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ABSTRACT 

In order to investigate the effect of dietary phosphate additives 

on glycogenesis, rats were fed standard diets supplemented with cyclo­

tetraphosphate, cyclotriphosphate or hexametaphosphate at a 0.1% level 

of phosphorus. A control group was fed orthophosphate at a similar 

level. After two weeks half of the animals received a test dose of 
14C-glucose administered by stomach tube. After 2-1/2 hours their 

livers were removed to determine the incorporation of 14C-glucose into 

glycogen and total glycogen recovered. The remaining animals 

were sacrificed and their li�ers were removed to determine glycogen 

synthetase activity. Animals fed cyclotetraphosphate exhibited lower 

levels of glycogen synthetase activity, 14c-glucose incorporation into 

glycogen and total glycogen synthesized than did those rats fed ortho� 

phosphate. In contrast, animals fed cyclotriphosphate and hexameta­

phosphate showed a stimulatory effect on the same three parameters when 

compared to orthophosphate controls. 

To determine the minimum length of feeding time necessary to 

achieve these metabolic effects experimental diets were fed to animals 

for increasing lengths of time (24 hours, 48 hours, 96 hours, 144 hours 

and 192 hours) at a 0.1% level of phosphorus. An inhibition of the 

independent (I) and total glycogen synthetase activity relative to that 

observed with feeding of orthophosphate was evident in female rats fed 

cyclotetraphosphate for 24, 48, 144 and 192 hours but not at 96 hours 

and in males at all time intervals except 24 hours. Males and females 

fed cyclotriphosphate and hexametaphosphate had glycogen synthetase 

iii 
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activity ( I  and total) comparable at all time intervals to that of 

animals fed orthophosphate suggesting that longer dietary periods may be 

necessary. 14C-glucose incorporated into liver glycogen and total liver 

glycogen in male rats was lower in animals fed cyclotetraphosphate than 

in rats fed orthophosphate for all time intervals except 24 hours. 

Female rats fed cyclotetraphosphate had essentially the same values as 

females which were fed orthophosphate. 

To determine if there was a threshold level for the development 

of metabolic effects diets containing increasing percentages (0.01%, 

0.02%, 0.04%, 0.06%) of phosphate supplementation were fed to animals for 

two weeks. In general, at all levels of supplementation male and female 

rats fed cyclotetraphosphate exhibited lower glycogen synthetase activity 

than animals fed orthophosphate. A stimulatory effect on enzyme activity 

in males fed cyclotriphosphate was evident at 0.04% and 0.06% and.in 

females at 0.02% and 0.04% phosphate supplementation. The incorporation 

of 14C-glucose into liver glycogen and total glycogen recovered from male 

rats fed cyclotriphosphate and hexametaphosphate was increased and in 

rats fed cyclotetraphosphate decreased at levels as low as 0.01% phosphate 

supplementation. Similar effects on these parameters were seen in 

females at 0.04% and 0.06% phosphate supplementation. 

The activity of the dependent form of glycoge� synthetase may be 

estimated by subtracting the independent activity from the total enzyme 

activity. The percentage of total activity made up of the dependent 

form of the enzyme was higher in rats fed cyclotetraphosphate th�n in 

rats fed orthophosphate. However, rats fed cyclotriphosphate and 

hexametaphosphate had a lower percentage of dependent activity than 
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animals fed orthophosphate. Similar results were evident in male and 

female rats. 

These data suggest an inhibition by cyclotetraphosphate and a 

stimulation by cyclotriphosphate and hexametaphosphate on the phosphory­

lation system controlling glycogen synthetase in the liver. 
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CHAPTER I 

INTRODUCT ION 

The metabolism of condensed phosphates has been investigated in 

view of their extensive use as food additives. Dietary studies using 

various condensed phosphates have shown only the tripolyphosphates had 

a similar tissue distribution to orthophosphate when supplemented in 

experimental animal diets (1), suggestinq that longer chain polyphosphates 

and cyclic phosphates may.not be readily hydrolyzed at the intestinal 

level. The appearance of t�e intact polyphosphate ·molecules as urinary 

constituents and the tissue distribution patterns of the 32P activity of 
32P-cyclotetraphosphate suggest a role of cyclotetraphosphate in 

influencing the phosphorylation of tissue components (2). 

Rats fed diets supplemented with cyclotetraphosphate at a 0.1% 

level of total phosphorus incorporated less of a test dose of 14C-glucose 

into liver glycogen than rats fed diets supplemented with orthophosphate 

(3). These results suggest a metabolic effect of cyclotetraphosphate on 

the regulation of glycogenesis, possibly related to the nature of its 

ring structure. Furthermore, since cyclotriphosphate also contains a 

ring structure and is a hydrolytic product of the food additive hexameta­

phosphate, a series of studies was undertaken to examine the effects of 

cyclotetraphosphate, cyclotriphosphate and hexametaphosphate on mammalian 

carbohydrate metabolism. In an attempt to answer these questions, 

standard rat diets were supplemented with cyclotetraphosphate, cyclotri­

phosphate and hexametaphosphate and the incorporation of a test dose of 
14c-glucose into liver glycogen, total liver glycogen formation, and 
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glycogen synthetase activity were measured. In addition, the minimum 

time necessary to achieve a metabolic effect and the threshold level for 

the development of the metabolic effect were investiqated. 



CHAPTER I I 

REV IEW OF L ITERATURE 

It is the purpose of this review to consider some properties of 

the enzymes involved in glycogen metabolism followed by the controls 

placed on these enzyme systems. Although the primary goal of this 

review is to describe the control of glycogen metabolism in the liver, 

properties of the muscle enzymes are frequently described because the 

literature is more abundant than for liver enzymes, which have been less 

extensively studied due to the difficulty of isolation and subsequent 

examination. 

A detailed review of the chemistry, biochemistry and toxicity of 

the condensed phosphates has been prepared by Allen 1 and will therefore 

not be reiterated in this review. 

A brief review of the nomenclature is necessary to prevent 

further confusion. Two distinct species of glycogen synthetase exist, 

one form referred to as the D (dependent) form which has a very low 

activity in the absence of glucose-6-phosphat� and the I (independent) 

form. which is active even in the absence of glucose-6-phosphate. In 

other nomenclature used the " I  form" is also referred to as "synthetase 

a" (active) and the "D form" as "synthetase b" (inactive) . These two 

1 Allen, A. M. (1 978) The metabolism of condensed phosphate by 
the rat. Unpublished Doctoral Dissertation, The University of 
Tennessee, Knoxville. 
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forms are interconvertible through phosphorylation and dephosphorylation 

by kinases and phosphatases, respectively, and in turn controlled by 

systems which will be further explained later. 

I. CYCLIC AMP-DEPENDENT PROTEIN KINASES 

Protein kinases catalyze the transfer of the terminal phosphoryl 

group of nucleoside triphosphate (ATP) to amino acid residues in protein 

substrates. The enzyme catalyzed phosphorylation-dephosphorylation 

involves the following (4): 

Protein+ nATP 

Protein 
Kinase 

· Protein - P n + nADP 

Phosphoprotein 
Phosphatase 

Protein - Pn + nH20 Protein + nPi 

1. 

2. 

Reaction 1 requires a divalent metal ion, usually Mg+2 The phospho­

protein phosphatase catalyzes the dephosphorylation of phosphoproteins. 

It can be seen through these reactions that phosphorylation­

dephosphorylation reactions may in turn be regulated through control of 

protein kinase, protein phosphatase or by regulatfog both steps. 

Distribution 

Adenosine 3',5 '-monophosphate dependent protein kinase (cyclic 

AMP-dependent protein kinase) has been found in most mammalian tissues 

including skeletal muscle, heart, brain, adipose tissue and liver (5). 

In rat liver, Chen and Walsh (6) found 89% of the enzyme in the cytosol, 

6 %  in the nuclei, 47% in microsomes a�d less than 1% in the mitochondria. 

Rabbit muscle cyclic AMP-dependent protein kinase is a soluble enzyme 

located primarily in the cytosol. 
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Purification of Multiple Forms 

In early work, Bishop and Larner (7) identified in liver a 

cyclic-AMP stimulated kinase to convert the I form of glycogen synthetase 

to the D form. The complete or partial purification of cyclic AMP­

dependent protein kinase has been demonstrated in various other tissues. 

Many of the tissues which have been examined contain multiple forms of 

the enzyme including bovine heart muscle (8), rabbit skeletal muscle 

(9,10) and liver (11,12). Rubin et al. (8) estimated cyclic AMP­

dependent protein kinase froM bovine heart muscle to have a molecular 

weight of 280,000 by gel filtration chromatography, and was composed of 

the cyclic AMP-dependent protein kinase and catalytic subunits with 

molecular weights of 42,000 and regulatory subunits of 55,000. When the 

purified protein kinase was subjected to ultracentrifugation or poly­

acrylamide gel electrophoresis, two smaller forms of cyclic .AMP­

dependent protein kinase were evident with estimated molecular weights 

of 140,000 and 90,000, which may correspond to those of the enzyme and 

the regulatory subunit�cAMP complex, respectively. This is in agreement 

with Bechtel et al 's. (13) estimation of the molecular weight (6) of the 

catalytic subunit of rabbit skeletal muscle to be 41,000. Kumon et al. 

(14) partially purified two (B1 and B2) fractions of cyclic AMP-dependent 

protein kinase from rat liver.cytosol by ammonium sulfate fractionation 

followed by DEAE-Sephadex and hydroxyapatite column chromatography. A 

third fraction (80 ) was also revealed and showed a single peak with a 

molecular weight of approximately 3 X 104 when analyzed with gel 

filtration on Sephadex column. This agrees with the estimations of most 

authors of the molecular weight of the catalytic subunit in rat liver 



enzyme. Protein kinases s1 and B2 had estimated molecular weights of 

120, 000-180, 000 which is in agreement with those values obtained by 

Yamamura et al. (15) for rabbit skeletal muscle cyclic AMP-dependent 

protein kinase. The muscle active kinase showed essentially identical 

catalytic and kinetic proerties with rat liver active protein kinase. 

Chen and Walsh (6) found the sedimentation coefficient of two different 

liver cyclic AMP-dependent protein kinases was 6.8S. Isoelectric 

focusing of one of these components in the presence of cyclic AMP 

separates two catalytic subunits each with a sedimentation constant of 

4.05. 

Kinetics 

6 

In qeneral, kinetic studies of most cyclic AMP-dependent protein 

kinases have revealed properties similar to those of rabbit skeletal 

muscle which has been more extensively studied. These values have varied 

depending upon experimental conditions used. 

The apparent Km for cyclic AMP with either casein or glycogen 

synthase as substrate from rabbit skeletal muscle was about 0.2 µM and 

with histone used as substrate about 0.06 µM (16). The skeletal muscle 

protein kinase is stimulated between 5 and 20 fold by cyclic AMP. Rabbit 

skeletal muscle cyclic AMP-dependent protein kinase catalyzes a phos­

phorylation of casein and protamine. The Km values of cyclic AMP for 

these reactions are 1 X 10-7 and 6 X 10�8 ; respectively (17). Sanborn 

and Koreaman (18) purified cyclic AMP-dependent protein kinase of bovine 

endometrium, along with its binding and catalytic subunits. The cyclic 

AMP-dependent protein kinase and the subunits show a pH optimum between 

6 and 6.5. 
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Mechanism of Action of Cyclic AMP 

Cyclic AMP is known to mediate many physiological processes 

through regulation of cyclic AMP-dependent protein kinases leading to an 

altered state of phosphorylation of specific protein substrates. Sub­

sequent work has shown that cyclic AMP-dependent protein kinas�(s) is a 

tetramer containing two regulatory (R) and two catalytic (C) subunits 

and undergoes dissociation in the presence of 2 moles cyclic AMP as 

follows: 

R2c2 
represents the inactive protein kinase or holoenzyme, which when 

bound to cAMP in an allosteric manner releases the active free catalytic 

(C) subunit (19,20). 

A number of potential models for the interaction of cyclic AMP 

with protein kinase have been investigated. Builder et al. (21) con­

cluded cyclic AMP must activate protein kinase by first binding to the 

holoenzyme forming a R · cAMP complex and free catalytic subunit. Oqez 

and Segal (22) propose an alternative viewpoint in which dissociation of 

an independent RC unit prior to cyclic AMP binding to the regulatory 

subunit is seen as a more feasible model. 

In a further attempt to understand the process by which cyclic 

AMP activates cyclic AMP-dependent protein kinase (23) the cyclic AMP 

binding sites of the regulatory subunits of protein kinase were studied. 

These data suggested that one of the cyclic AMP binding sites contains 

a tryptophan residue and that the cyclic AMP binding sites are not 

identical on the regulatory subunits of cyclic AMP-dependent protein 

kinase . 
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Regulation 

The equation equilibrium may be influenced by the amounts of RC 

and cAMP in the tissues or by any other substance within a cell that may 

bind one of the components. One such endogenous protein kinase inhibitor 

has been purified from skeletal muscle (24). It inhibits the activity 

of cyclic AMP-dependent protein kinases from skeletal muscle, heart, 

·liver, adipose tissue and brain. The total specific activity of cyclic 

AMP-dependent protein kinase was inversely related to cellular levels of 

the inhibitor (25). Interaction of the protein inhibitor with the 

catalytic subunit of protein kinase has been described alona with kinetic 
l 

. 

analysis of casein phosphorylation which reveals noncompetitive inter-

action between the inhibitor and the catalytic subunit (26). The 

inhibitor protein is heat stable, has acidic characteristics and an 

estimated molecular weight of 11, 300 (27). More recently, two molecular 

forms of the protein inhibitor referred to as Type I and Type I I  

inhibitor, with molecular weights of 24,000 �nd 15, 000, respectively, 

have been resolved by gel chromatography (28). 

(Mg++) ATP in rabbit skeletal muscle has been found to facilitate 

the recombination of R and C and frees cyclic AMP {29, 30) resultinq in 

an impairment of cyclic AMP binding and activation of the cyclic AMP­

dependent protein kinase, by decreasing the affinity of the R unit for 

cyclic AMP. 

Phosphorylation of protein kinase is reversible upon addition 

of ADP and Mg++, resulting in a transfer of phosphate from the protein 

to ADP forming ATP (31). This reverse reaction is optimal at a pH of 

5.5 whereas the forward reaction has a more broad optimal alkaline pH. 



Ueda et al. (32) investigated the regulation of protein phosphorylation 

from rat brain by cyclic AMP. The concentration of cyclic AMP required 

for maximum stimulation of the phosphorylation was approximately 

5 X 10-6 M. Guanosine 3 ',5'-monophosphate (cyclic-GMP) had no signifi­

cant effect. 

9 

Miyamoto et al. (33) examined cyclic AMP-dependent protein kinase 

from bovine brain. Low concentrations of histone or cyclic AMP caused 

a dis�ociation of the enzym� into subunits. This suggests an alternative 

mechanism of activation of the protein kinase without the participation 

of cyclic AMP. 

Specificity 

Cyclic AMP-dependent protein kinases in most marrrnalian tissues 

appear to be similar enzymes which show the same broad substrate 

specificities (34). The enzymes catalyze the incorporation of the 

terminal phosphate of ATP into the same specific residues of substrate 

proteins such as glycogen synthetase and lipase. 

When pig liver pyruvate kinase was incubated with (32P) ATP and 

cyclic AMP-dependent protein kinase, one major (32P) phosphopeptide was 

isolated with the amino acid sequence Leu-Arg-Arg-Ala-(32P)SerP-Leu (35). 

Kemp et al. (36) studied the protein substrate specificity of the 

catalytic subunit of rabbit skeletal muscle cyclic AMP-dependent protein 

kinase using genetic variants of s casein. The variant most readily 

phosphorylated was s-casein-8. The phosphorylation occurred at a single 

serine 124 site near the arginine substitution position of 122 . Results 

obtained using synthetic peptides derived from rabbit skeletal muscle 

(37,38) support the concept that arginine is an important residue in 
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determining the substrate specificity of protein kinase and influencing 

the Vmax and apparent Km of the phosphorylation reaction. The results 

of other studies (39, 40) further substantiate the importance of the 

arginine and serine residues. 

During incubation with cyclic-AMP dependent protein kinase, 

cyclic-AMP and Mg-ATP the phosphorylation of glycogen synthetase incor­

porates between l .0 (41-45) and 4.0 (46) molecules of phosphate per 

subunit. Although the phosphorylation and a to b conversion of glycogen 

synthetase have been shown to be catalyzed by both cyclic-AMP dependent 

and cyclic AMP-independent protein kinase in skeletal muscle, there is 

little definitive knowledge with regard to the cyclic-AMP independent 

form functioning in the liver system. Jett and Soderling (47) investi­

gated the stoichiometry of the phosphorylation using both cyclic AMP­

dependent and cyclic AMP-independent protein kinases from rat liver. 

The cyclic AMP-dependent protein kinase conversion of the b form of 

synthetase to the a form was associated with the incorporation of 3 mol 

of phosphate/mol of synthetase subunit. With cyclic AMP-independent 

protein kinase only 2 mol phosphate/mol of subunit were required to 

achieve the same degree of phosphorylation and inactivation. 

II. CONTROL OF GLYCOGEN METABOLISM 

A diagram illustrating the control of glycogen metabolism in the 

liver is shown in Figure 1 (48). Glycogen synthesis and degradation in 

the liver are catalyzed by glycogen synthetase and glycogen phosphorylase, 

respectively. The two enzymes are found in both active (a) and inactive 

(b) forms which are converted by phosphorylation by phosphorylases and 
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dephosphorylation by phosphatases. It is important to remember that the 

cyclic AMP-dependent protein kinase which catalyzes the phosphorylation 

and inactivation of glycogen synthetase and that which catalyzes the 

phosphorylation and activation of phosphorylase kinase are the same 

enzyme (49). This suggests a mechanism which through protein kinase 

can simultaneously inhibit glycogenesis and activate glycogenolysis. 

Glycogen Synthetase Phosphatase 

In mammalian systems the conversion of glycogen synthetase in its 

phosphorylated form ("inactive," D or b) to the dephosphorylated 

("active," I or a) form is catalyzed by glycogen synthetase phosphatase 

(50). Inhibition of the phosphatase reaction in skeletal muscle was 

found in the presence of Na2so3
, F- and Pi. or PPi (51). On the other 

hand, phosphatase activity was increased by more than 2-fold in the 

f d. 1 1 . . M ++ Ca++ ++ d 1 6 presence o 1va ent meta cations: n > > Mg an g ucose- -

phosphate. 

There have been some discrepant reports on the molecular weight 

and subcellula·r distribution of the phosphatase enzyme in rat liver. 

Synthetase phosphatase was found to sediment in the microsomal fraction 

(52); however in the.cytosolic fraction when the liver was depleted of 

glycogen by fasting (53). These observations suggested an association 

of synthetase phosphatase with the glycogen particles of liver. 

Dopere et al. (54) further investigated synthetase phosphatase in rat 

liver identifying two components: the G-component of the phosphatase 

cosediments with particulate glycogen; the S-component remains in the 

supernatant. Although the S-component behaves as a phosphatase with 

synthetase b as substrate, the G-component does not, leaving its role 

open to speculation. 
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Dopere et al. also isolated three fractions of glycogen 

synthetase (b1, b2, b
3
) from the glycogen fraction of the dog liver 

which showed progressively less affinity for glucose-6-phosphate. These 

characteristics are compatible with the hypothesis of various states of 

phosphorylation from b1 towards b
3 

fractions of glycogen synthetase. 

As previously shown in Figure 1, glucose stimulates the deposition of 

glycogen in the liver by stimulating phosphorylase phosphatase and 

removing the inhibition of phosphorylase upon synthetase phosphatase 

(55, 56). The inhibition of liver synthetase phosphatase by 

phosphorylase-a was kinetically noncompetitive with substrate. 

Glycogen Phosphorylase 

Rabbit muscle phosphorylase, the controlling enzyme in the 

breakdown of glycogen, is controlled by phosphorylation by phosphorylase 

kinase and dephosphorylation by phosphorylase phosphatase. Phosphory-

. lase b contains two identical polypeptide chains with individual 

estimated molecular weights of 100, 000 {57). This evidence seems to be 

consistent with Seery et al. (58), who found the subunit of rabbit 
. 

3 muscle glycogen phosphorylase has a molecular weight of 92.5 X 10 g/mol 

as determined by high-speed sedimentation equilibrium experiments. The 

enzyme can exist in two states: phosphorylase b, a dimer with a 

molecular weight of 185 X 103 �' and phosphorylase a, a tetramer with a 

molecular weight of 370 X 103 g. 

The 11 b 11 form of the enzyme can be activated allosterical ly (59, 

60) by the binding of AMP and be inhibited by the binding of glucose, 

glucose-6-phosphate and ATP. Phosphorylase b is converted to active 

phosphorylase a when a seryl residue (Ser-14) is phosphorylated. 
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Dreyfus et al. (61) proposed that two arginine residues of 

phosphorylase are involved in the binding of nucleotides at the activator 

site on one residue, and in the binding of phosphorylated substrates at 

the active site on the other residue. The latter residue was modified 

by arginine-specific 2,3-butanedione in the active conformation of the 

molecule. Presumably, modification of the arginine residue results in 

conformational changes involved in the binding of phosphorylated 

substrates at the active sites. ·The amino acid sequence of the site 

phosphorylated in the phosphorylase reaction has been investigated 

(62,63). 

In hepatocytes isolated from fed rats, insulin and glucose play 

major regulatory roles in the modulation of glycogen phosphorylase and 

in turn glycogen synthetase. Glucose administration led to a decrease 

in phosphorylase a and insulin plus glucose led to a further decrease 

in phosphorylase a. A reciprocal relationship was noted between 

phosphorylase a inactivation and synthetase activation in response to 

glucose and insulin plus glucose (64), The inactivation of phosphorylase 

by glucose can be attributed partially to the activation of phosphorylase 

phosphatase. 

Phosphorylase Phosphatase 

The dephosphorylation of phosphorylase a to phosphorylase b is 

catalyzed by phosphorylase phosphatase. Phosphorylase phosphatase in 

rabbit muscle (65,66) and mouse liver (67) extract is bound to 

particular glycogen. It is stimulated by glucocorticoids and glucose 

and inhibited by glycogen and AMP. The interconversion of the two forms 

of phosphorylase exerts an indirect influence on the synthesis of 
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concentrations of calmodulin. Embi et al. (76) found homogeneous 

preparations of rabbit skeletal muscle phosphorylase kinase can catalyze 

the phosphorylation of glycogen synthetase a from the same tissue. 

These results suggest that one of the protein kinases present in purified 

preparations of glycogen synthetase and phosphorylase kinase are the same 

enzyme. 

In brain (77) the calmodulin-Ca++ complex has been reported to 

mediate both the inhibition and stimulation of adenylate cyclase. In 

addition, the Ca++ dependent ·form of phosphodiesterase has been reported 

to be stimulated by calmodulin in most tissues (78). The implication 

of these findings in the control of glycogen synthetase in muscle tissue 

may be significant. 

III. GLYCOGEN SYNTHETASE 

Glycogen synthetase catalyzes a reaction which results in the 

storage of glycogen polymers in marrmalian liver as shown below: 

UDP - glucose + (glucose) n � UDP + (.glucose) n+ 1 

In the above reaction UDP-D-glucose is transferred to the terminal 

glucose residue at the nonreducing end of an amylase chain forming an 

a{l � 4) glycosidic linkage between the number one carbon atom of the 

added glycosyl residue and the 4-hydroxyl of the terminal glucose residue 

in the chain (79). An a(l � 4) polyglucose chatn, containing at least 

four glucose residues, serves as a primer for the glycogen synthetase 

reaction. The branch points in the glycogen_ structure are formed by 

1, 6-a-transglucosylase branching enzyme which catalyzes the transfer of 
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several glucosyl residues from the end of a glycogen chain to a 6-hydroxyl 

group in a chain forming a branch point joined by an a(.l � 6) linkage. 

Fonns 

The existence of two forms of glycogen synthetase has been well 

documented. The interconversion of these two forms required ATP and 

Mg++ and was shown to involve the transfer of the terminal phosphate from 
32 ' P-labeled ATP to the enzyme (34,80, 81). 

The two forms of rat liver glycogen synthetase differ in their 

affinity for uridine diphosphoglucose (UDPG) and glucose-6-phosphate 

(G-6-P)�· with the b form being highly dependent on the presence of 

G-6-P as well as Pi concentrations; however, in the presence of both 

G-6-P and Pi, the enzyme is insensitive to either. It was, therefore, 

suggested the b form is physiologically inactive whereas the a form 

functions at one-half full capacity under conditions likely to occur in 

vivo. For both enzyme fonns, the apparent Km for UDPG decreased with 

increasing G-6-P to a minimum value of 0.2 mM and 0.9 mM for synthetase 

a and synthetase b, respectively (82) . In the presence of G-6-P, the Km 

of synthetase b for UDPG was 9 X 10-4 and 6.7 X 10-4 M for synthetase a 

at pH 8.9. 

The two forms of glycogen synthetase are also distinguishable by 

a pH activity curve. Synthetase b had a sharp maximum activity at pH 

8. 9 in the presence of �-6-P as did synthetase a; however, synthetase a 

had a broader pH-activity curve. Furthermore, the b form of the enzyme 

was inhibited 50% by 6.7 X 10-3 M ATP; ADP and AMP whereas the a form was 

inhibited only 0-5% by the same nucleotides (83). These data suggest 

the a form of the enzyme exhibits more stability than the b form. 



18 

Physical Properties and Kinetics 

Rat liver glycogen synthetase b has been purified by Jett and 

· Soderling (47) and Lin and Segal (83). A subunit molecular weight of 

85,000 was determined by electrophoresis in sodium dodecyl sulfate. 

These results are in general agreement with those of McVerry and Kim 

(84), but are smaller than the estimated molecular weight of 90,000 for 

the rabbit skeletal muscle enzyme (85,86). Determinations of the 

molecular weight of the native enzyme have varied greatly from 260,000 

to 47.0,000. 

In rabbit skeletal muscle glycogen synthetase b, it has been 

reported that 7 moles of phosphate and 6 sulfhydryl groups are required 

for each subunit of 90,000 molecular weight to be phosphorylated. 

Determinations of alkali-labile phosphate from the liver enzyme estimated 

a value of 12.4/subunit of 85,000 molecular weight. · Values for reactive 

sulfhydryl groups were similar for the liver enzyme and the muscle 

enzyme. The data (84) suggest a sequential random BiBi mechanism for the 

rat liver enzyme. Since both the kinetics and stoichiometry of glycogen 

synthetase phosphorylation depend upon the reaction conditions it may be 

premature to base conclusions on the presently available literature. 

Control Mechanisms 

Glycogen synthetase, the rate-limiting enzyme for glycogen 

deposition, is a classic example of the complexity and sensitivity of 

regulatory m�chanisms. The enzyme is found in two forms: the D or b 

form which requires glucose-6-phosphate for activity and the I or· a form 

which is active in the absence of glucose-6-phosphate. The two forms are 

subject to regulation by cellular metabolites (87) which in turn may be 
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influenced by various hormonal (88) and metabolic states (89, 90). Watts 

and Malthus (91) have suggested glycogen is a major factor in controlling 

glycogen synthesis in rats. 

Insulin 

The effect of insulin to promote the D to I conversion and 

concomitant activation of glycogen synthetase has been well documented. 

Miller and Larner (92) investigated the effects of insulin on the 

activation of glycogen synthetase in perfused livers from normal rats 

and when injected into fed alloxan diabetic rats. Insulin alone 

activated glycogen synthetase by converting the D form to the I fonn. 

The effect was maximal within 6 to 15 minutes and was associated with a 

decrease in synthetase kinase a�tivity, Insulin also activated the 

enzyme previously inactivated by glucagon. These changes were also 

associated with a decrease in protein kinase and cyclic-AMP tissue 

levels. Bishop and Larner (93) found insulin infusion intravenously 

with glucose resulted in a rapid increase (7-13 minutes) in liver glycogen 

synthetase activity associated with a decrease in the activity of 

phosphorylase. An increased activity of th� synthetase enzyme has been 

found in extracts of diaphragms incubated with lnsulin when compared to 

controls (94, 95). Insulin treatment of the tadpole (96) results in the 

transformation of the hepatic enzyme into a form with a lower Km for 

UDP-glucose than the control enzyme. Thus, the insulin-activated enzyme 

exhibits less dependency on glucose-6-phosphate indicating a probable 

increased conversion from the D to I form. 
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With respect to the mechanism of insulin action, the present 

findings indicate insulin promotes the conversion of glycogen synthetase' 

b to a and decreases cyclic-AMP levels in the liver tissue {79). 

Controls Mediated Via Cyclic-AMP 

The conversion in vivo of mice liver glycogen synthetase b to a 

with a simultaneous decrease in the activity of phosphorylase induced 

by the administration of glucose or glucocorticoids has been.demonstrate� 

{97). The stimulatory effects on liver glycogen synthesis are additive 

when both treatments are combined. A further administration of glucagon, 

epinephrine or cyclic-AMP resulted in a reconversion-or inactivation of 

synthetase. 

The effects of glucagon and epinephrine (98) may be explained by 

a cascade effect in which adenylate cyclase is increased followed by an 

increase in cyclic-AMP and protein kinase. This cascade of events not 

only increases the activity of phosphorylase but inactfvates glycogen 

synthetase. 

The activation of liver glycogen synthetase b into a is greatly 

enhanced by caffein and.other methyl xanthines, which inhibit phospho­

diesterase resulting in a decrease in cyclic-AMP (99). 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

I. GENERAL PLAN 

Previous work has shown cyclotetraphosphate may be influencing 

the phosphorylation of tissue components. Therefore, the effect of 

cyclotetraphosphate, cyclotriphosphate and hexametaphosphate on glyco9en 

formation and glycogen synthetase activity was investigated and compared 

to that of orthophosphate. Experimental diets supplemented with the 

condensed phosphates were fed to animals for various lenqths of time 

(24, 48, 96, 144, 192 and 336 hours) to determine if there was a minimum 

time for the development of a metabolic effect. Based upon the periods 

of time indicated, diets containing increasing percentages (0. 01%, 0.02%, 

0. 04%, 0. 06%, 0. 1%) of total phosphorus supplementation were fed to 

animals to determine if there was a threshold level for the development 

of metabolic effects. 

Experiment I 

Sprague-Dawley rats (100-125 g) were purchased from Harlan 

Industries2 and maintained in steel galvaniz�d 9roup cages for approxi­

mately two weeks to mature. At the initiation of the study, four qroups 

of 12 adult rats were randomly selected, weighed and placed in group 

cages with no more than three animals per cage. Both male (350-400 g) 

and female (240-300 g} rats were used but only one sex of animal was used 

2Harlan Industries, Indianapolis, Indiana. 

21 
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in each experiment. The animals were weighed again before sacrificing . 

.There were no significant differences in the mean weights among the 

groups of animals by Duncan's Multiple Range Test (100) (Table 1). 

Each group of animals was fed a standard diet modified from 

Caputto et al. (101) and supplemented with one of the following sodium 

phosphates at a 0. 1% level of total phosphorus: cyclotetraphosphate 

(Na
4
P

4o12 · 4H20), cyclotriphosphate (Na3P309), or hexametaphosphate 

· (Na6P6o18). All cyclic sodium phosphates were supplied by Monsanto 

Company. 3 Purity of the sodium phosphate salts was determined by paper 

chromatography according to the method of Karl-Kroupa (102) as described 

by Reiman and Beukenkamp (103). A control group was fed sodium orthophos­

phate at a o . . 1% level of phosphorus (Table Z). After the 2-week dietary 

period, six animals from each group were stunned by a blow to the head, 

decapitated and their livers removed to Tris · (hydroxymethyl aminomethane) 

buffer, pH 7. 2, to determine glycogen synthetase activity according to 

the method of Villar-Palasi et al. (104). The other six animals were 

fasted for 24 hours.and then administered a 1 . 5  ml test dose of 25% 
14C-glucose (average specific activity 1. 86 X 104 cpm/mg glucose) by 

stomach tube. Two and one-half hours later, the animals were stunned by 

a blow to the head, decapitated and their livers removed.to hot (boiling 

water bath) 30 % KOH to isolate glycogen according to the method of 

Lifson et al. (105). Anthrone reagent (1Q6) was used to determine the 

glycogen purity. All radioactive samples were transferred to liquid 

scintillation vials, containing 6 ml of 2-ethoxyethanol and 10 ml 

3oonated by Monsanto Company, St. Louis, Missouri. 



0.1% 
Di etary phosphate 

Ortho 

Cyclotetra 

Cyclotri 

Hexameta 

TABLE 1 

Mean wei ghts of animals (experiment 1) 

Male 
Initial Fi nal 

g g 

386 ± 7 396 ± l O l 

385 ± 6 401 ± 8 

380 ± 6 386 ± 6 

381 ± 7 406 ± 7 

1All values represent means± SEM of twelve animals. 

Female 
Ini tial 

g 

251 ± 6 

253 ± 6 

247 ± 5 

284 ± 6 

Fi nal 
g 

255 ± 8 

259 ± 7 

256 ± 8 

244 ± 7 

N 
w 



TABLE 2 

Composition of diets 

Dietarl ehosehate 
Com�onent Ortho cxclotetra cxclotri Hexameta 

g/100 g g/100 g g/100 g g/100 g 

Casein 18.000 18.000 18,000 18.000 

Sucrose 30. 000 30.000 30.000 30.000 

Cornstarch 30.000 30.000 30.000 30.000 

Vegetable oil 1 
2.000 2.000 2,000 2.000 

Vegetable shortening2 8.000 8.000 8.000 8,000 

V ·t . . t 3 
1 am,n m, x ure 2. 000 2.000 2,000 2 ,000 

Salt mixture4 3. 000 3,000 3.000 3.000 

NaH
2
Po

4 
0.458 

Na
4

P
4
o12 · 4H

2
0 --- 0.387 

Nal309 
--- --- 0,329 

Na6P6018 
--- --- --- 0.329 

Nonnutritive bulk5 6. 542 6,613 6.671 6,671 



. TABLE 2 (continued} 
1wesson oil, Hunt-Wesson Foods, Inc., Fullerton, California 92634. 
2crisco," Procter and Gamble, Cincinnati, Ohio 45202. 
3Nutritional Biochemicals Corp. , Cleveland, Ohi'o 44128. Vitamin Diet Fortification Mixture 

formulated to supply the following amounts of vitamins (g/kg vitamin premix): thiamin hydrochloride 
1. 0, riboflavin 1.0, niacin 4. 5, p-aminobenzoic acid 5.0, calcium pantothenate 3.0, pyridoxin 
hydrochloride 1.0, ascorbic acid 45. 0, inositol 5.0, choline chloride 75.0, menadione 2.25, biotin 
0. 020, folic acid 0.090, vitamin B-12 0. 00135, a-tocopherol 5. 0, vitamin A 9 X 105 units, vitamin D 
1 X 105 units and sufficient glucose to make 1000 g, 

4Hubbell, R. B. , Mendel, L. B. & Wakeman, A. J. (1937) A new salt mixture for use in 
experimental diets. J. Nutr. 14, 273-285. 

5Alphacel, Nutritional Biochemicals Corp., Cleveland, Ohio 44128. 

N 

u, 



2,5-diphenyloxazole (PPO) in toluene. Analyses of radioactivity were 

done in a Beckman LS lOOC liquid scintillation counter. 

Liver proteins were determined by the Folin-Ciocalteu method as 

described by Lowry et al. (107). 

Experiment II 

To determine if there was a minimum time period necessary to 

achieve a metabolic effect, 4 groups of 10 adult Sprague-Dawley rats 

were fed the standard diets shown in Table 2 for 24, 48, 96, 144, or 

26 

192 hours. The animals were weighed before the beginning of the dietary 

period and at the end of the dietary period. There were no significant 

differences found in the mean weights of the groups of animals by 

Duncan's Multiple Range Test (100) (Tables 3-7). Both male (275-330 g) 

and female (175-225 g) rats were used in the experiment, but only one 

sex of animal was used at any one time. 

At the end of the dietary period 5 rats from each group were 

fasted for 24 hours and then received a test dose of 14C-glucose as 

previously mentioned. Two and one-half hours later, they were stunned 

by a blow to the head and decapitated. Livers were removed from the 

rats and the incorporation of 14c-glucose into liver glycogen and 

glycogen purity were determined according to Lifson et al. ( 105) and 

Carroll et al. (106), respectively. The other five animals from each 

group were killed by decapitation after the dietary period and their 

livers removed to determine glycogen synthetase activity as described 

by Villar-Palasi et al. (104). 



TABLE 3 

Mean weights of experimental animals fed diets for 24 hours 

0. 1 % 
Di etary phosphate 

Ortho 

Cyclotetra 

Cyclotri 

Hexameta 

Ini tial 

g 

31 8 ± 1 9 

309 ± 1 6 

31 6 ± 1 0 

31 5 ± 1 2 

Males 
Final 

g 

306 ± 1 6 1 

297 ± 1 4 

304 ± 8 

· 30 1 ± 1 1  

1 All values. represent means ± SEM for ten animals . 

Initial 

g 

1 82 ± 3 

189 ± 5 

1 81 ± 5 

1 87 ± 5 

Femal es 
Final 

g 

1 65 ± 4 

1 77 ± 5 

1 66 ± 2 

1 72 ± 4 

. N ......, 



TABLE 4 

Mean wei g hts of experi menta l a n i ma l s fed d i ets for 48 hours 

0 . 1 % Ma l es 

·o; etarl ehosehate I n i t i a l  Fi na l  In i t ia l  
g g g 

Ortho 309 ± 20 307 ± 1 3 1 208 ± 4 

Cyc l otetra 309 ± 20 303 ± 1 2 204 ± 4 

Cyc l otri 3 1 3 ± 2 1 3 1 1  ± 1 4 2 1 0 ± 3 

Hexameta 306 ± 1 9 30 1 ± 1 3  2 1 0 ± 3 

1 va l ues represent means ± SEM for ten a n i ma l s .  

Fema l es 

Fi na l 
g 

204 ± 3 

1 96 ± 2 

206 ± 2 

206 ± 5 

N 
CX) 



TABLE  5 

Mea n wei ghts of experimenta l a n i ma l�  fed d i ets for 96 hours 

0 .  1 % 
Di etary phosphate 

Ortho 

Cyc l otetra 

Cyc l otri 

Hexameta 

Mal es 
I n i ti al 

g 

32 1 ± 8 

327 ± 9 

323 ± 9 

321 ± 8 

1 val ues represent means ± SEM for ten a n i ma l s .  

Fi nal  I ni t ial  

g g 

32 1 ± 5 1 . 
1 84 ± 2 

324 ± 6 1 88 ± 2 

324 ± 8 1 87 ± 3 

321 ± 5 1 89 ± 4 

Femal es 
Fi nal 

g 

1 93 ± 4 

1 94 ± 4 

1 92 ± 4 

1 9 5 ± 5 

N 

"° 



TABLE 6 

Mean we i ghts of experi menta l a n i ma l s fed d i ets for 1 44 hours ' 

0 .  1 % 
Di etary phosphate 

Ortho 

Cyc l otetra 

Cyc l otr i 

Hexameta 

In i tial  

g 

278 ± 1 9 

279 ± 1 7 

274 ± 1 7 

284 ± 1 7 

Ma l es 

Fi nal 

g 

288 ± 1 1
1 

280 ± 92 

2 75 ± 9 

287 :± 8 

1 va l ues represent means ± S EM for n i ne a n i ma l s .  

2A 1 1  other va 1 ues represent mean s  ± SEM  for ten a n i ma 1 s· . 

In i t ial  
g 

1 86 ± 6 

1 83 ± 4 

1 82 ± 5 

1 83 ± 4 

Femal es 

Fi nal 

g 

1 94 ± 8 

1 90 ± 7 

1 88 ± 8 

1 95  ± 6 

w 

0 



TABLE 7 

Mean wei ghts of experi mental animals fed di ets for 1 92 hours 

0. l % Males Females 
Di etart Qhos�ha te I n i t i al Fi na l  I n i ti a l  Fi na l  

g g g g 

Ortho 303 ± 9 1 3 1 5 ± 6 186 ± 5 199 ± 6 

Cyclotetra 308 ± 8 316 ± 6 177 ± 5 192 ± 7 

Cyclotr i 303 ± 8 3 1 8 ± 6 183 ± 5 200 ± 8 

Hexameta 31 1  ± 7 322 ± 8 1 83 ± 3 1 84 ± 1 1  

1 values represent means ± SEM for ten ani mals. 

.__, 
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Experiment III 

This experiment was designed to determine if there was a threshold 

level for the development of a metabolic effect . F�ur groups of 10 male 

rats ( 240-300 g) and an equal number of female rats ( 160-200 g) were fed 

purified diets ( Table 2, p .  24) containing increasing percentages ( 0 . 01, 

0. 02, 0. 04, and 0 . 06) of the sodium phosphates ( Table 8) mentioned 

previously for 2 weeks. 

Animals were randomly selected and placed into galvanized group 

cages according to the phosphate diet. Each individual experiment used 

only one sex of animal at any given time. The rats were weighed before 

the initiation of the dietary period and again before sacrificing . There 

were no ·significant differences in the means among the 4 groups by 

Duncan ' s  Multiple Range Test ( 100) as seen in Tables 9-12. 

At the end of the dietary period, 5 rats from each group were 

stunned by a blow to the head, decapitated and their livers removed to 

determine glycogen synthetase activity according to the method of 

Villar-Palasi et al . ( 104) . The other five rats in each group were 

- decapit.ated and their livers removed to determine 14C-gl ucose i ncor­

porati on into liver glycogen and total liver glycogen as described 

earlier . Glycogen purity was determined by the method of Carroll et al . 

( 106 ) and liver protein by using folin reagent . 

II . METHODS 

Two Dimensional Paper Chromatography for Phosphate 
Detection and Quantitation 

Two dimensional paper chromatography was used to check the 

purity of the sodium phosphates . The method according to Karl- Kroupa 

( 102) as described by Reiman and Beukenkamp ( 103) was used . 



TABLE  8 

Compo s i t i on  of d i ets ( Experi ment I I I )  

Di eta ry phosphates 
and no nn utri t i ve bu l k 

Percent di etari ehosehate 

Ortho 
nonnutr i t i ve b u l k 1 

Cyc l otetra 
nonnutr i ti ve bu l k 

Cyc l  otri 
no nnutr i t i ve b u l k 

Hexameta 
nonn utr i t i ve  bu l k 

0 . 0 1 

g/ 1 00 g 

0 . 046 
8 . 450 

0 . 039 
8 . 460 

0 . 033 
8 . 466 

0 . 033  
8 . 466 

0 . 02 

g/ 1 00 g 

0 . 092 
1 6 . 900 

0 . 078 
1 6 . 920 

0 . 066 
1 6 . 932  

0 . 066 
1 6 . 932 

1 Al phacel , Nutri t ional  Bi ochemi ca l s  Corp . , Cl evel and , Oh i o  44 1 28 . 

0 . 04 

g/ 1 00 g 

0 . 1 84 
33 . 800 

0 . 1 56 
33 . 840 

0 �  1 32 
33 . 864 

0 . 1 32 
3 3 . 864 

0 . 06 
g/ 1 00 g 

0 . 276 
50 . 700 

0 . 2 34 
50 . 760 

0 . 1 98 
50 . 796 

0 . 1 98 
50 . 796  

w 
w 



TABLE 9 

Mean weighti of experimental animals (0.01 % dietary phosphate) 

0.01 % 
Dietary phosphate 

Ortho 

Cyclotetra 

Cyclotri 

Hexameta 

I nitial 

g 

274 ± 33 

275 ± 33 

283 ± 36 

271 ± 31 

Males 
Final 

g 

326 ± 221 

305 ± 28 

316 ± 26 

320 ± 21 

1values represent means± SEM for ten animals. 

Initial 

g 

1 68 ± 3 

170 ± 3 

1 67 ± 4 

164 ± 3 

Females 
Final 

g 

1 95 ± 4 

1 96 ± 2 

1 93 ± 6 

1 95 ± 4 

w +=-



TABLE 1 0 

Mean weights of experimental animals (0 .02% dietary phosphate } 

0. 02% Males 
Dietary phosphate Initial Final Initial 

g g g 

Ortho 243 ± 1 5 304 ± 1 71 
1 79 ± 5 

Cyclotetra 252 ± 1 8 309 ± 22 1 84 ± 6 

Cyclotri 254 ± 1 7 3 1 0 ± 1 8 1 83 ± 6 

Hexameta 35 1 ± 19 290 ± 1 9 1 83 ± 7 

1 values represent means ± SEM for ten an i mals . 

Females 
Final 

g 

208 ± 4 

2 1 2 ± 6 

204 ± 7 

207 ± 6 

w 
u, 



TABLE 1 1  

Mean wei ghts of exper i menta l  a n i ma l s ( 0 . 04% d i etary phos phate ) 

0 . 04% 
Di etary phosphate 

Ortho 

Cyc l otetra 

Cyc l otr i 

Hexameta 

I n i t ia l  

g 

265 ± 2 1 

252 ± 1 8  

246 ± 1 8  

252 ± 2 1  

Ma l es 

Fi na l  

g 

324 ± 1 6 1 

300 ± 1 5  

309 ± 1 9  

301 ± 1 8 

1 val ues represent means ± SEM for ten a n i ma l s .  

In i ti a l  

g 

1 70  ± 6 

1 79 ± 8 

1 74 ± 7 

1 72 ± 7 

Fema l es 

Fi na l 

g 

1 95  ± 1 1  

20 5 ± 6 

1 97  ± 7 

1 94 ± 5 

w 

°' 



TABLE 1 2  

Mean we i ghts of experi menta l a n ima l s ( 0 . 06% d i etary phospha te ) 

0 . 06% 
Di etary phosphate 

Ortho 

Cyc l o tetra 

Cycl otri 

Hexameta 

I n it ia l  

g 

292 ± 25 

283 ± 1 9 

286 ± 22  

267 ± 20 

Ma l es 

Fi na l  

g 

334 ± 26 1 

328 ± 1 5  

33�- ± 22 

326 ± 232 

1
va l ues represent means ± SEM for ten an ima l s .  

2va l ue represents mean ± SEM for n i ne an i ma l s .  

I ni ti al 

g 

1 63 ± 2 

1 65 ± 3 

1 65 ± 5 

1 63  ± 3 

Fema l es 

Fi nal 

g 

1 90 ± 3 

1 93 ± 3 

1 88 ± 5 

1 88 ± 3 

w 

""-J 
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Whatman No . 1 paper was cut into 9 1

1 by 9 1 1  squares. A l ine was 

penciled one inch from the bottom horizontal and one inch from the l eft 

vertical edge of the paper . At the point where the l ines met , 25  µ l  of 

phosphate samp le  was appl ied in a spot not to exceed 3/ 8 inch in 

diameter . The paper was then rotated 90 ° to the left and rol led into a 

cyl inder , al l owing separation between the vertical edges and stapl ed .  

Each phosphate was spotted in a simil ar manner on an individual sheet of 

paper. Cyl inders were then pl aced in an equil ibration jar for 45 

minutes with a beaker containing 50 ml of the al kal ine sol vent containing 

400 ml 2-propanol , 200 ml sec-butanol , 390 ml distil l ed H20 and 1 0  ml 

1 5N ammonia. The cyl inders were then pl aced in individual one gal l on 

jars l ined with Whatman No . 3 chromatography paper and containing 1 50 ml 

of al kaline sol vent. The chromatograms were al l owed to devel op until 

the sol vent front was 1 - 1 / 2- 2  inches from the upper edge of the paper · 

( 6- 7  hrs. ).  The papers were al l owed to dry overnight after which they 

were rotated 90 ° , stapled and pl aced in an equil ibration jar with acid 

sol vent as previousl y  described. The acid sol vent contained 750 ml 

2-propanol , 250 ml of distil l ed H2o containing 50 g trichl oracetic acid 

( TCA ) and 2. 5 ml 1 5N arrmonia. The cyl inders were al l owed to devel op for 

6-7  hrs . and dried . The chromatograms were then sprayed with ammonium 

mol ybate-perchl oric acid sol ution (dissol ve 1 g ammonium mol ybate in 

mixture of 5 ml 9- 1 2N perchl oric acid , 1 ml 1 2 N hydrochl oric acid ( HCl ) 

and enough distil led H20 to gi_ve a vol ume of 1 00 ml ) and pl aced in a 

convection oven { 55 °C )  for 5- 7 minutes to dry . The dried chromatograms 

were p l aced under a l ong wave UV l ight to view the bl ue spots formed . 

· In preparation for el ution , spots were cut from the paper 

chromatograms . A simil ar size spot was cut from a clear area of the 
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pa per to be used as  a correct i on factor . Al l paper s pots were 

i ndi vi dual l y  cut i nto 1 /8 i nc h  s tr i ps and dro pped i nto ta pered s tems of 

separate funnel s ,  a nd the fu nnel s pl aced i n  the nec ks of 25  ml vo l umetri c  

fl as ks . 

El ut i ons were s ta rted by addi ng  4 drops of 8N anmon i a  wi th a 

med i c i ne dropper i nto the funnel s .  Th i s  wa s fo l l owed by 4 drops of  

di s t i l l ed water . The procedure wa s repea ted three ti mes and fo l l owed 

by severa l d rops of d i s t i l l ed water to ri n s e .  The procedure was then 

repeated us i ng 8N s u l fur i c  ac i d  i ns tead of 8N  ammo n i a · . Two ml of 8N 

s u l fur i c  were then added to each fl a s k .  

Hydrolys i s  o f  the condensed phosphates i nvo l ved pl ac i ng the 

fl as ks i nto beakers conta i n i ng bo i l i ng water for 20 mi nutes . The fl a s ks 

were then a l l owed to come to room temperature . 

For the col or i metri c determi nat i on of the phos phates , 1 0  ml of 

b enzene-butano l mi xture ( 1 : 1 ) pl us  1 0% arrunon i um mo lybate were added to 

each fl a s k  and the fl a s ks were d i l uted to the mark wi th water , s toppered 

a nd s ha ken for 20 s econds . F i ve ml of the top organ i c  l ayer was 

transferred to 25 ml vol umetr i c  fl a s k s . Then 1 0  ml s u l fur i c  ac id­

methanol sol u t i on ( 2% by vol ume i n  absol ute metha no l ) and 1 m l  reduc i ng 

agent  ( add . 5  ml 25% s tannous ch l or i de i n  1 2N HCl to 1 00 ml l N  su l fur i c  

ac i d )  wh i ch mus t  b e  prepared da i l y ,  were added . After 1 0  mi ns . the 

absorbance of each  sol ut i on was determi ned at 650 nm i n  a Bec kman B 

s pectrophotometer . To obta i n the percent phosphorus present i n  each 

sampl e ,  the fol l ow i ng equa ti on  wa s u sed : 

tota l absorbance of sampl e - correct i on factor X 1 00 = % pur i ty tota l ab sorbance of s ampl e 
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Determi na t i on  of Glycogen Syntheta se Acti v i ty 

An i ma l s were s tunned by a b l ow to the head , decap i tated a nd the i r  

l i vers removed to a wei ghed 2 5  ml bea ker pac ked i n  i ce a nd conta i n i ng 

approx i ma te ly  1 0  ml of Tri s ( hydroxymethyl ami nomethane ) buffer ; pH 7 . 2 .  

After record i ng the wei ght of each  l i ver a 1 5% homogenate was prepared 

by d i l ut i ng wi th Tr i s  buffer pH 7 . 2 .  The ti ss ue homogenates were 

prepared us i ng a motor dri ven Thomas homogen i zer w i th  a Tefl o n  pest l e .  

Th e sampl es  were then pl aced i n  a refr i gerated centri fuge a nd 

centri fuged at  8 , 000 X g for 1 0  mi nutes . Approx i mately 5 ml of each  

l i ver homogena te was frozen for protei n determi nati ons . 

Test sol ut i ons  were prepared accord i ng to the method of Vi l l ar­

Pa l a s i  et a l . ( 1 04 ) . Test  so l ut i on  a ,  for the determi nat i o n  of the I 

act i v i ty of g lycogen syntheta se ,  conta i ned 8 ml of O . O l M  1 4c - UDP- g l ucose 

( a verage s pec i fi c  act i v i ty 5 . 23 X 1 07 cpm/µm ) , 1 . 5 ml g l ycogen 80 mg/ml , 

1 . 2 ml of 0 . 5M Tri s -HC1 -0 . 05M EDTA , pH 7 . 8 ,  a nd 1 . 3 ml of d i s t i l l ed H 20 .  

Test  so l u t i on b for the determi nat i on of the tota l ( I +D ) act i v i ty of 

g l ycogen syntheta se  conta i ned 8 ml of O . O l M 1 4c- UDP-g l ucose , 1 . 5  ml 

g lycogen 80 mg/ml , 1 . 2 ml 0 . 5M Tri s -HC1 -0 . 0 5M EDTA , pH 7 . 8 ,  and 1 . 3 ml 

O . l M  g l ucose-6-phos phate , pH 8 . 0 .  Both tes t so l uti ons were frozen a nd 

s tored for three weeks . Storage t imes exceed i ng three weeks res u l ted i n  

the u n i nc uba ted b l a n k  showi ng  trace amounts of rad i oact iv i ty i ncorporated 

i nto g l ycogen . 

A b l a nk cons i s ti ng of 1 ml 6% TCA conta i n i ng 1 mg/ml g l ycogen , 

0 . 1  ml tes t sol ut i o n  a nd 0 . 0 5 ml enzyme d i l uted 2 -fol d wi th 0 . 05M 

Tr i s- HC1 -0 . 0 5M mercaptoethanol - 0 . 005M EDTA-0 . 3% g lycogen , pH 7 . 8 was 

prepared . Two test tubes , one conta i n i ng 0 . 05 ml enzyme ( 2- fo l d  d i l u t i o n ) 

and 0 . 1  ml tes t so l u t i on a and the other conta i n i ng 0 . 0 5  ml enzyme 
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( 4- fo l d d i l ut i on ) and  tes t so l uti on a were prepared . Two other tes t 

t ubes both conta i n i ng 0 . 1  ml of test  sol ut i on b and e i ther 0 . 05 ml of 

2-fo l d d i l u ted enzyme or 0 . 05 ml  of 4-fol d di l u ted enzyme were a l so put 

on  i ce .  

The test tubes were pl aced i n  a 30°C wa terbath a nd s haken ·for 1 5  

mi nutes . The react i o n  was s topped wi th the add i t i o n  of 1 ml col d 6% TCA 

conta i n i ng g l ycogen 1 mg/ml . After centr i fug i ng  for 5 mi nutes at  

67 1  X g ,  t he  s upernata nt was poured i nto 1 5  m l  centri fuge tubes , 

prec i p i tated wi th 2 ml co l d  9 5% ethano l ( EtOH ) , mi xed thorough ly a nd 

a l l owed to s tand  a t  room temperature for 20 mi nutes . After centr i fug i ng  

for 1 0  m i nutes a t  671  X g ,  the prec i pi tates were washed tw i ce wi th  3 ml 

66% EtOH , s ha ken and recentri fuged for 1 0  mi nutes at 67 1 X g and 

i nverted to dra i n .  The prec i pi ta tes were di sso l ved i n  0 . 4  ml o f  H 20 

and  a l l owed to s ta nd overn i ght  to compl ete ly  d i s sol ve the g l ycogen . 

Sampl es were then trans ferred to l i q u i d sc i nti l l at i on count i ng  v i a l s 

conta i n i ng 6 ml 2-ethoxyethanol . a nd 1 0  ml PPO i n  to l uene . Ana lyses of 

the radi oacti v i ty were done i n  a Beckman LS l OOC l i q u i d  s c i nt i l l a t i o n  

counter . 

Determi nat i o n  of 1 4c- Gl ucose I ncorporat i on 
i nto Rat Li ver Glycogen 

Two a nd one- ha l f hours after the admi ni s trati on of a 2 5% 
1 4C- g l ucose sol ut ion  by s tomach tube the a n i ma l s were sacr i fi ced a nd 

l i vers removed to 50 ml centri fuge tubes contai n i ng 1 0- 1 5 ml o f  hot 

( bo i l i ng waterbath ) 30% KOH for d i gesti on . The l i vers were s t i rred , 

wi th a gl ass  s t i rri ng rod , i ntermi ttentl y to i nsure compl ete t i s sue  

di ges t i on . After approx imately 30 mi nutes , the tubes were removed and 
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cool ed · to 40- 50 ° . The g lycogen was prec i pi tated w i th the add i t i on of 

1 8  ml 95% EtOH to the tubes wh i ch were then pl aced i n  an  80 ° wa ter ba th 

for 5 mi nutes . After coo l i ng the tubes to room tempera ture , they were 

centri fuged at 67 1  X g for ten mi nutes . The su pernatant wa s poured off 

and  the prote i n  i mpur i ti es removed by the add i t i on of 1 5  ml 1 0% TCA by 

fi rst add i ng enough TCA to form a pa s te . The rema i ni ng TCA wa s added 

i n  three parts w i th thorough mi xi ng between add i t i ons . The sampl es were 

then centri fuged at 671 X g and the s u pernata nt trans ferred to c l ean  

centri fuge tubes . The pur i fi ed g lycogen wa s prec i p i tated w i th the 

add i t i o n  of 2 5  ml 95% EtOH and centri fugat i on a t  671 X g for 1 0  mi nutes . 

After i n vert i ng the tubes to dra i n ,  the prec i pi tate wa s dri ed w i th th e 

addi t i on of a sma l l vol ume of acetone , dra i ned a nd ri nsed w i th ether . 

The sampl es were dra i ned a nd l eft to dry overni ght . The gl ycogen was 

transferred to 1 0  ml vo l umetri c  fl a s ks and d i l uted to the ma rk  wi th 

d i s ti l l ed water . Dupl i cate 0 . 5  ml sampl es were p i petted i n to l i q u i d  

sc i nt i l l a t ion  v i a l s contai ni ng 6 ml 2-ethoxyethanol a nd 1 0  m l  PPO ( 1 2 g 

i n  1 l i ter to l uene ) .  Al l sampl es were ana lyzed i n  a Beckman LS 1 00c 

l i q u i d  s c i nt i l l ati on counter . 

Determi nati on of Glycogen Puri ty 

As prev i ous ly  menti oned , the puri fi ed gl ycogen wa s . tra ns ferred 

to 1 0  ml vol umetr i c  fl a s ks and d i l uted to the mark wi th d i s t i l l ed wa ter . 

These  sampl es were further di l uted by p i petti ng 1 ml i n to 1 00 ml 

vo l umetr i c  fl as ks a nd d i l uti ng wi th d i s t i l l ed wa ter . 

Anthrone reagent wa s prepared dai ly as  needed accord i ng to the 

method of Ca rro l l et a l . { 1 06 ) . I t  cons i s ted of 0 . 05% anthrone , l . 0% 

th i ourea a nd 72 . 0% by vo l ume H2so4
. For each 2 50 ml of reagent ,  1 80 ml 
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concentrated H2so4 was carefully added to a flask containing 70 ml 

distilled H2o followed by the addition of 125 mg anthrone and 2 . 5 g 

thiourea . Duplicate 9 . 0 mg percent (0 . 5  µ moles/ml) glucose standards 

were prepared by quantitatively weighing out two 9 . 0 mg samples of 

glucose which were transferred to 100 ml volumetric flasks and diluted 

with distilled water . Four ml of anthrone reagent were added to 

duplicate 1 . 0  ml samples of glycogen, glucose standards and two 

distilled water blanks . After mixing thoroughly the test tubes were 

chilled to 0° in an ice bath . A marble was placed in the mouth of each 

test tube to prevent evaporation and the samples were heated for 10 

minutes in a boiling water bath . The reaction was stopped by immersing 

the tubes in cold water . After bringing the samples to room temperature 

the absorbances were read at 620 nm . 

Liver Protein Determination 

The amount of protein in each liver homogenate was determined 

according to the method of Folin-Ciocalteu as described by Lowry et al . 

(107) . Reagents were · prepared as follows: 

Reagent A was prepared by adding 1 ml of sodium-potassium tartrate 

( NaKC4H4o6 · 4H20 )  followed by l ml 1 %  cupric sulfate ( Cuso4 · sH20 )  to 

100 ml of 2 . 0% sodium carbonate (Na2co3 ) .  This reagent must be prepared 

for each experiment and may not be stored . 

Reagent 8 was prepared by diluti�g commercial Folin-Ciocalteu 

reagent (2N) 2-fold with distilled water to make a lN reagent . 

A standard containing 0 . 2  mg protein/ml was prepared by diluting 

20 mg of bovine serum albumin to 100 ml with 0 . 5N NaOH . 
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Liver homogenates were diluted 250-fold by pipetting 0. 4 ml of 

liver homogenate into a 50 ml volumetric flask and bringing it up to 

volume with 0. 5N NaOH. Two ml of this solution was added to 2 ml of lN 

NaOH ( 1 : 1 )  and mixed thoroughly. One ml of this final dilution was used 

in the determination. 

Procedure : 

Five ml reagent A was added to duplicate 1. 0 ml protein samples 

and each protein standard mixing well. The samples were allowed to 

stand at room temperature for 10 minutes. A blank containing J . O ml of 

0. 5N NaOH was treated in a similar manner. Then 0. 5 ml of reagent B was 

added to each test tube and mixed. After allowing the tubes to sit for 

30 minutes the absorbances were read at 750nm in a Beckman B spectro­

photometer. The following equation was used to calculate the mg 

protein in each sample : 

absorbance of unknown X ( dilution ) X conce�i�ation x lOO = mg protein absorbance of standard factor of standard 

III. STATISTICS 

Duncan ' s  Multiple Range Test for equal sample sizes and unequal 

sample sizes was used to measure differences between mean animal weights 

according to the procedure described by Steel and Torrie ( 100 ) .  The 

method of paired comparisons for equal sample sizes was utilized to 

analyze the results because one animal from each dietary group was 

sacrificed on the same day. When necessary, due to experimental animal 

deaths, the method of paired comparisons for unequal sample sizes was 

also used. All computations were done using the Olivetti-Underwood 101 

prograrm1er. 



CHAPTER IV 

RESULTS 

I. THE EFFECT OF 0 . 1% PHOSPHATE SUPPLEMENTATION ON 
GLYCOGEN SYNTHETASE ACTIVITY 

AND GLYCOGEN FORMATION 

Some of the resul ts that are reported in this chapter were not 

statistical l y significant but appeared to refl ect strong trends . Those 

effects that were statistical l y  significant are identified . 

Liver gl ycogen synthetase activity was 49% (I ) and 24% (T ) l ower 

in ma l e  rats fed diets suppl emented with 0.1% cycl otetraphosphate than 

in l ivers from rats fed equal l evel s of orthophosphate (Tabl e 13 ) .  

Simil ar resul ts were found in fema le  rats ; however, the magnitude of the 

decrease in both activities of the enzyme {9% ) was l ess . In contrast, 

ma l e  rats fed diets suppl emented with hexametaphosphate demonstrated a 

20% increase in gl ycogen synthetase activity (I or total ) when compared 

to those rats fed orthophosphate at the same l evel of suppl ementation . 

Furthermore, there . were apparent sex differences between the anima l s. 

The I enzyme activity represented a l arger percent of the total activity 

i n  female  rats than in mal e  rats regardl ess of the phosphate 

suppl ementation . 

The uptake of 14C-gl ucose, expressed as total counts per minute 

(Tcpm ) ,  was approximatel y  37% l ower in l ivers from rats fed cycl otetra­

phosphate than in those from rats fed orthophosphate (Tabl e 14 ) .  

Comparabl e  resul ts were found when val ues were expressed in terms of 

body weight. These resul ts were evident in both mal e  and femal e 
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Di etary phosphate 

Ortho 
i ndependent 
tota l 

Cyc l otetra 
i ndependent 
tota l 

Cyc l otri 
i ndependent 
tota l 

Hexameta 
i ndependent 
tota 1 
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TABLE  1 3  

L i ver gl ycogen syntheta s e  acti v i ty 

Sex of experi menta l a n i ma l s 
Mal es Femal es 

( uni ts ) 1 ( u n i ts ) 

42 . 2 ± 1 3  � 82 1 5 . 4  ± 2 . 32 

1 1 7 . 1 5  ± 35 . 7  32 . 7  ± 3 . 8  

2 1 . 1 ± 5 .  1 1 3 . 5  ± 2 . 0  
89 . 6  ± 1 9  . 8  30 . 5  ± 3 .  1 

37 . 1  ± 6 . 0  1 4 . 5  ± 4 . 5  
1 28 . 3  ± 1 8 . 5 26 . 3  ± 6 . 6  

5 1 . 2 ± 1 4 . 6  1 3 . 0  ± 2 . 4  
1 45 . 6  ± 20 . 7  28 . 3  ± 2 . 6  

1 1 un i t = 1 0  cpm/mg protei n .  
2Al l va l ues repres ent mea ns ± SEM for 6 a n i ma l s .  



TABLE  1 4  
1 4c-Gl ucose recovered i n  l i ver gl ycogen 

Di etari 2hos�hate 
· ortho 

Tcpm x 1 0-4 
q�m X 1 0-4 
1 00 g body w�i ght 

Cyc l otetra _4 Tcpm x. 1 0 
cem X l 0-4 
1 00 g body wei ght 

Cyc l otri _4 Tcpm x 1 0  
C(�m x 1 o-4 
1 00 g body wei ght 

H�xameta _4 Tcpm x 1 0 
cem X 1 0-4 
1 00 g body wei ght 

Sex of  exeerimenta l  
Mal es 

26 .  1 ± 1 1 .  0 1 

7 . 0  ± 3 . 0  

1 9 . 5  ± 6 . 9 1 

4 . 8  ± 1 . 9  

31 . 2 ± 9 . 52 

1 5 . 0  ± 8 .  1 

27 . 6  ± 4 . 7 1 

· 6 . 8  ± 1 . 1 

1 va l ues represent means ± SEM for 6 a n ima l s .  
2va l ues represent means ± SEM for · 5 a n ima l s .  
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a n imal s 
�ema 1 es 

1 0 . 3 ± 2 . 3 1 

4 . 4  ± 0 . 8 

7 .  1 ± 0 .  72 

2 . 9  ± 0 . 2 

1 8 . 5  ± 1 . 3  1 

7 . 9  ± 0 . 4  

1 3 . 4  ± 2 . 6  

5 . 7  ± 1 . 1 
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a n j ma l s .  Furthermore , there was a 1 7% a nd 44% i ncrease  i n  the 

i ncorporat ion  of 1 4C-g l ucose i nto l i ver g l ycogen i n  mal e a nd fema l e  

ra ts res pecti vel y , fed cyc l otri phosphate when compa red to those rats fed 

orthophosphate . The magni tude of i ncrea s e  i n  1 4C- gl ucose i ncorporati on 

i nto l i ver g l ycogen by femal e a n ima l s that were fed hexameta phos pha te 

was not as great as the magni tude of i ncreas e  i n  thos e a n i ma l s fed 

cyc l otri phos phate . I n  genera l , ma l e  an ima l s fed each of the four 

phosphate di ets i ncorporated more of the tes t dose of 1 4C-g l ucose i nto 

l i ver g lycogen than the fema l e a n ima l s .  Thes e res u l ts were demonstrated 

whether expressed as tota l cpm or cpm rel at i ve to a n i ma l  · body we i ght . 

The res u l ts of tota l l i ver g l ycogen recovered , expres sed as  mg 

gl ucose a nd mg gl ucos e/ 1 00 g body wei ght , are s hown i n  Tab l e  1 5 .  Ra ts 

fed cycl otetra phos phate had approx imate ly 1 5% a nd 53% l es s  total  l i ver 

g l ycogen i n  ma l e and fema l e  rats re�pecti vel y than d i d  rats fed ortho­

ph�sphate . The decreases i n  mg gl ucose or mg gl ucos e expres sed 

rel at i ve  to body we i ght i n  fema l e rats were s i gn i fi cant a t  p < 0 . 05 . I n  

contrast , ma l es fed - cycl otri phosphate and hexameta phosphate had 

approx imatel y a 1 5% i ncrease i n  tota l g lycogen recovered when compared 

to those  ra ts wh i ch were fed orthophos pha te . Th i s  was true when 

·expres sed as mg g l ucose or rel ati ve to an ima l  body we i gh t .  

· I n  fema l e  ra ts there was a s i gn i fi cant ( p  < 0 . 01 ) i ncrease i n  the 

tota J l i ver g l ycogen recovered i n  those rats fed hexametaphos phate · when 

compared to control s .  Al though the d i fferences were not s i g ni fi cant , 

fema l e rats fed cyc l otri phosphate al so had more l i ver gl ycogen expres sed 

as  mg gl ucose or rel a ti ve to body wei ght than those fema l e rats fed 

orthophosphate . Furthermore ,  more l i ver g lycogen was recovered from 
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TABLE  1 5 

Tota l l i ver g lycogen recovered 

Sex of a n i ma l s 
Di etarl �hos�hate Mal es Femal es 
Ortho 

1- 9 . 1 1 
1 2  . 0  l mg gl ucos e 1 30 . 8  ± 74 . 9 ± 

mg gl ucose 
1 00 g body we i ght  34 . 9  ± 5 . 3 32 . 2 ± 4 . 9  

Cyc l otetra 
1 2 . 5 1 6 .  / , 3 mg g l ucos e 1 1 2 .  1 ± 35 . 4 ± 

mg gl uco se  
3 . 3

3 1 00 g body we i ght  27 . 7  ± 3 . 2 1 5 .  7 ± 

Cyc l otr i 
33 . 62 

± '26 . 41 mg gl ucose  1 63 . 5  ± 82 . 5  
mg gl ucose 
1 00 g body we i gh t  43 . 1 ± 9 . 3 36 . 0  ± 1 1 .  6 

Hexameta 
1 9  . 0  l 1 8 . 2

1 ' 4 mg g l ucos e  1 62 . 0  ± 1 34 . 6 ± 

mg gl ucose 
8 . 3

4 
1 00 g body we i ght  38 . 5  ± 4 . 1 57 . 6  ± 

1 va l ues represent mea ns ± SEM for 6 a n i ma l s .  

2va l ues repres ent mea ns ± SEM for 5 a n i ma l s .  
3Means  a re s i gn i fi ca ntl y di fferent { p  < 0 . 05 ) from ortho means  by 

the  method of pa i red compar i son for unequa l sampl e s i zes  { 1 00 ) .  
4Mea ns are s i gn i fi cantl y  d i fferent { p  < 0 . 0 1 ) from ortho means  by 

the method of  pa i red compari sons ( 1 00 ) .  



male rats than female rats regardless of the dietary phosphate . 

supplementation. 

II. EFFECT OF LENGTH OF FEEDING TRIAL ON THE 
· · DEVELOPMENT OF METABOLIC EFFECTS 

50 

The I . .  act_i vity of glycogen synthetase in ma 1 e rats fed 

cyclotetraphosphate for 24, 96, 144 and 192 hours was less than the 

enzyme acti.vity in male rats fed orthophosphate ( Table 16) for equal 

time periods. The . decrease in enzyme activity in rats fed cyclotetra­

phosphate for a time interval of 192 hours, when compared to those rats 
. . 

fed orthophosphate for 192 hours, was significant (p  < 0. 05) .  

However, there was a decrease in total enzyme activity at only 

24 and 144 hours for rats fed cyclotetraphosphate when compared to 

control rats. In contrast, those rats fed cyclotriphosphate had an 

increase in both the I and total glycogen synthetase activity at all 

time periods with an exception of 24 hours. Rats fed hexametaphosphate 

showed increases in glycogen synthetase activity ( I  and total) at 48, 

96 a�d 192 hours. These differences were not as prominent for females 

(Table 17) . Decreases in enzyme activity ( I) were seen in females fed 

cyclotetraphosphate at 24 , 48, 1 44 and 1 92 ho urs when compared to those 

females which were fed orthophosphate. These results were also apparent 

when examining the total enzyme activity. Rats fed cyclotetraphosphate 

for 144 hours had significantly lower ( p  < 0. 05) glycogen synthetase 

activity (I  and total) than rats fed orthophosphate for similar period 

of time. 

Glycogen synthetase activity in males ·and females did not appear 

to increase with increasing time intervals regardless of the dietary 

phosphate supplementation. 



TABLE  1 6  

L i ver glycogen. synthetase acti v i ty i n  ma l e  ra ts fed 
exper i menta l d i ets for i ncreas i ng l engths of t i me 

T ime i nterva l 
Di etarl ehosehate 24 hours · 48 hours 96 hours 1 44 hours 

( un i ts ) 1 ( un i ts )  ( un i ts ) ( un i ts )  

Ortho 2 2 2 i ndependent 1 4 . 2  ± 2 . 2 4 . 2  ± 0 . 8  1 5 . 0  ± 3 . 1  1 4 . 0  ± 2 . 7  
tota l 43 . 8  ± 8 . 3 22 . 4  ± 3 . 4  40 . 7  ± 4 . 9  5 1 . 6  ± 6 . 4  

Cyc l otetra 
1 0 . 6  ± 1. 2 i ndependent 1 2 . 5  ± 1 . 9 7 . 2  ± 1 . 0 1 1 . 1  ± 2 . 1  

tota l 37 . 4  ± 3 . 1  26 � 9  ± 2 . 6  41 . 0  ± 4 . 7 35 . 2  ± 6 . 2  

Cyc l o tri 
i ndependent 1 1 . 2 · ± 3 . 4  7 . 6  ± 1 . 2 31' . 3  ± 3 . 9  23 . 5  ± 5 . 6  
tota l 42 . 5  ± 7 . 0  31 . 5  ± 2 . 9  50 . 2  ± 7 . 0  ·5 1  . 2 ± 4 .  2 

Hexameta 
i ndependent 1 3 . 6  ± 3 . 4  6 . 8  ± 1 . 1 2 3 . 2  ± 2 . 2  1 8 . 2 ± 2 . 2  
tota l 37 . 2 ± 1 . 1 33 . 9  ± 5 . 8  52 . 9 '± 3 .  5 37 . 4  ± 2 . 7  

1 1 un i t = 1 0  cpm/mg protei n .  
2Al l va l ues represent means ± SEM for 5 a n i ma l s .  

2 

3Means are s i gni fi cantl y di fferent ( p  < 0 . 05 )  from ortho mea ns by the method of pa i red 
compari sons ( 1 00 ) . 

1 92 hours 
( un i ts ) 

1 0 . 6  ± 1 . 6 2 
31 . 2  ± 5 . 7  

6 . 1  ± 0 . 6  3 
33 . 4 ± 6 .  7 . · 

1 4 . 5  ± 2 . 4 
47 . 6  ± 9 . 1  

1 2 . 2 ± 2 . 0  
41 . 9  ± 7 . 0  



Di etari Qhosehate 

Ortho 
i ndependent 
tota l 

Cyc l otetra 

TABLE 1 7  

L i ver g l ycogen synthetase  acti v i ty i n  fema l e ra ts fed · 
experi menta l  d i ets for i ncreas i ng l engths of t ime 

T ime i nterval 

24 hours 48 hours 96 hours 1 44 hours 
( un i ts )1 ( un i ts )  ( un i ts )  ( u n i ts ) 

1 4 . 3  ± 2 . 52 1 7 . 8  ± 2 . 1 2 1 1 . 0 ± 3 . 7 2 
25 . 1  ± 2 . 5  

2 3 . 7 ± 2 . 4  38 . 0  ± 2 . 4  21 . 2  ± 4 . 7  30 . 6  ± 3 . 5  
2 

3 i ndependent 8 . 6  ± 1 . 6 1 1 . 8 ± 4 . 3 1 3 . 2 ± 3 . 5  1 0 . 7 ± 1 . 43 tota l 1 2 . 6  ± 2 . 8  27 . 8 ± 7 . 9  22 . 2 ± 5 . 7  1 5 . 3  ± 1 . 3 

Cyc l otri 
i ndependent 8 . 5 ± 2 . 3  1 3 . 6  ± 2 . 6  6 . 5  ± 2 . 3  1 5 . 7  ± 0 . 5 
tota l 1 ,4 . 6 ± 3 . 3  35 . 9  ± 5 . 7 1 8 . 0  ± 6 . 2 2 1 . 0 ± 1 . 1  

Hexameta 
i ndependent 1 0 . 8  ± 1 . 5 1 2 . 6  ± 5 . 8  8 . 5  ± 1 . 6 1 5 . 6  ± 2 . 3  
tota l 1 5 . 7  ± 3 . 8  � ,  . 2 ± 7 . 8 1 7 . 7  ± 3 . 8  20 . 3  ± 2 . 4 

1 1 u n i t = 1 0  cpm/mg protei n .  

2Al l va l ues represent means ± SEM for 5 a n i ma l s .  

3Means  are s i gn i fi cantl y  d i fferent ( p  < 0 . 0 5 )  from ortho mea ns by the method of pa i red 
compari sons ( 1 00 ) . 

1 92 hours 
( un i ts )  

1 8 . 5 ± 3 . 72 

30 . 4 ± 7 . 3  

1 2 . 8  ± 1 . 8 
22 . 7  ± 3 . 9  

1 1 . 2 ± 1 . 3  
1 6 . 8  ± 2 . 8  

1 1 . 5  ± 2 . 8  
1 6 . 9  ± 4 . 3  

(J'l 

N 
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Uptake of 14C-glucose expressed as total cpm was significantly 

(p < 0.01) l ower in male rats fed cyclotetraphosphate for 144 hours than 

in those fed orthophosphate (Table 18). When expressed in terms of body 

weight there were also significant differences. 14C-qlucose recovered in 

liver glycogen expressed as total cpm and cpm relative to body weight in 

livers from rats fed cyclotriphosphate and hexametaphosphate was 

comparable to that for rats fed orthophosphate at all time intervals 

investi gated. In females no differences were seen in the recovery of 
14c-glucose in liver glycogen regardless of the dietary phosphate or 

whether the results were expressed as total cpm or cpm relative to body 

weight (Table 19). 

Total liver glycogen recovered was · significantly lower (p < 0.01) 

in mal e rats fed cyclotetraphosphate for 144 hours than in rats fed 

orthophosphate when expressed as mg gl ucose but· not when expressed 

relative to body weight (Table 20 } .  Although there were no significant 

differences at 24,  48 and 96 hours rats fed cyclotetraphosphate in 

general , had less glycogen recovered when compared to rats fed ortho­

phosphate. These results were evident when expressed as mg glucose or 

relative to animal weights. Rats fed cyclotetraphosphate for 144 hours 

had significantly (p < 0 . 01) less glycogen - recovered, expressed as mg 

glucose, than in those fed orthophosphate . Slight increases in these 

parameters were seen in male rats fed cyclotriphosphate and hexameta­

phosphate for 24 hours when compared to rats fed orthophosphate but not 

at other time interval s  investigated . Similar patterns were seen with 

female animals (Table 21). 



TABLE 1 8 
1 4c- Gl ucose recovered i n  l i ver gl ycogen from ma l e  rats fed 

experi mental d i ets for i ncrea s i ng l engths of t i me 

Di etary phosphate 

Ortho 
Tc pm x 1 0-4 
cpm x 1 0-4 
1 00 g body we i ght  

Cyc l otetra _4 Tc pm x 1 0  
cpm x 1 0-4 
1 00 g body we i ght 

Cyc l otri _4 Tcpm x 1 0 
C(�m X 1 0-4 
1 00 g body wei ght 

Hexameta _4  Tcpm ,x 1 0 
cpm x 1 0-4 
1 00 g body wei ght  

24 hours 48 hours 

1 0 . 0  ± 1 . 3 
1 1 1 . 6 ± 3 . 4  

3 . 2  ± 0 . 6  3 . 4  ± 1 . 0 

1 1 . 0  ± 0 . 5  8 . 3 ± 1 . 6  

3 . 6  ± 0 . 3 2 . 5  ± 0 . 6  

1 1 . 4  ± 2 . 4 6 . 8  ± 1 . 6  

3 . 8  ± 0 . 9  1 . 9  ± 0 . 4 

1 2 . 7  ± 2 . 3 6 . 7  ± 1 . 3 

4 . 2  ± 0 . 7  2 . 1 ± 0 . 5  

1 Al l va l ues represent means ± SEM for 5 a n ima l s .  
2Th i s  va l ue represents mean ± SEM for 4 a n ima l s .  

Ti me i nterva 1 
96 hours 1 44 hours 

9 . 9  ± 1 . 9  1 1 3 . 1 ± 2 . 5  2 

3 . 1  ± 0 . 6  4 . 4 ± 1 . 1  

8 . 5 ± 1 . 7  1 0 . 8  ± 1 . 81 ' 3 

2 . 6  ± 0 . 5  3 . 5  ± 0 . 6  3 

9 . 5  ± 2 . 7  9 . 2  ± 2 . 1 
1 

3 . 0  ± 0 . 9  3 . 3 ± 0 . 8 

6 . 8 ± 0 . 5  1 0 . 8  ± 0 . 7 1 

2 . 1  ± 0 . 2  3 . 6  ± 0 . 3 

3Mea ns are . s i gn i f i cantl y di fferent ( p  < 0 . 01 } from ortho mea ns by the method of pa i red 
compari sons for u nequal sampl e s i zes ( 1 00 } .  

1 92 hours 

7 . 9  ± 0 . 5  

2 . 5  ± ' 0 . 2  

9 . 1  ± 2 . 3 

2 . 7  ± 0 . 6  

8 . 9  ± 1 . 6  

2 . 9  ± 0 . 5  

5 . 5  ± 1 . 3 

1 . 7  ± 0 . 4  

1 

u, 
� 



Dietarl ehosehate 
Ortho 

Tcpm x 1 0-4 
C(�m X l0-4 
100 g body weight 

Cyclotetra _4 Tcpm x 1 0 
q�m X l0-4 
1 00 g body weight 

Cyclotri _4 Tcpm x 1 0 
CQID X 1 0-4 
1 00 g body weight 

Hexameta _4 Tcpni x 1 0 
cpm x 1 0-4 
1 00 g body weight 

TABLE 1 9 
1 4c-Glucose recovered i n  li ver glycogen from female rats fed 

experi mental di ets for i ncreasi ng lengths of ti me 

Ti me interval 
24 hours 48 hours 96 hours 1 44 . hours 

25 . 5  ± 9 . 81 29 . 9  ± 7 . 3 1 33.4 ± 7 . 6  1 3 . 5  ± 3 . 91 

1 5. 7 ± 6 . 4  1 4 . 6  ± 3 . 5 17 . 5  ± 3 . 7  7 . 7  ± 2.1 . .  

20 . 5  ± 1 2.8 29 . 3  ± 8 . 7  34 . 2 . ± 1 1 . 7 1 8 . 1 ± 9 . 1 

1 2. 1 ± 7.6 1 4 . 4  ± 4 . 2  1 8 .  1 ± 6 . 0  1 0 . 9  ± 5 . 7  

22 . 8  ± 6.7 1 8 . 5 ± 3 . 9  1 5.2 ± 5 . 4 1 8 . 6  ± 6 . 3  

1 3 .  5 ± 3 . 9  9 . 1 ± 2 . 0  8 . 1 ± 2 . 6  1 1 . 2± 3 . 8 

20.5 ± 2.8 24 . 1 ± 9 . 2 16 . 3  ± 4 . 6 1 4.5 ± 3 . 7  

1 2.0 ± 1 . 9  1 2.0 ± 4 . 6  1 0 . 2 ± 1 . 5 7.9 ± 1 .' 9 

1 All values represent means± SEM for 5 ani mals . 

1 92 hours 

8 . 2  ± 4 . 0 1 

4 . 7  ± 2 . 0  

1 2 . 8  ± 5 . 3  

7 . 4 ± 5 . 3  

1 4.7 ± 4 . 5 

8 . 6  ± 2 . 9  

13 . 7  ± 4 . 3  

7 . 5  ± 2 . 3  

u, 

u, 



TABLE  20 

Tota l l i ver g lycogen recovered i n  ma l e  ra ts fed exper i menta l · 
d i ets for i ncreas i ng l engths of t i me 

Di etart ehosehate 24 hours 48 hours 
Ortho 

1 1 8 . 6  ± 25 . 4 1 
1 74 . 4  ± 47 . 4 1 mg g l ucose 

mg gl ucose 
1 00 g body wei ght 38 . 0  ± 9 . 4  50 . 0  ± 1 2 . 2  

Cyc l otetra 
mg g l ucose 1 1 2 . 3  ± 1 3 . l  98 . 0  ± 22 . 4  
mg gl ucose 
1 00 g bpdy wei ght 36 . 2  ± 2 . 7  29 . 1 ± 2 . 7  

Cyc l otr i 
mg g l ucose 1 24 . 7 ± 5 . 7 1 07 . 9 ± 1 5 .  0 
mg gl ucose 
1 00 g body wei ght 42 . 4  ± 1 1 . 8  30 . 8  ± 4 .  l 

Hexameta 
mg g l ucose 1 50 . 9  ± 53 . 2  1 07 . 7  ± 25 . 9  
mg gl ucose  
1 00 g body wei ght 49 . 4  ± 4 . 0  32 . 6  ± 8 . 2  

1 Al l va l ues represent means ± SEM for 5 a n ima l s .  
2Va l ue represents means ± SEM for 4 a n i ma l s .  

Ti me i nterva l 
96 hours 1 44 hours 

1 37 . 6  ± 26 . 5  274 . 4  ± 5 1 . 02 

43 . 2 ± 7 . 8 90 . 3 ± 21 . 3 

1 22 . 7  ± 2 1 . 2  1 62 . 1 ± 43 . 91 ' 3 

37 . 9  ± 7 . 5  52 . 5  ± 1 5 . 2  

1 07 . 4  ± 40 . 7  1 24 . 6  ± 3 1 . 6 1 

33 . 9  ± 1 3 . 3  43 . 6  ± 1 1 . 9  

90 . 6  ± 1 9 . 2  1 7 4 .  l ± 27 . 21 

27 . 5  ± 5 . 6  56 . 7  ± 1 4 . 8  

1 92 hours 

1 07 . 4  ± 1 2 . 3 1 

33 . 9  ± 4 . 9  

1 55 . 6  ± 42 . 0  

46 . 3 ± 1 1  . l 

1 66 . 2 ± 40 . 7  

52 . 6  ± 1 3 . 5  

1 48 . 4  ± 37 . 5  

48 . 4  ± 1 4 . 8  

3Means are s i gn i fi ca ntl y di fferent ( p  < 0 . 0 1 ) from ortho means  by the method of pa i red 
compari sons for u nequal  sampl e s i zes ( 1 00 ) . 01 

°' 



Di etari Qhosehate 
Ortho 

mg g l ucose 
mg gl ucose 
1 00 g body we i ght 

Cyc l otetra 
mg g l ucose 
mg gl ucose 
1 00 g body wei ght 

Cyc l otri 
mg gl ucose 
mg gl ucose 
1 00 g body wei ght 

Hexameta 
mg gl ucose 
mg gl ucose 
1 00 g body wei ght 

TABLE 2 1 

Tota l l i ver g_l ycogen recovered i n  fema l e  rats · fed exper imenta l  
di ets for i ncreas i ng l engths of t ime 

T ime i nterva 1 
24 hours 48 hours 96 hours 1 44 hours 

48 . 5 ± '  1 4 .  3 72 . 3  ± 20 . 8 1 8 1 . 8  ± 24 . 1 
l 30 . 5  ± 7 .  2 1 

,, 

29 . 8  ± 9 . 4  35 . 6  ± 1 0 . 3  43 . 0 ± 1 1 . 9  1 7 . 8 ± 4 . 3  

45 . 9  ± 1 6 . 7  84 . 8  ± 25 . 4  75 . 3  ± 29 . 2  28 . l ± 1 0 .  6 

27 . 2 ± 1 0 .  2 42 . 0  ± 1 2 . 6 39 . 8  ± 1 5 . 0  1 6 . 8  ± 6 . 7  

59 . 3 ± 1 4 .  7 30 . 1 ± 9 . 6  37 . 6  ± 1 4 . 6  22 . 1 ± 8 .  1 

35 . 2  ± 8 . 2  1 9 . 2  ± 4 . 8 20 . 0  ± 7 . 4 1 3 .  5 ± 5 . 3  

53 . 5  ± 7 .  1 70 . 4  ± 30 . 4  37 . 3  ± 1 0 . 2  42 . 8  ± 6 . 6  

3 1 . 4  ± 4 . 5  35 . 0  ± 1 5 . 2  1 9 . 9  ± 5 . 4 23 . 9  ± 3 . 5  

1 Al l va l ues represent means ± SEM for 5 a n ima l s . 

1 92 hours 

20 . 9  ± 7 . 7 1 

1 0 . 9  ± 3 . 8 

2 1 . 0  ± 8 . 4  

1 2 .  1 ± 4 . 7  

29 . 2  ± 4 . 5  

1 6 . 6  ± 3 .  1 

39 . 3  ± 1 5 . 9  

21 . 8  ± 8 . 8  

<.Tl 
......, 



III. EFFECT O F  PERCENT PHOSPHATE SUPPLEMENTATION ON 
GLYCOGEN SYNTHETASE AND GLYCOGEN FORMAT ION 
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In general , at all levels of supplementati on rats fed 

cyclotetraphosphate had lower glycogen synthetase acti v ity i n  compar ison 

to those rats fed orthophosphate. Th i s  pattern was seen wi th both the I 

acti v ity and total acti v ity and for both males and females . Male rats 

fed cyclotetraphosphate at the 0 . 02% level of supplementation had 

s igni fi cantly ( p  < 0. 02) lower I enzyme acti vi ty when compared to con­

trols ( Table 22). At the 0. 04% level of su.pplementation male rats fed 

cyclotetraphosphate had si gnifi cantly lower ( p  < 0 . 05) I and total 

glycogen synthetase acti v ity when compared to those rats fed ortho-

· phosphate. No signi ficant d i .fferences i n  ei ther form of glycogen 

synthetase act iv ity were evi dent when compari ng means from male rats 

fed , cyclotri phosphate and hexametaphosphate w i th those from ortho­

phosphate controls . 

Di etary cyclotetraphosphate supplementati on at the 0. 01% level i n  

females ( Table 23) resulted i n  a s i gni fi cant ( p  < 0 . 05) decrease i n  the 

I glycogen synthetase acti vi ty when compared to rats fed orthophosphate 

us i ng the method of paired comparisons ( 100) . In addi tion ,  si gnifi cant 

decreases (p < 0 . 05) i n  both the I and total glycogen synthetase 

activi t ies i n  female rats fed 0 . 06% cyclotetraphosphate were evi dent 

when compared to rats fed 0 . 06% orthophosphate. 

Only those male rats fed cyclotetraphosphate at a 0 . 06% level of 

supplementati on i ncorporated less 14C-glucose i nto li ver glycogen than 

d i d  rats fed 0 . 01% orthopho�phate ( Table 24) .  

A si gni f icant {p < 0 . 01) i ncrease i n  the 14c-glucose recovered 

from rats fed cyclotri phosphate compared to those ani mals fed · 



Oi etari ehosehate 

Ortho 
i ndependent 
tota l 

Cyc l otetra 
i ndependent 
tota l 

Cycl  otri 
i ndependent  
tota l 

Hexameta 
i ndependent 
tota l 

TABLE  22 

L i ver gl ycogen synthetase  acti v i ty i n  ma l e  rats fed d i ets conta i n i ng 
i ncrea s i ng percentages of phos phate s u ppl ementati on 

Level of sueel ementati on {%) 
0 . 01 0 . 02 0 . 04 

( un i ts ) 1 ( un i ts )  ( u n i ts )  

49 . 4 ± 5 . 82 51 . 9  ± 5 . 3
2 

46 . 7 ± 4 . 72 

1 1 8 . 2 ± 6 . 2 1 46 . 9  ± 22 . 2  1 59 .  1 ± 1 9 . 4 

3 . 74 5 
34 . 4 ± 5 . 7  3 1 . 2 ± 3 3 . 5  ± 2 . 1 5 92 . 5  ± 1 6 . 8  1 1 5_. 3 ± 1 5 .  9 1 07 . 4 ± 9 . 7  

41 . 6 ± 4 . 2 39 . 7  ± 6 . 8  62 . 6 ± 1 1 . 4 
92 . 1  ± 1 2 . 6  1 1 9 . 9  ± 1 2 . 3 1 57 .  2 ± 1 1 . 0 

36 . 6  ± 7 . 4 34 . 8  ± 7 . 1  35 . 7  ± 2 . 6  
82 . 6  ± 7 . 8 1 1 5 . 1  ± 2 1 . 2 1 6 1 . 2 ± 1 9 . 5  

1 1 un i t = 1 0  cpm/mg protei n .  
2Al l va l ues repres ent mea ns ± SEM for 5 a n ima l s .  

3va l ue represents means ± SEM for 4 a n ima l s .  

0 . 06 

( un i ts )  

4 1 . 5 ± 1 . 82 

1 0 3 . 8  ± 1 3 . 8  

3 1 . 8  ± 5 . 92 

1 30 .  4 ± 1 6 . 1 

4 5 . 1  ± 1 2 . 62 

1 29 . 3 ± 22 . 7  

36 . 9  ± 5 . 3
3 

1 1 2 . 6  ± 1 3 . 4  

4Means are s i gn i fi cantly d i fferent ( p  < 0 . 02 ) from ortho mean s  by the method of pa i red 
compari sons { 1 00 ) . 

5Mea ns are s i gni f ica ntly d i fferent { p  < 0 . 05 )  from ortho mea ns by the method of pa i red 
compar i sons  { 1 00 ) .  

u, 

"° 



Di etary phosphate 

Ortho 
i ndependent 
total 

Cyclotetra 
i ndependent 
total 

Cyclotri 
i ndependent 
total 

Hexameta 
i ndependent 
total 

TABLE 23 

L i ver glycogen synthetase acti v ity i n  female rats fed d i ets contain ing 
i ncreasi ng percentages of phosphate supplementati on 

0 . 01 

(uni ts) 1 

26 . 1  ± 3 . 3 
91 . 4  ± 7 . 0  

2 14 . 3  ± 4 . 2 
82 . 3  ± 13 . 9  

20 . 5  ± 3 . 9  
77 . 3  ± 13 . 5  

17 . 3  ± 4 . 5  
89 . 9  ± 13 . 2  

Level of suppl ementation (%) 

0 . 02 0 . 04 

( uni ts) (units) 

10 . 3  ± 2 . 9 25 . 5  ± 4 . 5  
61 . 8  ± 10 . 0  93 . 0  ± 12 . 2  

9 .  1 ± 1 . 5  18 . 6 ± 5 . 8 
57 .1  ± 7 . 2 82 . 3  ± 5 . 9  

28 . 3  ± 10 . 8  28 . 7  ± 3 . 9  
71 . 1  ± 13 . 0  126 . 5  ± 9 . 6  

14 . 2  ± 5 . 4  36 . 0  ± 6 . 0  
87 . 9  ± 8 . 5  95 . 9  ± 9 .  1 

1All values represent means ± SEM for 5 ani mals . 

0 .06 

(uni ts) 

23 . 4  ± 4 . 4 
85 . 4  ± 11 . 7. 

2 8 . 5  ± 3 . 62 35 . 9  ± 7 . 4  

2 8 . 1  ± 1. 9 
53 . 4  ± 18 . 9  

2 11 . 9  ± 2 . 2  
56 . 9  ± 13 . 5  

2Means are signi fi cantly di fferent { p  < 0 . 05 )  from ortho means by the method of pai red 
compar isons ( 100 ) . 

°' 
0 



TABLE 24 

1 4c-Gl ucose recovered i n  l i ver gl ycogen from ma l e  ra ts fed d i ets conta i n i ng 
i ncrea s i ng percentages of phos pha te su ppl ementa ti on 

Level of s ueel ementati on {%) 
Di etarl �hosehate 0 . 01 0 . 02 0 . 04 0 . 06 

Ortho 
1 56 . 0  ± 3 . 0 1 51 . 2 ± 7 .  7 1 

44 . 1 ± 2 . 5 1 Tcpm x 1 0-4 53 . 5  ± 6 . 7  
CQm X l 0-4 
1 00 g body wei ght 20 . 6  ± 2 . 5  2 1 . 8  ± 1 . 4 1 8 . 4 ± 2 . 9  1 6 . 6  ± 2 . 5  

Cyc l otetra _
4 59 . 6  ± 8 . 2  1 67 . 6  ± 4 . 2  40 . 7  ± 3 . 9  Tcpm x 1 0 73 . 5  ± 7 . 7  

cem X l 0-4 
1 00 g body wei ght 27 . 0 ± 4 . 1 30 . l  ± 5 . 0  26 . 1 ± 1 . 5 1 4 . 2  ± 1 . 2  

Cyc l otri  _4 Tcpm x 1 0 74 . 0  ± 6 . 1  3 52 . 9  ± 6 . 9  2 68 . 4 ± 4 . 8  66 . 7  ± 4 . 8  4 

CQm X 1 0-4 
1 00 g body wei ght 

Hexameta _4 Tcpm x 1 0  
cem X l 0-4 
1 00 g body wei ght 

31 . 0  ± 3 . 4 
3 

66 . 5  ± 1 . 9  4 

25 . 1 ± 0 . 74 

20 . 8  ± 4 . 1 26 . 7  ± 2 . 0  24 . 4 ± 1 . 3  4 

66 . 6  ± 6 . 4 
1 66 . 6  ± 8 . 2 64 . 2  ± 6 . 3  4 

28 . 1 ± 3 . 2  25 . 6  ± 3 . 0  23 . 5  ± 2 . 4 
4 

1 Al l va l ues represent mea ns ± SEM for 5 a n i ma l s .  2val ue represents means ± SEM for 4 an i ma l s .  
3Means are s i gn i fi cantly d i fferent ( p  < 0 . 0 1 ) from ortho mea ns by the method of pai red 

compari sons ( 1 00 ) . 
4Means  are s i gni fi cantl y d i fferent ( p  < 0 . 05 )  from ortho means  by the method of pa i red 

compari sons ( 1 00 ) . 



orthophosphate was ev i dent at  the 0 . 01 %  l evel . The l evel of  

s i gn i fi cance was . p < 0 . 05 when compari ng the  means  from a n i ma l s fed 

cyc l otri phosphate and hexametaphosphate to orthopho sphate contro l s at  

0 . 06% l evel of phosphate suppl ementa t i on . Di fferences between  the 

means were seen whether these data were expres sed as  tota l c pm or 

cpm/ 1 00 g body wei ght . 

62 

For fema l es fed cyc l otri phospha te , h exametaphos pha te a nd 

orthophos phate there were sma l l d i fferences between phospha tes  i n  the 

upta ke of 1 4C-g l ucose at  the var i ous  percentages of phos pha te 

s u ppl ementat i on ( Tab l e  2 5 ) . However , there was a s i gn i fi ca n t  decrea se 

( p  < 0 . 05 )  i n  the upta ke of 1 4c-g l ucose  i n  rats  fed cyc l otetraphosphate 

when compared to rats · fed orthophos phate at  the 0 . 0 1 %  l evel . These data 

were s i gn i f i cant  when expres sed a s  tota l cpm or cpm rel a t i ve to body 

wei gh t .  

The tota l l i ver g lycogen recovered i n  ma l e  rats fed 

cyc l otetraphosphate when compared to those fed orthophos pha te was 

approxi ma te ly  2 3% l ess  at  a l l l evel s of s uppl ementa t i on wi t h  the 

excepti on  of 0 . 02% ( Tab l e 26 ) . Rats fed cyc l otetraphos pha te a t  a 0 . 06% 

l evel  of  s upp l ementa t i on had s i gn i fi cant ly  (p  < 0 . 05 )  l es s  total l i ver 

g lycogen recovered when compared to ra ts fed orthoph�sphate at  the 0 . 06% 

l evel . Rats fed cyc l otri phos phate a nd hexametaphosphate at the 0 . 01 and 

0 . 02% l evel s of s uppl ementati on had 20% h i gher . tota l  l i ver g lycogen 

recovered as  mg g l ucose than ra ts fed orthophosphate . The se  resu l ts 

were a l so ev i dent when express ed rel a t i ve to body we i g ht ; however , not 

at h i gher l evel s of phos pha te s uppl ementat i on . 

S i mi l a r  pa tterns were seen wi th fema l es  (Tab l e 27 ) .  Ra ts fed 

cycl otetraphospha te at  the 0 . 01 %  l evel were the on ly  an i ma l s w i th 



TABLE 2 5  
1 4c-Gl ucose recovered i n  l i ver g l ycogen from fem� l 'e rats fed d i ets conta i n i ng 

i ncreas i ng percentages of phosphate suppl ementat i on 

Di etari ehosehate 
Ortho 

Tcpm x 1 0-4 
cpm x 1 0-4 
1 00 g body wei ght 

Cyc l o tetra _4 Tcpm x 1 0 
q�m x 1 o-4 
1 00 g body wei ght 

Cyc l otri . . _4 Tcpm x 1 0 
cpm x 1 0-4 
1 00 g body wei ght 

Hexameta _4 Tc pm x 1 0 
cpm x 1 0-4 
1 00 g body wei ght 

0 . 01 

1 9 . 5  ± 4 . 7 1 

8 . 9  ± 1 . 6  

1 1 . 7  ± 1 . 9  2 

5 . 2  ± 0 . 9  2 

1 9 . l  ± 4 . 5 

8 . 6  ± 2 . 0  
. ..  

1 2 . 5  ± 4 . 8  

5 . 6  ± 0 . 9  

Level of sueel ementat ion {%} 

o .· 02 0 . 04 

1 2 . 4 ± 3 . l  l 1 1  .3 ± l .  4 1 

6 . 4  ± 1 . 6  5 . 0  ± 0 . 8  

1 1 . 7  ± 2 . 7  1 1 . l  ± 1 . 1 

5 . 9  ± 1 . 4  5 . 4  ± 0 . 4  

6 . 9  ± 2 . 3  1 3 . 0  ± 3 . 3  

3 . 7  ± 1 . 1 6 . 4  ± 1 . 9  

5 . 9  ± 1 . 8  1 2 . 3  ± 3 . 9  

3 . 0  ± 0 . 8  6 . 2  ± 2 . 0  

1 Al l va l ues represent means ± SEM for 5 an i mal s .  

0 . 06 

1 1 . 2  ± 4 . 7 1 

6 . 4  ± 2 . 1 

1 2 . 6  ± 4 . 1 

6 . 3  ± 1 . 9  

1 2 . 8  ± 4 . 4  

6 . 8  ± 2 . 3  

1 0 . 0  ± 2 . 0  

5 . 1 ± 0 . 9  

2Mea ns are s i g.n i f icantly d i fferent { p  < 0 . 05 )  from ortho means by the method of pa i red 
compar i sons ( 1 00 ) .  

O'l 
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TABLE 26 

Tota l  l i ver g l ycogen recovered i n  ma l e  rats fed d i ets conta i n i ng 
i ncrea s i ng  percentages of phospha te s uppl ementat i on 

Level of s·ueel ementat ion (% )  

D ietari ehosehate 0 . 01 0 . 02 0 . 04 

Ortho 
229 . 1 ± 30 . 2

1 1 8 1 . 9  ± 30 . 9 1 
279 . 0  ± 44 . 0 1 mg gl ucose 

mg gl ucose  
1 00 g body wei ght 87 . 2 ± 9 . 7  70 . 8  ± 9 . 8  97 . 4  ± 1 3 . 2 

Cyc l otetra . 
mg gl ucose 1 77 . 5  ± 9 . 2 208 . 3  ± 7 . 5  207 . 7  ± 22 . 6  
mg gl ucose 
1 00 g body wei gh� 78 . 3  ± 4 . 3  83 . 9  ± 6 . 8  79 . 7  ± 7 . 2 

Cyc l otri 
mg g l ucose 298 . 9  ± 59 . 6  225 .  2 ± 1 7 .  1 201 . 5 ± 25 .  1 
mg gl ucose 
1 00 g body wei ght  1 24 . 6  ± 24 . 8  86 . 1  ± 9 .  1 77 . 4  ± 9 . 0 

Hexameta 
mg g l ucose 264 . 5  ± 24 . 3  1 97 . 3  ± 1 9 . 4 224 . 6  ± 24 . 2  
mg gl ucose 
1 00 g body wei ght  1 00 .  7 ± 1 2 . 1 82 . 7  ± 7 . 3  90 . 0  ± 5 . 7  

1 Al l va l ues repres ent means ± SEM for 5 a n i ma l s .  

0 . 06 

227 . 0  ± 27 . 1 
l 

86 . 4  ± 1 0 . 9  2 

1 76 . 3  ± 24 . 92 

6 1 . 9  ± 8 . 72 

203 . 7  ± 28 . 2 

74 . 0  ± 5 . 8  

233 . 8  ± 1 2 . 8  

77 . 6  ± 8 . 7  

2Means are s i gn i fi cantly d i fferent ( p  < 0 . 05 )  from ortho means by the method of pa i red 
compar i sons ( 1 00 ) . 

O'I 
� 



TABLE 27 

Tota l l i ver g l ycogen recovered i n  fema l e rats fed d i ets conta i n i ng 
i ncreas i ng percentages of phos phate s u ppl ementa ti on 

Level of sueel ementation {%) 

Di etari ehosehate 0 . 01 0 . 02 0 . 04 

Ortho 
1 1 3 . 8  ± 1 6 . 7 1 1 

1 . 7 l mg gl ucose 66 . 9 ± 1 7 .  1 47 . 1 ± 
mg gl ucose 
1 00 g body wei ght 59 . 3 ± 9 . 4 42 . 7  ± 8 . 5  24 . 6  ± 1 . 4  

Cyc l otetra 
8 . 62 mg g l ucose 59 . 2 ± 69 . 3  ± 1 5 . 3  53 . 3  ± 5 . 5 

mg gl ucose 
1 00 g body wei ght 40 . 5  ± 7 .  1 35 . 0  ± 8 . 0  25 . 3  ± 2 . 0  

Cycl otri 
mg g l ucose 1 07 .  1 ± 20 .  7 36 . 1 ± 8 . 7  60 . 5  ± 1 4 . 3  
mg gl ucose 
1 00 g body we i ght 71 . 5 ± 20 .  7 28 . 3  ± 4 . 6  30 . 0  ± 7 . 1 

Hexameta 
mg g l ucose 92 . 5  ± 8 . 8  31 . 4  ± 9 . 3  61 . 1 ± 24 . 2 

mg gl ucose  
1 00 g body wei ght  47 . 1 ± 4 . 8  1 8 . 2 ± 4 . 8  3 1 . 7  ± 1 3 . 0  

1 Al l va l ues represent means ± SEM for 5 a n ima l s .  

0 . 06 

50 . 8  ± 23 . 5 1 

26 .  0 ± 1 1 . 6 

62 . 3  ± 2 2 . 9  

32 . 5  ± 1 0 . 8  

61 . 3  ± 23 . 0  

32 . 4  ± 1 2 . 4  

41 . 1 ± 7 . 6  

21 . 4  ± 3 . 5  

2Means are s i gni f icantl y d i fferent ( p  < 0 . 0 5 )  from ortho mea ns by the method of pai red 
compari sons ( 1 00 ) .  

°' 
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significantly ( p  < 0. 05) less total glycogen when compared to 

orthophosphate controls. Total liver glycogen recovered from females 

fed cyclotriphosphate and hexametaphosphate was similar to that of 

orthophosphate controls whether expressed as mg glucose or relative to 

animal body weight. 

I V .  EFF ECT OF PERCENT PHOS PHATE SUPPLEMENTAT ION AND 

LENGTH OF FEEDI NG TR IAL ON TH E DEPEN DENT 

ACT I V ITY OF GLYCOGEN SYNTH ETASE 
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The dependent activity of glycogen synthetase may be estimated 

by subtracting the independent activity from the total enzyme activity. 

In rats fed 0. 1% cyclotetraphosphate for two weeks, the 

dependent form of glycogen synthetase represented a higher percent of 

the total enzyme activity than in rats fed orthophosphate ( Table 13, 

p. 46). In contrast, animals fed cyclotriphosphate and hexametaphosphate 

had a lower percent of dependent activity when compared to animals fed 

orthophosphate. 

The percent of dependent activity was approximately the same at 

24 and 48 hours for all the groups of animals ( T�ble 16, p. 51). Males 

fed cyclotetraphosphate for 96 and 192 hours had a higher percentage of 

dependent enzyme activity when compared to animals fed orthophosphate. 

However , animals fed cyclotriphosphate and hexametaphosphate for 96 and 

144 hours had a lower percent of dependent activity than animals fed 

orthophosphate and cyclotetraphosphate. Similar patterns were evident 

in females fed cyclotriphosphate and hexametaphosphate for 192 hours . 

( Table 17, p. 52). In males fed cyclotetraphosphate the percent of 

dependent activity increased with increasing lengths of time with an 



exception at 144 hours . In females fed cyclotetraphosphate for 192 

· hours the percentage of dependent activity was higher than in females 

fed for 24 hours. 
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At all levels of phosphate supplementation except 0. 04%, males 

fed cyclotetraphosphate had a higher percent of dependent activity than 

did males fed orthophosphate (Table 22, p. 59).  Similar patterns were 

evident in female animals at all levels of supplementation (Table 23, 

p. GO) . Also, an increasing percentage of dependent activity was 

evident with increasing levels of phosphate supplementation in male rats 

but not in females fed cyclotetraphosphate. 

Rats fed cyclotriphosphate and hexametaphosphate had very little 

difference in the percent of the dependent form of the enzyme when 

compared to rats which were fed orthophosphate . 



CHAPTER V 

D I SCUSS I O N  

The effect of 0 . 1 %  dietary cyclotetraphosphate on glycogen 

synthetase activity ( Table 1 3 , p .  46 ) ,  1 4C-glucose incorporation into 

liver glycogen ( Table 1 4 ,  p. 47 ) and total liver glycogen ( Table 1 5 , 

p .  49 ) revealed a 1 5- 50% decrease in these parameters. when compared to 

rats fed 0. 1 %  orthophosphate. These results were evident in male and 

female animals and when expressed relative to animal body weight. 

These data suggest cyclotetraphosphate may be inhibiting glycogen 

synthetase and thus the other parameters by interfering w ith the 

mechanism of cyclic AMP mediated protein phosphorylation . The 

importance of protein phosphorylation i s  not l imited to the regulation 

of carbohydrate metabolism ( 1 08 )  and has been shown to modify a number 

of enzymes to date ( 1 09 ) .  The prec i se mechani sm by which cyclotetra­

phosphate affects glycogenesis is open for speculation. It is 

attract ive to consider , due to the cyclic structure of the phosphate ,  

that cyclotetraphosphate is influenc i ng or mi micking cycl i c- AMP . 

Increasing levels of cyclic-AMP would activate prote i n  kinase resulting 

in the phosphorylati on and i nactivation of glycogen synthetase and 

therefore decreasi ng glycogenesis. Under cond i tions whi ch should result 

in  low levels of cyclic-AMP , it seems possible cyclotetraphosphate is 

affecting glycogenesis. In  theory , this is not to rule o�t several 

other possibilities including altering protein k i nase itself or phospho­

prote i n  phosphatase .  
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Recently it has been found rabbit muscle phosphorylase kinase can 

catalyze the phosphorylation of glycogen synthetase ( 76). Furthermore, 

results have indicated glycogen synthetase kinase-2 may actually be a 

modified form of phosphorylase kinase which is not regulated by Ca++ ; 

however, it is activated by calmodulin in the presence of Ca++. I f  

calcium absorption at the intestinal level was altered by  dietary 

polyphosphate supplementation the possible implication in the control of 

glycogen synthetase should be considered. The ability of the condensed 

phosphates to sequester calcium resulting in an increased solubility and 

excretion varies between linear and cyclic phosphates. A 100-fold 

difference exists between the binding affinity of the linear phosphates 

and th� less efficient cyclic phosphates which do ·not readily bind metal 

cations. The differences are presumably due to the ring conformation 

which interferes with the formation of a chelate structure (110). 

No a.dverse effects of high dietary levels of orthophosphate ( 1. 3%) 

·and hexametaphosphate ( 1. 2%) on calcium absorption and retention were 

noted in rats by Dymsza et al. (111 ) . However, rats fed diets 

supplemented with either 0. 46% or 1. 2% hexametaphosphat,e retained 10% 

more calcium in soft tissues than rats fed orthophosphate at similar 

level s. In  view of the -demonstrated effects of dietary polyphosphates . 

on tissue calcium level s it is of interest to consider whether these 

changes could modulate changes in glycogen metabolism. 

Although little, if any, information is available about the 

regulation of liver glycogen metabolism by Ca++, the calmodulin-Ca++ 

complex has been reported to mediate both the inhibition and stimulation 

of adenylate cyclase in brain ( 77). In addition, the Ca++ dependent 
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form of phos phodi esterase  has been reported to be s t imu l ated by 

ca l modul i n  i n  mos t  ti ss ues ( 78 ) . 

I f  cyc l otetraphos phate were acti ng a s  cyc l i c-AMP one wou l d  expect 

the effects on g lycogenes i s  to become apparent at  the i n i t i a t i on of the 

feed i ng tr i a l . Both i n  mal e a nd fema l e a n i ma l s l i ver gl ycogen syntheta s e  

acti v i ty wa s decrea s ed after a 24-hour d i eta ry peri od ( Tab l e 1 6 , p .  51 , 

a nd Ta bl e 1 7 ,  p .  52 ) ;  however , the effects were i ncons i s ten t .  The 

i ncons i stenc i es coul d be due to a per i od of t ime necessary for the 

a n i ma l s to ada pt to the powdered d i et and res ume norma l eati ng pa tterns . 

S i mi l a r i ncons i s tenc i es were evi dent a t  hour ly feed i ng tr i a l s when 

exami n i ng the u pta ke of 1 4c-g l ucos e i nto gl ycogen ( Tabl e 1 8 ,  p .  54 , a nd 

Tab 1 e · 1 9 ,  p .  5 5 ) and the tota l l i ver g lycogen recovered . At a l l l evel s 

of d i etary phos pha te s uppl ementat i on rats fed cyc l otetra phos phate had 

decreased l evel s of g lycogen syntheta se  ( Tabl e 22 , p .  59 , a nd Tab l e 2 3 ,  

p .  60 ) .  The i nh i b i t i on o f  g lycogen synthetase  was evi dent i n  both the 

i ndependent a nd tota l acti v i t i es of  the enzyme . 

When the effect of cycl otr i phos phate and hexameta phosphate on 

g l ycogen syntheta se ,  1 4C-g l ucose recovered i n  l i ver g lycogen and tota l 

g l ycogen formati on was i nves ti gated , i t  was found tha t  a l l three 

pa rameters were i ncrea sed when compared to rats fed orthopho s phate . 

The s ti mul a tory effect of cycl otr i phosphate a nd hexametaphos pha te 

may be  a resu l t of the b i nd i ng of the phosphate to the regu l a tory 

s ubuni t of  protei n  k i na se  therefore preventi ng the b i nd i ng of cycl i c -AMP . 

Cycl i c-AMP us ua l l y  b i nds to the regul a tory s ubun i t  of prote i n k i na se 

rel eas i ng the free cata l yt i c  un i t and acti vati ng protei n ki nas e wh i ch 

wi th ATP phos phoryl a tes a nd i nact i vates g lycogen synthetas e .  However , 



if the binding of the phosphates to the regulatory subunit resulted in 

an inhibition of cyclic AMP binding , a corresponding increase in 

glycogenesis would result in animals fed cyclotriphosphate and 

hexametaphosphate . 

If cyclotetraphosphate were involved in the activation of a 

protein kinase , the percent of dependent activity of liver glycogen 

synthetase from rats fed cyclotetraphosphate would be more than from 

rats which were fed orthophosphate . 
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The activity of the dependent form of glycogen synthetase may be 

estimated by subtracting the independen� activity from the total 

en�yme activity. An approximately 16% increase in the activity of the 

dependent form of glycogen synthetase was found in male rats (Table 13 , 

p .  46 ) fed 0 . 1% cyclotetraphosphate when compared to rats which were fed 

0 . 1% orthophosphate . Similar trends were seen in females . When animals 

were fed cyclotetraphosphate for time intervals of at least 96 hours , the 

percent of dependent activity was higher than in animals which were fed 

orthophosphate for similar lengths of time (Table 16 , p .  51 , and Table 

17 , p .  52 ) . Furthermore , the differences in the percent of dependent 

enzyme activity were more prominent at 192 hours when compared with the 

differences between rats fed cyclotetraphosphate and rats fed ortho­

phosphate for 96 hours . If cyclotetraphosphate supplementation resulted 

in an increased percent of dependent enzyme activity , under conditions 

where cyclic AMP levels should be low , it suggests that cyclotetraphos­

phate is causing an increased phosphorylation of glycogen synthetase . 

The percentage of dependent activity in rats fed 0 . 01% 

cyclotetraphosphate (Table 22 , p .  59 , and Table 23 , p .  60) also 

demonstrated increases in the percent of dependent enzyme · activity when 
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compared to rats fed ortrophosphate at that level of supplementati on. 

Although the percent of dependent acti vi ty remai ned approxi mately the 

same wi th i ncreasi ng levels of phosphate supplementati on i n  rats fed 

orthophosphate, rats fed 0.06% cyclotetraphosphate had a hi gher percent­

age of dependent acti vi ty than rats fed 0.01% cyclotetraphosphate. 

If cyclotri phosphate and hexametaphosphate were bi ndi ng to the 

regulatory subuni t of protei n ki nase, resulti ng i n  an i nhi bi ti on of 

cycli c AMP bi ndi ng, a lower percentage of the dependent form of glycogen 

synthetase would be expected i n  li vers from ani mals fed these phosphates 

when compared to ani mals fed cyclotetraphosphate or orthophosphate . 

These data revealed that animals fed 0. 1% cyclotri phosphate or 0.1%  

(Table 1 3, p. 46 ) hexametaphosphate had an approxi mately 9-16% lower 

percent of the dependent form of li ver glycogen synthetase than ani mals 

whi ch were fed orthophosphate, regardless of the ani mals ' sex. 

Decreases i n  the percent dependent acti vi ty were also seen at all ti me 

i ntervals except at 24 and 48 hours i n  males and only at 192 hours i n  

females (Table 16, p. 51, and Table 17, p. 52) .  There was li ttle 

di fference i n  the percent dependent acti vi ty at lower levels of 

supplementati on i n  rats fed cyclotri phosphate or hexametaphosphate when 

compared to rats whi ch were fed orthophosphate. 

In conclusi on, the �esults of thi s · i nvesti gati on show an effect 

of cyclotetraphosphate, cyclotri phosphate and hexametaphosphate on 

glycogenesi s i n  the li ver. Even i f  hexametaphosphate i n  i ts purest form 

i s  used as a food addi ti ve, i t  has been documented i n  vi tro (1 12, 1 13, 1 14) 

as well as i n  vi vo (1 15) and i n  thi s  laboratory3 that the cycli c 

3Allen, A. M., ci ted on p. 3. 
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phosphates may be formed during the hydrolysis of hexametaphosphate. I n  

view of these data and the importance of protein phosphorylation in the 

control of diverse biological processes , of which gl ycogenesis is but 

one , the food industry should further eva.luate the use of phosphate 

additives in processed foods. 



CHAPTER V I  

SUMMARY 

The effect of cyc l otetraphos phate , cycl otri phos phate and 

hexametaphosphate has been i nves ti gated i n  v i ew of thei r extens i ve use  as 

food add i t i ves . I t  was found cycl otetra phos phate su ppl ementat i on i n  rat 

di ets , at  phos phate l evel s c9nmon ly  used by the food i ndus try i n  com-

. merc i a l  products , res ul ted i n  a n  i nh i b i tory effect on g lycogenes i s . Th i s  

was evi dent by a de�r�ased tota l and i ndependent actiy i ty o f  l i ver g l y- · 
1 4 · 

cogen synthetase , C-g l ucose i ncorporat i on i nto g lycogen and tota l gl ycogen 

recovered from ra ts fed cycl otetra phos phate when compared to ortho­

phos phate control s .  On the other hand , a n i ma l s fed cyc l otr i phos phate 

and hexametaphos pha te exh i b i ted an i ncreas e i n  thes e parameters . Wh en 

a n imal s were fed the phosphate di ets at l ower l evel s of suppl ementat ion 

and for s horter di etary per i ods s i mi l ar resu l ts were evi dent . I n  rats 

· fed cycl otetraphos pha te , the dependent form of glycogen synthetase 

represented a h i gher percentage of  the tota l enzyme acti v i ty than i n · 

rats fed orthophos phate . However , a n i mal s fed cyc l otri phospha te a nd 

hexameta phosphate had a l ower percentage of dependent act i vi ty when 

compared to a n i ma l s fed orthophos pha te . Th i s  s ugges ts , i n  accorda nce 

wi th the prev i ous data , that cyc l otetraphos phate , cyc l otr i phos phate , 

a nd hexametaphos pha te may be i nterferi ng wi th the phos phoryl at i on­

dephos phoryl at ion contro l of gl ycogenes i s  i n  the l i ver . 
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