
The Effects of Thyroid State on Rat Liver Hexokinase Isozymesl (36509) 

HAROLD D. BATTARBEE AND WILLIAM J. SCHINDLER~ 
Department of Physiology, Baylar College of Medicine, Texas Medical Center, Houston, Texas 

77025 

The liver is unique in its metabolism of 
carbohydrates. Liver parenchyma cells 
contain a stereospecific facilitative carrier 
for glucose which is not thought to limit the 
rate of glucose entry into the cell, even in the 
absence of insulin (1 ) .  Therefore, the hepa- 
tocyte must rely upon the rates of glucose 
phosphorylation, dephosphorylation, glyco- 
genesis, glycogenolysis, gluconeogenesis, and 
glucose metabolism to direct the net move- 
ment of glucose within the cell and to regu- 
late blood sugar levels. 

Thyroxine (T,) has a marked effect upon 
liver carbohydrate metabolism. Thyrotoxic 
animals frequently have livers that are glyco- 
gen depleted and susceptible to chemical in- 
jury. In  addition, many hepatic enzymes in- 
volved in glucose metabolism and the homeo- 
stasis of blood sugar are greatly affected by 
thyroxine. Thyrotoxic animals exhibit an al- 
tered tolerance for glucose that is often dia- 
betic in nature. 

Until recently, little attention has been 
given to the effects of thyroxine upon liver 
glucose phosphorylation, especially with re- 
spect to each of the hexokinase isozymes in- 
volved ( 2 ) .  The present study investigates 
the effect of different thyroid states upon 
each of the four isozymes of liver hexokinase, 
including glucokinase. 

Materials and Methods. Male Sprague- 
Dawley derived rats purchased from Charles 
River Breeding Laboratory, Inc. weighing 
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150 t 20 g were housed 2 to a cage in a 
temperature (25 t 2 " )  and light controlled 
room (14 hr of light from 4 a.m. to 6 p.m. 
and 10 hr of darkness) and maintained on 
Purina Lab Chow3 and tap water (ad l ibi tum) 
for 7 days, after which they were ear-marked 
and divided into 3 groups: 

1. Hypothyroid group. Animals designated 
as hypothyroid (Hypo) were placed on an io- 
din? deficient diet4 and deionized water for 
7 days. On day 8 radiothyroidectomies were 
performed by sc injection of 1.0 mCi of 1311. 

The iodine-deficient regimen was continued 
for an additional 2 days, the diet was then 
changed to Purina Lab Chow and tap water, 
the animals were weighed and daily sc injec- 
tions of 0.1 ml of 2 %  propylene glycol in 
0.9% saline (PG) were initiated.5 

2. Euthyroid group. This group was main- 
tained on a normal diet and tap water for the 
duration of the experiment. After assignment 
to a treatment group, they were weighed and 
given daily sc injections of PG. The injections 
were continued for 13 days. 

3. Hyperthyroid group. Tbese animals were 
maintained on a normal diet and tap water 
for the duration of the experiment. Upon 
assignment to a treatment group, they were 
weighed and daily sc injections of 100 pg 
L-thyroxine (Calbiochem) in 0.1 ml of the 
PG solution were administered. 

General procedure. T o  confirm the complete- 
ness of the thyroidectomies all animals were 
injected sc with a tracer dose of lzaI on the 
afternoon prior to the day of sacrifice (day 13 

3 Purina Lab Chow with a stable iodine content 

4 Remington Iodine Deficient Diet with a stable 

5 The solvent for T4 used in the hyperthyroid ani- 

of 1.3-1.5 pg /g  food. 

iodine content of 0.03 pg/g food. 

mals. 
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of injections). The following morning the 
animals were weighed and decapitated. The 
entire trachea, including the larynx and thy- 
roid gland area of each animal, was removed 
at  the time of sacrificing and placed in a test 
tube (containing a 10% formalin solution) 
for isotope counting and fixation for sub- 
sequent histological processing. 

Hexokinase isozyme chromatography. Im- 
mediately after exanguination of the animal, 
its liver was removed, quickly cleaned of ex- 
traneous fat and connective tissue, blotted, 
weighed and homogenized in ice-cold 0.01 M 
Tris-HC1 buffer (pH 7 .O) , containing 0.00 1 
M EDTA and 0.005 M mercaptoethanol. A 
1 : l  ratio (w/v) of liver and homogenizing 
buffer was used in a Potter-Elvehjem homog- 
enizer. In  most assays 2 livers were pooled 
for chromatography. 

Liver homogenates were treated and chro- 
matographed on a DEAE-cellulose column ac- 
cording to the method of Gonzalez, et al. (3) 
with the following modifications: ultracen- 
trifugation was done in a Beckman Model 12- 
65B ultracentrifuge a t  65,000 rpm (264, 
243g) for 20 min, a larger chromatographic 
column was used (2.0 cm i.d. x 20 cm) with 
a flow rate of approximately 40 ml/hr, 0.005 
M mercaptoethanol and 0.001 144 EDTA were 
included in the elution buffer to stabilize 
some of the isozymes (4-7), and 10.0 ml 
fractions were collected. The elutions were 
carried out in a cold room a t  4". Chloride ion 
concentration was monitored using an Indus- 
trial Instrument, Inc. Model RC-16-B2 con- 
ductivity bridge and a Yellow Spring Instru- 
ment Co. Model 3403 conductivity cell. 

Hexokinase assay. Glucose phosphorylat- 
ing activity of each DEAE-cellulose elution 
fraction was measured by the enzyme coupled 
method of Joshi and Jagannathan [cited in 
Ref. (8) ] with the exception that 2 substrate 
concentrations were used: 7.0 X lop5 M 
glucose and 0.12 M glucose. These substrate 
levels were 5 times the substrate concentra- 
tions at  which maximum velocity is achieved 
for hexokinase (Hex) I11 and IV, respectively 
( 7 ) .  Such substrate concentrations allowed 
the measurement of enzymatic activity, within 
the limits of the assay, without substrate 

depletion effects and also permitted the ef- 
fective resolution of the activities of isozymes 
I11 and IV, whose peaks overlap after DiEAE- 
cellulose chromatography ( Fig. 1 ) . 

A Gilford 240 spectrophotometer equipped 
with a 221 recorder was used to monitor 
changes in absorbance produced by the 
reduction of NADP+ (Sigma Chemical Co.). 
One unit of hexokinase activity was defined 
as that amount of enzyme that would cat- 
alyze the conversion of 1.0 pM of glucose to 
glucose-6-phosphate/rnin at  30". 

Characterization of hexokinase isozymes.  
Kinetic data was gathered on peaks I and 
and I1 of the DEAE-cellulose chromatog- 
raphy and subjected to graphic analysis 
using the method of Lineweaver and Burk 
(9 ) .  Because peaks I11 and IV overlapped 
after chromatography (Fig. 1 ) , further pro- 
cessing was necessary before kinetic analysis 
of these peaks could be performed. The molec- 
ular weights of Hex I11 and Hex IV differ 
appreciably: mol wt Hex 111 is 96,000; mol 
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FIG. 1. Typical elution pattern of rat liver hexo- 
kinase isozymes I, 11, 111, and IV eluted with NaCl 
from a DEAE-cellulose column and assayed a t  two 
substrate concentrations: 0.12 M glucose and 'I X 
10" M glucose. (e )  A4 NsCI. 
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wt Hex IV is 50,000 (7, 10). Gel filtration 
was used to resolve these two isozymes. Sev- 
eral DEAE-cellulose chromatographic f rac- 
tions corresponding to peaks I11 and IV were 
combined, and their volume was reduced by 
swelling Sephadex G-25 in the mixture. The 
Sephadex G-25 was removed by centrifuga- 
tion, and the supernate was chromatographed 
on a Sephadex G-100 column (1.1 cm i.d. 
x 18 cm) using the same buffer that was 
used in the DEAE-cellulose chromatography. 
Two peaks of glucose phosphorylating ac- 
tivity were resolved, and these were sub- 
jected to graphic analysis. 

Confirmation o f thyroid state. Radioactivi- 
ty in each thyroid gland area (removed at  
sacrifice) was counted in a Packard Auto- 
Gamma well-type scintillation counter 
equipped with a 2 channel spectrometer, and 
the percentage uptake of 12jI was determined. 
Appropriate corrections for residual 1311 that 
registered in the 1251 channel were made. 

Serial sections were prepared from the 
thyroid areas of each animal and stained with 
hematoxylin-eosin. The functional state of 
the thyroid was evaluated on the basis of 
its histological appearance. 

Results. Hexokinase isozyme chromatog- 
raphy. The elution of each Hex from the 
DEAE-cellulose column occurred at  the fol- 
lowing NaCl concentrations (Fig. 1 ) :  Hex 
I, 0.04-0.11 M ;  Hex 11, 0.11-0.16 M ;  Hex 
I11 and Hex IV, 0.16-0.28 M .  

While assaying the DEAE-cellulose elu- 
tion fractions for Hex activity, a substance 
that interfered with the assay was found to 
elute from the column at  the same NaCl con- 
centration as Hex I. This substance caused 
a rapid NADP+ reduction in the blank 
tubes of the Hex assay which did not oc- 
cur in the absence of the highly specific 
coupling enzyme, glucose-6-phosphate de- 
hydrogenase (zwischenferment-Sigma Chem- 
ical Co.), and which was not dependent upon 
the presence of glucose. I t  was, therefore, 
presumed to be glucose-6-phosphate. 

Recovery of Hex from DEAE-cellulose 
chromatography was found to be variable, 
but it usually ranged between 40 to 50% 
of the total Hex activity. A value represent- 

ing recovery from the DEAE column was 
determined by summing the Hex activity of 
all DEAE fractions measured with the high 
glucose concentration (0.12 M glucose) assay 
and dividing this value by the total Hex ac- 
tivity present in the supernate of the ultra- 
centrifuged liver homogenate (also measured 
at  the high glucose concentration). 

Characterization of Hex isozymes. 1. Mich- 
aelis constants. Lineweaver-Burk plots were 
done on each resolved Hex. The values for 
the Michaelis constants (9) obtained were 
consistent with the data reported by other in- 
vestigators for Hex I, 11, I11 and IV, re- 
spectively (3 ,  4, 7, 10). 

2. Substrate inhibition. An occasion arose 
whereby substrate inhibition of Hex I11 be- 
came apparent. In  one Hex assay, the high 
substrate concentration assay showed less ac- 
tivity than the low substrate concentration 
assay (Fig. 2 ) ,  suggesting that in this partic- 
ular assay Hex I11 was in excess of Hex IV 
and substrate inhibited. Substrate inhibition 
of Hex I11 has been reported by other inves- 
tigators ( 7 ) .  

Confirmation of thyroid state. Radioiodine 
uptake and histological studies confirmed 
each respective thyroid state. Histological ex- 
amination of the thyroid glands of rats thy- 
roidectomized with 1311 (Hypo group) showed 
only connective tissue scars with no intact 
follicles. These glands were nonfunctional as 
indicated by their inability to concentrate 

injected 18 hr previously. 
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FIG. 2 .  Substrate inhibition of hexokinase isozyme 
111. Isozyme 111 apparently had greater activity than 
isozyme IV, and when isozyme I11 was measured at 
the high substrate concentration, substrate inhibition 
became evident. Activity is expressed as milliunits 
per milliliter of DEAE-cellulose eluate. 
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FIG. 3 .  Liver hexokinase isozyme activities in rats 
of various thyroid states (mU/g liver). Bars repre- 
sent group means -I- SE. 

Hexokinase assay. Hex I showed signifi- 
cant differences (mU/g of liver) in the vari- 
ous thyroid states (Fig. 3).  It was increased 
55% ( p  < .025) in the Hyper group (48.6 
t 6.0 mU/g) when this group was compared 
to the Eu animals (31.3 t 2.2 mU/g), and 
it was increased 47% ( p  < .025) when the 
Hyper group was compared to the Hypo 
animals (33.1 rt 2.2 mU/g ) . No significant 
difference in the levels of Hex I was found 
between the Hypo group and Eu group. The 
different thyroid states produced no signifi- 
cant differences in the Hex activity per gram 
of liver for Hex I1 or Hex 111. Hex IV  activi- 
ty  (mU/g liver) was lowest in the Hyper 
animals (264.8 t 31.2 mU/g) being reduced 
16 and 26% from the values seen in the Eu 
(316.0 t 21.2 mUJg) and Hypo (357.0 t 
29.7 mU/g) group, respectively. These dif- 
ferences in Hex IV activity (mU/g liver) 
were not statistically significant. 

When the activities of Hex I (mU/g body 
wt) were compared, it was found to be in- 
creased 58% ( p  < .02) in the Hyper group 
(1.97 t 0.23 mU/g) when cornpared to the 
Eu animals (1.25 k 0.09 mU/g) and in- 
creased 60% ( p  < .Ol) when the Hyper 
group was compared to the Hypo group 
(1.23 * 0.07 mU/g). No significant differ- 
ence was found when the Hypo and Eu groups 
were compared. N(o significant diff erencep 
were noteid (mU/g body wt) for Hex iso- 
zymes 11, 111, and IV with respect to thyroid 
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FIG. 4. Liver hexokinase isozyme activities in rats 
of  various thyroid states (mU/g body wt). Bars 
represent group means -+ SE. 

state (Fig. 4). 
When the total activity of each isozyme 

(mU/animal) was compared with respect to 
thyroid state, different results were apparent. 
Instead of the significant differences being 
found in Hex I activity they were found in 
Hex IV,  the glucokinase (Fig. 5 ) .  Glucokin- 
ase was found to have less activity in the 
Hyper group than in the Eu or Hypo animals. 
I t  was reduced 43% ( p  < . O l )  when the 
Hyper group (5010.4 t 836.2 m u )  was com- 
pared to the Eu group (8847.0 3- 828.7 m u ) ,  
and it was reduced 39% ( p  < .05) when the 
Hyper animals were compared to the Hypo 
animals (8194.9 =t 1157.7). No significant 
difference was found when the Eu and 
Hypo values for Hex IV were compared. 

Liver weights and body weights of animals. 
The liver and body weight of each animal was 
recorded at the time of sacrifice. The resu1,ts 
are presented in Table I. No significant dif- 
ferences were found between the 3 respective 
treatment groups in absolute liver weight or 
when liver weight was expressed as percentage 
of body weight. Treatments had some effect 
on body weight. The mean body weight of 
the Hyper animals was 15.3% less ( p  < .02) 
than that of the Eu group. The body weight 
of Hypo animals and Eu controls were not 
significantly different (Table I ) .  
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FIG. 5 .  Liver hexokinase isozyme activities in rats 
of various thyroid states (mU/animal). Bars repre- 
sent group means ? SE. 

Discussion. The effect of thyroid state up- 
on each of the four isozymes of liver hexo- 
kinase was investigated in this study. Hex 
I activity was found to be increased, and Hex 
I V  activity was decreased in thyrotoxic ani- 
mals. The reduction in Hex IV activity is 
of particular interest. -At the postpran- 
dial glucose level of portal blood (200 
mg/100 ml),  Hex IV operates a t  1/2 its max- 
imum velocity (1  1 ) .  A reduction in Hex IV  
activity of the magnitude observed could 
have considerable effect upon the liver’s ability 
to “trap” and store glucose after a meal. This 
curtailment of glucose phosphorylation 
coupled with increased glycolysis, and gluco- 
neogenesis ( 1 2  ) could be partly responsible 
for the altered tolerance for glucose Seen in 
thyrotoxicosis. Intestinal glucose absorption 
may also contribute, but this is controversial 
( 1 3 ) .  

The decrease in liver weight and body 
weight observed in the Hyper group was 
most likely due to the general catabolic effects 

of high doses of T4. Since the decrease in body 
weight was only 15.3c/c, and the decrease in 
liver weight was not statistically significant 
(although the liver weight did tend to de- 
crease in proportion to the decrease in body 
weight), the 43 % decrease in Hex I V  activity/ 
animal in the Hyper group was not merely 
a reflection of a decrease in animal size. 

The increase in Hex I activity observed in 
the Hyper group is difficult to interpret a t  
this time. A relatively small amount of HEX I 
activity was found in each group, and its 
contribution to total hepatocyte glucose phos- 
phorylation is probably small. Also, this 
enzyme functions a t  its maximum velocity 
a t  a glucose concentration well below that 
normally found in the fasting animal, there- 
fore i t  probably does not contribute siqnifi- 
cantly to postprandial blood sugar homeo- 
stasis. However, since glucokinase activity 
a t  fasting blood sugar levels is very low, it is 
possible that Hex I and the other two Hex 
isozymes function to maintain the hepatocyte’s 
need for glucose substrate during postabsorp- 
tive periods. Since glucose is reported to be 
“preferentially” oxidized via the pentose 
shunt in thyrotoxicosis (14),  the change in 
Hex I activity observed could represent 
a shifting of glucose substrate into a specific 
pathway of intermediary metabolism. Fur- 
ther kinetic studies are necessary before the 
function of each of these Hex isozymes can be 
elucidated. 

Summary. A chromatographic procedure 
and different substrate concentrations were 
used to resolve the activities of the four hexo- 
kinase isozymes of rat liver. Animals rendered 
hypothyroid by radiothyroidectomy showed 
no significant changes in hexokinase isozyme 
activities after 14 days. Treatment olf animals 
with high doses of thyroxine resulted in in- 

‘TABLE I. Effect o f  lhyro i t l  Status on Liver and Body Weight.” 

Euthyroitl No. Hyperthyroid No. Hypothyroid No. 

’Cl‘et wt of l iter (g) 13.9 k .5 (14) 11.8 I+ .4 (13) 11.8 * .5 (18) 

I.iver (% body wt) 4.0 & .4 (14) 4.1 k .1 (13) 3.7 t . I  (18) 
Body wt (g) 347.1 k 13.3 (14) 293.9 k 14.4 (13) 323.0 11.6 (20) 

a Each value represents group meail & SE. 
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creased Hex I activity and decreased Hex IV 
(glucokinase) activity. Possible physiological 
consequences of these changes were discussed. 
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