evidence has shown that insulin phosphorylates 
cytes, has a reduced effect, under similar experimental condi- two tyrosine residues in the C-terminus of  the ~2-AR [19,20]. 
tions, on inhibiting mixed adrenergic Mg 2+ efflux, and has no In addition, insulin activates the calmodulin-dependent phos- 
effect on ct-AR induced Mg 2+ extrusion. Several important  phodiesterase which degrades I]-AR stimulated, adenylyl cy- 
conclusions can be derived from these observations regarding clase generated, c A M P  to A M P  in the cytosol of  several cell 
Mg 2+ handling under both physiological and disease states, types, including hepatocytes [21]. These observations are suffi- 

These findings support  an interesting model in the liver cient to explain the observed inhibitory effect of  insulin on the 
whereby epinephrine, the endogenous circulating catechol- 13-AR mediated extrusion of  Mg 2+ from liver cells. Yet, based 
amine, can induce Mg 2+ extrusion, secondary to both ct- and on these preliminary observations, it cannot  be excluded that 
~-AR stimulation and insulin acts as the endogenous counter- insulin has also a direct inhibitory effect on the plasma mem- 
regulatory hormone to the I~-AR activated pathway. Under  brane Mg 2+ extrusion mechanism(s), or that it affects intra- 
conditions where the ~-AR mediated component  is inhibited cellular Mg 2+ redistribution. A schematic representation of  
(i.e. insulin pre-treatment), mixed adrenergic stimulation is these possibilities is illustrated in Fig. 5. 
still capable of  inducing a Mg 2+ ettlux, thus indicating that 
the tx- and 13-AR mediated pathways are distinct. 

The mechanism by which insulin exerts an effect on 13-AR ~,~.~.R=°p,or 

20. 
• C O N  
• 8 B r  cAMP 
• I N S I 8 B r  c A M P  . 

1 5 .  T-r ~-,.i Mg2+ 

+t- 
0') 

~,~, 10 • 

I +/-8Br cAMP Fig. 5. The cartoon summarizes the mechanisms through which in- 
5 ÷/- Insulin sulin can affect the extrusion of Mg 2+ mediated by ~-adrenergic re- 

-5 0 5 10 15 ceptors (13-AR). The stimulation of I]-AR induces an increase in cy- 
Time, mln tosolic cAMP which, in turn, mediates the extrusion of Mg 2+ from 

mitochondria (MITO) via adenine nucleotide translocase (AdNT), 
Fig. 3. Effect of insulin on 8-bromo-cAMP induced Mg 2+ efflux an intrinsic protein of the inner mitochondrial membrane, likely by 
from the perfused rat liver. Concentration of Mg 2+ in effluent vs. changing the substate of choice of this protein from ATP to 
time. Rat livers were perfused as described in Section 2. During the ATPMg. The increase in cytosolic Mg ~+ per se and/or the increase 
designated time, 8-bromo-cAMP or vehicle were added to the per- in cytosolic cAMP will probably activate the putative Na/Mg ex- 
fusing buffer. For the insulin pre-treatment groups, insulin was pre- changer in the plasma membrane of liver cells and favour the extru- 
sent in the perfusing buffer for the 10 min prior to, and during, sion of Mg ~+ in the extracellular compartment. The possibility that 
agonist treatment. ANOVA and Tukey's test for multiple compari- insulin directly affects the operation of the Na/Mg exchanger in the 
sons was performed at 0, 2, 4, 6, 8 and 10 min. *p-< 0.05 vs. control plasma membrane and/or the operation of mitochondrial AdNT is 
and vs. 8-bromo-cAMP in the presence of insulin, also considered (question marks). 
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The physiological relevance of these observations is under- [7] Pilkis, S.J. and E1-Maghrabi, M.R. (1988) Annu. Rev. Biochem. 
scored by the acknowledged relationship between states of 57, 755-783. 
decreased insulin release or insulin-receptor activity and al- [8] Komjati, M., Astner-Kremsmayr, H., Waldhaus, I.H., Reitgru- 

ber, W., Breitenecker, F. and Troch, I. (1988) Endocrinology 123, 
terations in Mg 2+ homeostasis. It is also relevant to the fact 1798 1807. 
that diabetic patients [22] or animals [23] have significantly [9] Pilkis, S.J. (1991)Annu. Rev. Nutr. 11,465-515. 
lower plasma Mg 2+ levels than normal,  healthy groups (1.2- [10] Davis, D.J., Hickman, J.M., Lefebvre, C.A., et al. (1992) Am. J. 
1.3 vs 1.5 1.9 mEq/1). The data reported here suggest that Phys. 263, L562-L567. 
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