
Article Not peer-reviewed version

The Natural Cyclic AMP Antagonist

Prostaglandylinositol Cyclic Phosphate

(Cyclic PIP) Triggers, Depending on

Time, Two Opposing Alpha-

Adrenoceptor Effects on Glucose

Release from Rat Liver

Stephan Wilhelm Weber , Laura Cooper , Heinrich Wasner *

Posted Date: 27 November 2024

doi: 10.20944/preprints202411.2163.v1

Keywords: alpha-adrenoceptor-action; adrenaline; calcium ion; cyclic AMP; cyclic PIP; insulin action;

prostaglandylinositol cyclic phosphate; prostaglandin E action-mechanism 

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/1500934
https://sciprofiles.com/profile/1914073


 

Article 

The Natural Cyclic AMP Antagonist 
Prostaglandylinositol Cyclic Phosphate (Cyclic PIP) 
Triggers, Depending on Time, Two Opposing  
Alpha-Adrenoceptor Effects on Glucose Release from 
Rat Liver 
Stephan Weber 1,a,b, Laura Cooper 2 and Heinrich K. Wasner 3,*,a 

1 Max-Planck Institute for Infections-Biology, Berlin, Germany; stephan.wilhelm.weber@gmail.com 
2 Department of Microbiology and Immunology, College of Medicine, University of Illinois at Chicago, USA; 

lcoope5@uic.edu 
3 BioReg Biopharm, Technology Innovation Laboratory, University of Illinois at Chicago, Chicago, Il 60612, USA; 
* Correspondence:  hwasner@bioregbiopharm.com  
a See acknowledgement. 
b Retired.  

Abstract: The synthesis of prostaglandylinositol cyclic phosphate (cyclic PIP) is stimulated by insulin and by 
adrenaline via its α1- and α2-adrenoceptors. Cyclic PIP inhibits protein kinase A and activates protein ser/thr 
phosphatase holoenzymes. Consequently, it inhibits glycogen phosphorylase and glucose-release. On extra-
corporal rat liver perfusion, 0.1 µM cyclic PIP triggers a rapid glucose-release, comparable to the one generated 
by the calcium ionophore A23187, confirming reports that phenylephrine stimulates glucose-release via α1-
adrenoceptors. 10–9 M glucagon stimulates glucose-release nearly 2-fold in male rat livers. Simultaneous 
stimulation with glucagon and 2 x 10–9 M insulin causes a 65% reduced glucose-release. 10–6 M adrenaline 
stimulates a rapid first phase and a second, cyclic AMP-triggered phase of glucose-release. Insulin triggers no 
rapid glucose-release, though both hormones stimulate the synthesis of cyclic PIP. The synthesis of cyclic PIP 
peaks 1 min after stimulation with adrenaline, but 3–4 min after stimulation with insulin, and cyclic PIP synthesis 
increases approximately 6-fold slower on insulin than on adrenaline stimulation. This can explain the too low 
Ca2+ increase on insulin-stimulation in order to “flash-activate” glycogen phosphorylase. In summary, cyclic PIP 
first “supports” and thereafter antagonizes the cyclic AMP-triggered glucose-release from liver. 

Keywords: α-adrenoceptor-action; adrenaline; calcium ion; cyclic AMP; cyclic PIP; insulin action; 
prostaglandylinositol cyclic phosphate; prostaglandin E action-mechanism  
 

1. Introduction 
Presently, the dominant opinion is that adrenaline via α1A- and α1B-adrenoceptors activates 

intracellular phospholipase Cβ (PLC), which splits off inositol 1,4,5-trisphosphate (IP3) from 
membrane-bound phosphoinositides. IP3 triggers then Ca2+ release from intracellular stores as the 
endoplasmic reticulum [1–4]. However, adrenaline stimulates also Ca2+ influx into cells [5], and 
inhibits adenylate cyclase type 5 in HL-1 cardiomyocytes via its α1A-adrenoceptors [6]. These results 
indicate that α1A-adrenoceptor action is more complex than presently assumed. Furthermore, there 
are more published results, which do not match with the present view of α1- and α2-adrenoceptor 
action. First, α1- and α2-adrenoceptors activate phospholipase A2 (PLA2), which releases unsaturated 
C20-fatty acids as dihomo-γ-linolenic acid and arachidonic acid from membrane-bound lipids for the 
synthesis of prostaglandins [7,8]. Second, phospholipase C is activated also by α2-adrenoceptors [9], 
though α2-adrenoceptors should only signal inhibition of adenylate cyclase via the Gi protein [10]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
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Third, in the years 1985 to 1987 several research-groups reported that stimulation of α1- and α2-
adrenoceptors triggers the same physiological effects as vasoconstriction, for instance, of the coronary 
bed and the pulmonary arteries, which is similarly inhibited by Ca2+-channel blockade [11, the citation 
numbers 37’–42’]. However, other scientists started to suggest that α1- and α2-adrenoceptor actions 
are different in their biochemistry and mechanism of action [10].   

In recent years the existence and action of the natural cyclic AMP antagonist prostaglandyl-
inositol cyclic phosphate (cyclic PIP) has been reported [11–13]. Its synthesis is stimulated by 
adrenaline via α1- and α2-adrenoceptors. More specifically, phenylephrine increases via α1-
adrenoceptors cyclic PIP synthesis, which is inhibited by the α1-adrenoceptor antagonist prazosin. 
Likewise, clonidine increases cyclic PIP synthesis via α2-adrenoceptors, which is inhibited by the α2-
adrenoceptor antagonist yohimbine. This has been shown in brain, heart and liver of rats. In the heart 
cyclic PIP synthesis is stimulated by α1-adrenoceptors, in liver more by α1- than by α2-adrenoceptors, 
and in brain predominantly by α2-adrenoceptors [11]. Consistent with α-adrenoceptor action, cyclic 
PIP triggers the following effects: It inhibits insulin release from pancreatic β-cells [12], an α2-
adrenoceptor effect [14]; it triggers a 2.7-fold positive inotropic effect on the papillary muscle of the 
kitten heart, an α1-adrenoceptor effect [15]; it increases glucose uptake into adipocytes 10-fold [16], 
an α1-adrenoceptor effect [17].  

The synthesis of cyclic PIP is stimulated, so far discovered, by insulin and adrenaline and also 
by vasopressin and angiotensin II [13]. The chemical structure of cyclic PIP was elaborated by mass 
spectrometry of the dephosphorylated cyclic PIP. It is composed of prostaglandin E (PGE) and myo-
inositol (1:2-cyclic)-phosphate, which is bound by its C4-hydroxyl group to the C15-hydroxyl group 
of the PGE [12]. The substrates for cyclic PIP biosynthesis are PGE and activated inositol phosphate 
[12,13]. Cyclic PIP synthase is a membrane-bound enzyme, which is activated by tyrosine 
phosphorylation in case of insulin stimulation and most likely by a G protein in case of adrenaline 
stimulation of its synthesis (Figure 1). The primary regulatory actions of cyclic PIP are the dose-
dependent, 7-fold activation of protein ser/thr phosphatase holoenzyme and the 100% inhibition of 
protein kinase A (PKA) [12].  

The prevailing opinion that α1-adrenoceptors stimulate IP3 synthesis and α2-adrenoceptors 
inhibit adenylate cyclase via the Gi protein [18], found its way into textbooks. However, the above 
enumerated, published results indicate that this description of the mechanism of α1- and α2-
adrenoceptor action is more complex than this present interpretation suggests. One has to take note 
that all these, above mentioned results, concerning α1- and α2-adrenoceptor action, are consistent with 
the biosynthesis and action of cyclic PIP. The stimulation of both, α1- and α2-adrenoceptors increases 
(1) the activity of PLA2, leading to the biosynthesis of prostaglandins as PGE and (2) the activity of 
PLC, leading to the biosynthesis of activated inositol phosphate (n-Ins-P) [13]. Both compounds are 
the substrates of cyclic PIP synthesis (Figure 1). Importantly, PLA2 and PLC are activated by tyr-
phosphorylation and also by G proteins, related to stimulation of cyclic PIP synthase by insulin or 
adrenaline, respectively [19].  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 November 2024 doi:10.20944/preprints202411.2163.v1

https://doi.org/10.20944/preprints202411.2163.v1


 3 

 

 
Figure 1. Scheme of the biosynthesis of cyclic PIP and its substrates prostaglandin E (PGE) and 
activated inositol phosphate (n-Ins-P) on α1- or α2-adrenoceptor stimulation. Phospholipase Cβ (PLC) 
[20], phospholipase A2 (PLA2) [21–23], and cyclic PIP synthase are activated by G proteins (GPLA, GPLC, 
Gcyclic PIP), transmitting the signal from the α-adrenoceptors to the effector enzymes. It appears that it 
is, presently, not finally determined which G protein activates which one of these three enzymes: α1A-
adrenoceptor action is connected with Gq protein and α2-adrenoceptor action with Gi/o proteins [24–
28]; Axelrod reported that PLA2 and PLC are activated by different G proteins [7], and Hunt et al. 
suggested that these enzymes are activated by one type of G protein [29]. 

The substrates of cyclic PIP synthase: (1) PGE. Years ago, after a biochemical action mechanism 
for prostaglandins was not found, and reports on the existence and action of cyclic PIP were not taken 
into account [11,16], prostaglandins were suggested to be “tissue hormones” because all cells of an 
organism can synthesize this class of compounds. This interpretation led to the current notion that 
prostaglandins are synthesized intracellularly, then excreted, and prostaglandin transporters (PTG) 
bring the prostaglandins for their degradation back into cells [30,31]. Extracellularly prostaglandins 
bind to different, prostanoid-receptors, which are predominantly coupled to Gq- and Gi/o-proteins, 
which bring the signal to various effectors [32–34]. Years ago, the argument has been made that this 
reaction path looks more like a detour, but not like a straight forward action-mechanism of 
prostaglandins, whereas the need of PGE for the synthesis of cyclic PIP (Figure 1) is a straight reaction 
path [16]. In support of this argument is that the Km-values of the substrates of cyclic PIP synthase, 
PGE and activated inositol phosphate, are 1.8 and 3.0 x 10–6 M, respectively [19]. These low Km-values 
warrant that already small amounts of these substrates are fast converted to cyclic PIP. Further 
research will have to show, whether both modes of action coexist or, if just one of these two ways of 
action will be found to meet the biological reality (see chapter 3).  (2) Activated inositol phosphate, 
the second substrate for cyclic PIP synthesis. PLC, activated by adrenaline, liberates apart from IP3, 
various inositol phosphates from phosphoinositides. Inositol (1:2-cyclic,4)-bisphosphate (pr-Ins-P) 
was isolated in a 65% yield from aortic myocytes and then converted in the presence of GTP to 
activated inositol phosphate, which is suggested to be guanosine diphospho-4-inositol (1:2-cyclic)-
phosphate (n-Ins-P) (Figure 1) [13]. 

The mechanism of α2-adrenoceptor-triggered inhibition of adenylate cyclase by the Gi protein 
is, presently, not finally solved, because: (1) the Gi protein inhibits adenylate cyclase only by 30 to 
40%; (2) cyclic PIP inhibits adenylate cyclase by 100%. This inhibition most likely results from protein 
phosphorylation, but unsolved is, if ser/thr- or tyr-residues of adenylate cyclase or the Gi protein 
were phosphorylated [35], or if β-arrestins could be involved [36]; (3) Pradipta Gosh and his group 
reported that the tyr-phosphorylated Gαi protein completely inhibits adenylate cyclase. Insulin, the 
epidermal growth factor, and the platelet-derived growth factor, stimulate tyrosine kinases, which 
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phosphorylate Gαi in intact cells but not very well in homogenates [37]. Very likely these three 
different kinds of inhibition of adenylate cyclase are parts of one complex way of inhibition [35]. 

Why is the synthesis of cyclic PIP rather complex and interference-prone? It is tempting to 
compare the synthesis of cyclic PIP with the one of cyclic AMP, which switches on catabolism and 
which is fast synthesized from always available ATP. On the one hand it is logic that the substrates 
for the synthesis of cyclic PIP are only synthesized when they are needed. On the other hand, why 
are the precursors for the synthesis of the substrates PGE and n-Ins-P stored in and liberated from 
membrane-bound lipids, whose stored amounts can be limiting, especially regarding the supply with 
unsaturated C20 fatty acids. 

On α1- and α2-adrenoceptor stimulation contrary effects are triggered. This finding was most 
likely the reason why the intracellular increase of Ca2+-levels, triggered by IP3 was ascribed to α1- and 
the inhibition of adenylate cyclase to α2-adrenoceptor action [10]. However, existence and regulatory 
action of cyclic PIP do not match with this interpretation. To start solving this contradiction, the effect 
of cyclic PIP on the glucose release from liver was determined. On the one hand it was to expect that 
cyclic PIP, which inhibits PKA, inhibits accordingly the cyclic AMP-stimulated glucose release from 
liver. But on the other hand, intracorporal liver-perfusion of rodents with phenylephrine increases 
the glucose release, which needs increased Ca2+ levels, and which is ascribed to α1-adrenoceptor 
action [38]. Thus, it had to be determined which role cyclic PIP plays in the release of glucose from 
liver.  

2. Results 
Experiments on glucose release from liver have been performed applying intracorporal, 

recirculating liver perfusion in rodents [38]. With this method the glucose content of the perfusion 
buffer could be determined, from which the actual amount of glucose release from liver at any time 
of an experiment had to be calculated. In the following experiments rat livers were extra-corporally 
and nonrecirculating perfused, enabling direct measurement of the released glucose at any time. This 
experimental design should warrant that no interferences occur with the animal body, because the 
liver is disconnected, for instance, from nerves and skeletal muscles, and from the pancreas and the 
adrenal gland. Basal glucose release from unstimulated, male rat livers was about 300 µg glucose per 
min per g liver wet weight during the initial 15 min. In all experiments this level was set to 100%. 
Within 60 min the glucose release decreased by approximately 30%. 

Addition of a half-maximally effective amount of cyclic PIP (0.1 µM) to the perfusion buffer 
triggered instantly a spike-shaped peak of glucose release (Figure 2). This result was not expected, 
since so far discovered, cyclic PIP antagonizes cyclic AMP’s actions. It inhibits dose-dependently the 
PKA and activates the counter-regulatory enzyme of the PKA, the protein ser/thr phosphatase 
holoenzyme [12]. Thus, cyclic PIP should prevent the phosphorylation and thus activation of 
phosphorylase kinase and subsequently of glycogen phosphorylase. On incubation of purified 
phosphorylase kinase, which still contained PKA [39, p 109], the phosphorylation and thus activation 
of glycogen phosphorylase was increased approximately 2-fold in the presence of cyclic AMP. The 
addition of cyclic PIP reduced this phosphorylation in both the absence and the presence of cyclic 
AMP by 66% and 39%, respectively, as calculated with the values obtained at 5 min (Figure 3). This 
inhibition is due to the finding that approximately four times more cyclic PIP is needed to inhibit 
PKA to an equal amount in the presence than in the absence of cyclic AMP [11]. 
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Figure 2. Time course of glucose release (% of basal; means ± SEM) from male rat liver on perfusion 
with Krebs-Ringer-buffer containing cyclic PIP (0.1 µΜ) (curve with open triangle; n = 4) and the 
baseline (curve with closed triangle; n = 5). The arrow indicates the addition of cyclic PIP. 

 
Figure 3. Phosphorylation of glycogen phosphorylase b by phosphorylase kinase in the presence of 
protein kinase A (open circle) and in the additional presence of cyclic AMP (10–6M) (open square) or 
the additional presence of cyclic PIP (0.08µM) (closed triangle) and in the presence of cyclic AMP plus 
cyclic PIP (closed square). Two independent and two technical replicates were performed. The error 
range of the enzyme assay is below 7%. 

In order to find an explanation for this obviously contradictory result, the glucose release was 
determined on stimulation with glucagon, insulin and adrenaline, though these experiments have 
been performed already years ago by different research groups. The only difference is that the livers 
were now extra-corporally and nonrecirculating perfused.  On glucagon-stimulation (10–9 M) the 
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glucose release increased by about 70% within 13 min and started to decrease after 30 – 40 min (Figure 
4). Dibutyryl-cyclic AMP (10-4 M), added to the perfusion buffer, triggered a similar increase in 
glucose release. On co-stimulation of the liver with glucagon (10–9 M) and insulin (2 x 10–9 M) the 
glucose release was decreased by 65%. The initial increase was only half that seen with glucagon 
alone and the decline occurred earlier, only 15 min after the hormone addition (Figure 4). In short, 
glucagon increases the level of cyclic AMP, which activates PKA. This leads to activation of 
phosphorylase kinase and then glycogen phosphorylase b, which degrades glycogen, and leads to 
glucose release from the liver. In the additional presence of insulin, the synthesis of cyclic PIP is 
increased. On the one hand this leads to less activated PKA and thus less activated glycogen 
phosphorylase, and on the other hand cyclic PIP activates protein ser/thr phosphatase. This increases 
the dephosphorylation and inhibition of phosphorylase, causing together a lower release of glucose 
[12]. 

 
Figure 4. (A) Time course of glucose release (% of basal; means ± SEM) from male rat liver stimulated 
with glucagon (10–9 M) (closed circle; n = 5), or with glucagon plus insulin (2 x 10–9 M) (open circle; n 
= 3), and the baseline (closed triangle; n = 5).  (B) Area under the curve (AUC) between 0 and 40 min 
of the experimental groups after baseline was subtracted. ** p < 0.005 of glucagon vs glucagon plus 
insulin. 

Compared to glucagon, adrenaline stimulated the glucose release in a rather different time-
profile in male and female rats (Figure 5). The glucose release was determined in male and female rat 
livers, since in male livers the α-adrenoceptors prevail, whereas in female livers, α- and β-
adrenoceptors are present in approximately equal amounts [40]. Glucose was released in two phases. 
The first one peaked in 1 to 2 min, followed by a more prolonged second phase primarily in the female 
livers (Figure 5, closed square), which is comparable to the profile of glucose release on stimulation 
with glucagon (Figure 4), but maximum glucose release was reached within 7 min and it began to 
decline after 15 min, comparable to the stimulation of glucose release with glucagon plus insulin. In 
male rat livers (Figure 5, open square) almost no second phase of glucose release was found. The first 
phase of glucose release looks comparable to the glucose release triggered by cyclic PIP (Figure 2), 
indicating that the first phase of glucose release on adrenergic stimulation is most likely stimulated 
by cyclic PIP and thus by α-adrenoceptors. In support of this conclusion is that liver perfusion with 
10-6 M phentolamine,  
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an α-adrenoceptor antagonist, 5 min prior to stimulation with 10-6 M adrenaline prevents the 
spike of glucose release (Figure S2 in Supplementary Material). And the second, more prolonged 
phase is ascribed to cyclic AMP and thus β-adrenoceptor action.  

 
Figure 5. Time course of glucose release (% of basal; means ± SEM) from male and female rat liver 
stimulated with adrenaline (10–6 M). (A) Livers of male rats (open square; n = 6), of female rats (closed 
square; n = 5), and the baseline (closed triangle; n = 4). (B) Area under the curve (AUC) between 0 and 
30 min of the experimental groups after baseline was subtracted. **p < 0.005 of male vs female rats. 

The low level of β-adrenoceptors in male rats and the action of cyclic PIP may explain why the 
second phase of glucose release is reduced in male rats [35]. The early decline of glucose release after 
adrenergic stimulation is striking. The slope of decline is minus 6.3 %/min 20 to 30 min after 
adrenergic stimulation (Figure 5). On glucagon stimulation the slope of decline of glucose release is 
minus 0.4 %/min 20 to 30 min after hormonal stimulation, and in case of stimulation with glucagon 
plus insulin (Figure 4) the slope of decline is minus 5.7 %/min, which is obviously the result of cyclic 
PIP action (Figure 3). 

Ca2+ is involved in the α1-adrenoceptor triggered glucose release [38]. Therefore, perfusion of 
male rat livers with the Ca2+ ionophore A23187 (10–5 M) was performed. A spike-shaped glucose 
release was found (Figure 6, closed triangle), which increased 2.5 to 3.5-fold within 2 min and then 
decreased rapidly, confirming that the increase of cytosolic Ca2+ is essential for the α1-adrenoceptor 
stimulated glucose release. A successive stimulation with glucagon at 15 min triggered a glucose 
release (Figure 6, closed circle), which is comparable to that seen on glucagon stimulation (Figure 4), 
indicating that Ca2+ is essential for the first phase of glucose release on stimulation with adrenaline, 
however, it is not involved in the decrease of the glucose release, which is found on stimulation with 
glucagon plus insulin (Figure 4), or adrenaline 20 to 30 min after hormonal stimulation (Figure 5). 

The glycogen content of all livers was determined after liver perfusion experiments in order to 
rule out the possibility that limiting glycogen stores accounted for lowered glucose release. The 
remaining glycogen content of the livers was 5 to 11 mg glycogen per g liver, indicating that any 
reduced glucose release is not a result of an exhaustion of glycogen stores. 
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Figure 6. Time course of glucose release (% of basal; means ± SEM) from male rat livers. (A) The arrow 
at 0 min indicates the addition of the Ca2+ ionophore A23187 (10–5 M) to the Krebs-Ringer buffer 
(closed triangle; n = 3), and the arrow at 15 min indicates the successive stimulation with glucagon 
(closed circle; n = 3). (B) Area under the curve (AUC) of the experimental groups between 15 and 40 
min. * p < 0.05 without vs with glucagon stimulation. 

Insulin and adrenaline stimulate the synthesis of cyclic PIP [12], but only adrenaline and cyclic 
PIP, as intracellular executor of these hormones, trigger a spike-shaped peak of glucose release 
(Figures 2 and 5). However, cyclic AMP-mediated glucose release is inhibited by insulin and 
adrenaline stimulation (Figures 4 and 5), which can be best explained by the action of cyclic PIP 
(Figure 3). Furthermore, adrenaline and insulin are suggested to increase intracellular Ca2+ levels 
[38,41]. A possible explanation for the difference between adrenaline and insulin stimulated glucose 
release may be obtained by comparing the synthesis rate of cyclic PIP after stimulation with insulin 
or adrenaline. A maximal concentration of insulin (10–7 M) or adrenaline (10–4 M), stimulate the 
synthesis of 43 pmol or 74 pmol cyclic PIP per g rat liver, respectively. In the presence of the β-
adrenoceptor antagonist propranolol, which reduces the synthesis-stimulation of cyclic AMP, cyclic 
PIP synthesis reached a maximum within 1 min in male rat hepatocytes, but on insulin stimulation 
maximum synthesis was reached after 3 – 4 min [12]. Thus, in the case of adrenaline the mean value 
of increase of cyclic PIP synthesis is approximately 74 pmol/min and in the case of insulin 12 
pmol/min. The slower rate of insulin-stimulated cyclic PIP synthesis could well explain why the 
increase of the Ca2+ levels triggered by insulin is too low to activate glycogen phosphorylase. This 
consideration recalls the result of Bruton et al. [42] that the Ca2+ increase caused by insulin is confined 
to the membrane and the cellular Ca2+ level does not reach the necessary concentration for the “flash-
activation” of glycogen phosphorylase [43,44]. 

3. Discussion 
Glucose release from liver is triggered by cyclic AMP and by cyclic PIP. Exton et al. found that 

glucose release is increased better by stimulation of α1- than β-adrenoceptors [38]. Studer and Borle 
reported that glucose release in male rat livers is predominantly triggered via α-adrenoceptors, but 
in female rat livers by α- and β-adrenoceptors [40]. Complementary to these reports, the present 
report shows that adrenaline stimulates glucose release (1) in a faster, cyclic PIP-triggered way, and 
(2) a slower β-adrenergic, cyclic AMP-triggered way. In support of this conclusion is that in the 
presence of the α-adrenoceptor-antagonist phentolamine no fast, spike-shaped glucose release was 
found, but the cyclic AMP triggered glucose release persists (Supplemental Material, Figure S2). The 
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finding of two separate modes of α-adrenoceptor action, namely the spike-shaped, fast glucose 
release followed by an inhibition of the cyclic AMP-mediated glucose release, which are both 
triggered by cyclic PIP, is explicitly shown in this report. Assimacopoulos-Jeannet et al. had observed 
that “glucagon action is somewhat inhibited by α-adrenoceptor action”, but they had no explanation 
for this observation [45]. Concerning the applied kind of liver-perfusion, the intracorporal liver 
perfusion is certainly closer to the physiological situation and the extra-corporal liver perfusion gives 
more accurate results on the glucose release from liver at a specific time.  

Not finally resolved is, if the slower synthesis rate of cyclic PIP on insulin stimulation could 
result from a slower binding of insulin to its receptor when compared with adrenalins binding to its 
receptor. The 1000-fold lower concentration at which insulin acts could be a possible reason. 
Interesting is that the stimulation of glucose release by glucagon and adrenalin via its β-receptors is 
comparable, since glucose release reaches a maximum after 13 min after stimulation with glucagon 
but only 7 min after stimulation with adrenalin concerning its second phase of glucose release 
(Figures 4 and 5). It cannot ruled out that a difference in the speed of the signal transduction could 
be a reason too. In case of adrenaline’s binding to its receptor the involved G protein separates its α-
subunit, which then activates cyclic PIP synthase. In case of insulin’s binding to its receptor, the 
tyrosine kinase of the β-subunits of this receptor, after its auto-phosphorylation, phosphorylates and 
activates the insulin receptor substrates (IRS) and the cyclic PIP synthase [12].    

It is well documented that prostaglandin E (PGE) is one of the two substrates of cyclic PIP 
synthesis [11–13,16]. As mentioned in the introduction, adrenaline sends via it’s α-adrenoceptors a 
complex signal into cells, which leads to the synthesis of cyclic PIP (Figure 1). The different, further 
path of prostaglandin action, involving prostanoid receptors, is not yet finally characterized, though 
of most of the prostanoid-receptors the binding affinity and also their amino acid sequence is 
determined [46–49]. Nevertheless, confusing is that PGE is found to be excreted unmetabolized (see 
below) from the cells of its synthesis and binds then on surrounding cells to prostanoid receptors. 
These receptors are suggested to send signals into cells in part via the Gq-, Gi-, and also Gs-proteins, 
which are used by adrenaline for its actions. This means that adrenaline triggers via G-proteins 
(Figure 1) the synthesis of PGE [7,8], which then also acts via these G proteins. In this context the 
question remains unsolved as to whether the same signal-transduction-path could lead to different 
effects. In case there is no proof for an intracellular mechanism that controls, which intracellular 
effects are modulated, then one could assume that prostaglandins via its prostanoid receptors trigger 
again intracellular prostaglandin synthesis. And, however you take it, biochemical experiments are 
missing, as for instance, (1) which different regulations could occur when the same G proteins are 
stimulated either by adrenoceptors or prostanoid receptors, or (2) which regulatory mechanisms have 
not yet been found, which determine if PGE activates or inhibits adenylate cyclase [46]. Years ago, it 
was found that at physiological concentrations PGE inhibits adenylate cyclase in intact cells but not 
of purified plasma membranes [39, pp 301–304], and it activates cyclic AMP synthesis of hepatocytes 
approximately two-fold at concentrations higher than 10–7 M [16], which was then seen as a 
pharmacological effect. Furthermore, one has to be aware that on the isolation of cyclic PIP from rat 
liver a major amount of its PGE-part is already degraded to dinor-PGE (the C18-homolog of PGE), 
because of its fast degradation in liver [12], and the same fast degradation rate of PGE is to be expected 
also in case of its excretion.    

Intermediate synthesis products of a synthesis path, which leads, for instance, to a regulatory 
active compound, are expected to be inactive. However, in the case of cyclic PIP synthesis this appears 
to be different. One has to be aware that prostaglandins can enter cells as hepatocytes. This increases 
cyclic PIP synthesis [11], and additionally – as an essential molecule part of cyclic PIP – PGE (4 x 10–6 
M), for instance, activates PKA by 15 to 20% (Wasner, unpublished). Certainly, this is a marginal effect 
when one compares it with the more than 10-fold activation of PKA by cyclic AMP. In summary, PGE 
is one of the two substrates of cyclic PIP synthesis. Additionally, PGE, as all prostaglandins, is seen 
as “tissue hormone” and the unsolved question is, if both these kinds of actions can physiologically 
be relevant. Further on, one may ask if these prostanoid-receptors could have still other, not 
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identified, different functions. For instance, the regulatory subunit of PKA binds cyclic AMP very 
well, but this subunit is nevertheless not a receptor.   

On α-adrenoceptor stimulation, intracellular Ca2+-levels are increased by IP3 and cyclic PIP. Most 
likely they represent two distinct ways of regulation of intracellular Ca2+ levels. However, peculiar is 
that both reaction paths are triggered, for instance, by adrenaline via it’s α-adrenoceptors. IP3 triggers 
release of Ca2+ from intracellular stores as the endoplasmic reticulum [50–52], and cyclic PIP 
stimulates Ca2+ influx into cells [12].  

Ca2+ is involved in different reaction sequences with respect to triggering glucose release from 
liver. (1) Ca2+ is necessary for cyclic AMP action, owing to the requirement of Ca2+ for phosphorylase 
kinase activity [53], and (2) Ca2+ is needed for the “flash activation” of glycogen phosphorylase in 
skeletal muscle [43,44], and it appears that glycogen phosphorylase of liver is comparably activated. 
The role of Ca2+ in the mechanism of insulin action was a matter of controversy, which was settled by 
Bruton et al. [42], showing that insulin triggers a slower increase of Ca2+ than adrenaline. Assuming 
a similar Ca2+ increase also in hepatocytes, the slower increase of cyclic PIP synthesis after insulin 
stimulation could be an explanation why no burst of glucose release is observed on insulin 
stimulation.  

Earl Sutherland declared that calcium is a cofactor of different enzyme-reactions, but it is not a 
second messenger [39, pp 18,143,223]. Nevertheless, other scientists like to see Ca2+ as a second 
messenger [54]. In case of the intracellular need of Ca2+, cells open specific gates on hormonal 
stimulation to allow Ca2+ influx [55,56]. The increase of Ca2+ in the cells is triggered by the second 
messenger IP3, and also by the intracellular regulator cyclic PIP. This makes it rather unrealistic that 
Ca2+ can be a second messenger too. The question which needs to be reconsidered is: What are optimal 
credentials, which allow a compound or intracellular regulator to be called a second messenger? 
Sutherland had 4 credentials coined, because of which he called cyclic AMP a second messenger [39, 
pp 22–29]. Cofactors are essential for various enzyme-catalyzed reactions to occur, but a second 
messenger only increases or decreases the activity of regulatory enzymes. Cyclic AMP, for instance, 
switches on catabolism by moving the equilibrium between the phospho- and the de-phospho-form 
of interconvertible enzymes to the phospho-form [12].  Cyclic AMP was for many years the only 
accepted second messenger. Then many compounds obtained this label, since the credentials were 
decreased because of which a compound can be called a second messenger. Presently, in the beating 
heart Ca2+ is seen as the essential regulator [57,58], whereas existence and action of cyclic PIP is 
scarcely recognized, though it is the intracellular regulator which stimulates anabolic regulations. 
However, unsolved is presently, if the effects of increased Ca2+ levels support the anabolic regulations 
triggered by cyclic PIP.   

4. Materials and Methods 
4.1. Materials 

(–)-adrenaline bitartrate, glucagon, insulin, cyclic AMP, dibutyryl cyclic AMP, bovine serum 
albumin (BSA fraction V), A23187 and EGTA (ethylene glycol-bis(β-aminoethyl ether) N,N,N’,N’-
tetra-acetic acid) were obtained from Millipore-Sigma (Darmstadt, Germany); ATP, glycogen from 
rabbit liver, collagenase from Clostridium histolyticum and amylo-α-1,4-α-1,6-glucosidase from 
Aspergillus niger and gluco-quant were from Roche Diagnostics (Mannheim, Germany); [γ-32P]ATP 
from Amersham Pharmacia Biotech (now GE-Healthcare, Solingen, Germany); and sodium 
pentobarbital from Wirtschaftsgenossenschaft Deutscher Tierärzte (Darmstadt, Germany). All other 
chemicals of reagent grade were from E. Merck (Darmstadt, Germany). 

Cyclic PIP was isolated from rat liver after extracorporeal perfusion with Krebs-Ringer-
bicarbonate buffer and stimulation for 3 min with adrenaline (10-5 M). It was purified as described 
[11,13]. 

4.2. Animals 
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Sprague-Dawley rats (200–350 g) had free access to water and food (standard diet, Ssniff). They 
were anesthetized with an overdose of sodium pentobarbital (30 – 40 mg/kg body weight) prior to 
use. 

4.3. Liver Perfusion 
Isolated liver was perfused in situ as described previously [59] in a non-recirculating manner in 

the physiological antegrade direction from the portal vein to the hepatic vein with Krebs-Ringer-
bicarbonate buffer (118.46 mM NaCl; 4.74 mM KCl; 2.57 mM CaCl2; 1.12 mM KH2PO4; 1.185 mM 
MgSO4; 24.4 mM NaHCO3; 2% fatty acid free BSA). The influent perfusate was gassed with O2/CO2 
(95/5% by vol). The temperature was 37 0C and the constant flow rate was 6 ml/min. The 
extracorporeal, non-recirculating perfusion of the liver had the advantage that the perfusate only 
contains the released glucose at a given time. (No cyclic AMP phosphodiesterase inhibitors to the 
perfusion buffer were added, in order to prevent an imbalance between stimulatory and inhibitory 
hormone signals, because no agents are presently known, which block the degradation of cyclic PIP 
comparable to the methylxanthines, which inhibit the cyclic AMP phosphodiesterase.) In case of 
hormonal stimulation (indicated by arrows in the Figures), the hormones were injected into the 
Krebs-Ringer bicarbonate perfusion buffer. The effluent perfusate was collected in 0.5 min or 1 min 
samples and assayed for its glucose content. 

4.4. Statistical Analysis 
All glucose values of the experiments are expressed as mean + SEM (standard error of the mean). 

The differences between two groups were analyzed using an unpaired t-test (Graph Pad Prism 
Software Inc., San Diego, CA, USA). Significance was accepted at p < 0.05. 

4.5. Glucose Determination 
Glucose was determined according to Schmidt [60]. The glucose concentration of the perfusate 

is converted into mg glucose per g liver and min. For determination of the glucose content of liver, 
an aliquot of the liver was homogenized and its glucose content determined after denaturation of 
proteins. 

4.6. Liver Glycogen 
Glycogen content of rat liver was determined according to Passonneau and Lauderdale [61]. A 

weighed amount of rat liver, generally after a perfusion experiment, was homogenized in 0.25 M 
KOH and boiled for 10 min. 30 µl of the supernatant was incubated with 120 µl 0.1 M acetate buffer 
of pH 4.7 and 30 µl amylo-α-1,4-α-1,6-glucosidase (10 mg/10 ml of 20 mM Tris/HCl buffer of pH 7.5) 
for 3 h at 25 0C and glucose was determined. 

4.7. Phosphorylation of Glycogen Phosphorylase 
The assay was performed analog to the protein kinase A (PKA) assay [11], but the histone type 

IIa of the kinase assay was replaced by glycogen phosphorylase b and the PKA was replaced by 
phosphorylase kinase (0.25 mg/ml), which still contained PKA. Incubation temp. was 30 0C, the buffer 
pH was 6.8. Glycogen phosphorylase b was purified according to [62]. 

5. Conclusions 
In summary, glucose release from male and female rat liver is triggered (1) by cyclic AMP, which 

is increased by glucagon or adrenaline via its β-adrenoceptors, and (2) by cyclic PIP, whose synthesis 
is stimulated by adrenaline via its α1- and α2-adrenoceptors [12]. Glycogen phosphorylase is activated 
by 2 independent ways [63], (1) by cyclic PIP action, involving high Ca2+ levels and (2) by protein 
ser/thr-phosphorylation, induced by cyclic AMP. This view of two independent ways of activation of 
glycogen phosphorylase is supported by the result that after a maximal stimulation of glucose release 
by 10–9 M glucagon [39, pp. 237–238], a successive stimulation with 10–7 M adrenaline further increases 
the glucose release, showing additivity of both effects (Supplementary Material, Figure S1). 
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Furthermore, cyclic PIP triggers two independent effects, first the fast, spike-shaped glucose release 
(Figure 2), which precedes the β-adrenergic glucose release, and then the inhibition of the cyclic AMP 
triggered signal, leading to inhibition of glycogen phosphorylase (Figure 3). Stimulation of rat livers 
with insulin increases cyclic PIP synthesis, which only inhibits the cyclic AMP-triggered signal, most 
likely because the insulin stimulated Ca2+ increase is too slow. The peculiarity of the adrenergic 
stimulated glucose release is that α- and β-adrenoceptors show at first a concerted action, which is 
triggered by cyclic PIP and cyclic AMP. Once the rapid calcium effect has ended, the inhibition of the 
cyclic AMP triggered glucose release by cyclic PIP becomes apparent. Effects of cyclic PIP, resulting 
from increased Ca2+ influx, has to be determined also in other cell types of a body. Most likely then 
the logic will be found why α-adrenoceptors trigger in hepatocytes two opposing effects time-
dependently. 

The increase of intracellular Ca2+-levels by cyclic PIP reveals a mechanism of cyclic PIP action 
which appears to be distinct from its antagonism to cyclic AMP. A more detailed characterization of 
the cyclic PIP-triggered Ca2+ influx into cells needs to be performed. This will most likely happen 
when the chemical synthesis of cyclic PIP is reached. One has to be aware that cyclic PIP is difficult 
to handle under the generally mild conditions of biochemical experiments [12,13], and cyclic PIP is 
more difficult to handle under the harsher conditions of chemical synthesis. Further on, it has to be 
determined, if all or which one of the six α-adrenoceptor subtypes, the α1A-, α1B-, α1D-, and α2A-, α2B-, 
α2C-adrenoceptor, trigger the synthesis of cyclic PIP. 

A follow-up question of his report is to ask, how is the influx of glucose into the liver regulated 
and which role cyclic PIP could play. In recent reports is shown that insulin stimulates the 
postprandial glucose uptake in the liver [64]. Cyclic PIP stimulates the glucose uptake in adipocytes 
[16], and it can be assumed that cyclic PIP is involved also in the postprandial glucose uptake into 
cells of a body. Insulin and adrenaline stimulate the synthesis of cyclic PIP [12], thus the effect of both 
hormones on glucose uptake by the liver should be determined.   
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