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Summary Skeletal muscle and adipose tissue hexoki- 
nase II is a promising candidate gene for non-insu- 
lin-dependent diabetes mellitus (NIDDM) and insu- 
lin resistance. Therefore, we investigated the associa- 
tion of alleles at four polymorphic loci in this gene 
with NIDDM and insulin resistance in 110 Finnish 
diabetic patients with NIDDM and in 97 Finnish con- 
trol subjects with normal glucose tolerance and a ne- 
gative family history of diabetes. The four poly- 
morphic nucleotide substitutions (silent) in the cod- 
ing region of the hexokinase II gene were: GAC 251 
GAT (exon 7), AAC 692 A A T  and CCG 736 CCC 
(exon 15), and CTG 766 CTA (exon 16). Allele fre- 
quencies of each of these polymorphisms did not dif- 

fer between patients with NIDDM and control sub- 
jects. In addition, subjects who were homozygous for 
the less frequent allele of each of the four polymor- 
phisms had a similar degree of insulin resistance, as 
determined by the euglycaemic clamp technique, as 
did the subjects who were homozygous for the com- 
mon allele in both control subjects and in patients 
with NIDDM. In conclusion, polymorphisms in the 
hexokinase II gene are not associated with the risk 
of NIDDM or insulin resistance in the Finnish popu- 
lation. [Diabetologia (1995) 38: 617-622] 
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A critical goal of current diabetes research is the 
identification of specific genetic defects tha t  predis- 
pose to non-insulin-dependent diabetes mellitus 
(NIDDM). The aetiology of NIDDM is known 
only for a subset of well-defined families with ma- 
turity-onset diabetes of the young, where mutations 
in the glucokinase (hexokinase IV) gene, have 
been found [1]. These defects in glucokinase cause 
a mild form of insulin deficiency. Mutations in the 
genes encoding insulin [2], insulin receptor [3], and 
a mitochondrial tRNA [4] have been described. 
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However, these mutations account for only a minor 
fraction of the aetiology of NIDDM and insulin re- 
sistance. - 

Isoenzymes of hexokinase (I-IV) catalyse the first 
step of intracellular glucose metabolism, the conver- 
sion of glucose to glucose 6-phosphate [5]. Hexo- 
kinases I-III  consist of a single polypeptide chain of 
100 kDa, have a high affinity to glucose, and are sub- 
ject to allosteric inhibition by glucose 6-phosphate. 
Hexokinase I is prevalent in brain, kidney, erythro- 
cytes, and placenta, and is not stimulated by insulin 
[6]. Hexokinase II (HKII) is abundant in skeletal 
muscle and adipose tissue and is therefore a promis- 
ing candidate gene for NIDDM and insulin resis- 
tance [6]. Insulin induces HKII expression which 
leads to enhanced glucose uptake by muscle cells. A 
decrease in skeletal muscle glucose 6-phosphate has 
been recently demonstrated in NIDDM [7]. Because 
glucose clearance involves the concerted action of 
GLUT4 and HKII, deficient action of the latter 
could explain these findings. 
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Table 1. Primers for exons 7, 14-15 and 17 of the hexokinase II gene, size of the amplified fragment, enzyme digestion and frag- 
ment size for single strand conformation polymorphism (SSCP) 

no Sequence 5 ' ~ 3 "  Size of Cleavage Restriction 
amplified enzyme fragments 
fragment (bp) (bp) 

7F GCCGGAGCAGGCGTGTGC 258 None None 
7R CCAAGCCCACTCGCACAGG 

14F GGTTCACCTGTGAACTGGGC 478 EcoO109 145,67,224,42 
15R TCACTTGTTGCCATCCAGTCC 

16F TGTCTCAACACATCCCTCCAC 284 BstNI 89,195 
16R CTTCAGTFTGTCTGCCAGTGAG 

We have  recen t ly  d e t e r m i n e d  the  cod ing  s equence  
and  s t ruc tu re  [8] o f  the  h u m a n  skele ta l  musc le  H K I I  
gene.  We  r e p o r t  in this art icle four  p rev ious ly  u npub -  
l ished nuc leo t ide  p o l y m o r p h i s m s  in the  coding reg ion  
of  the  H K I I  gene  in pa t i en t s  wi th  N I D D M  and  nor- 
ma l  subjects  and  assess the i r  assoc ia t ion  with insulin 
res is tance.  

Subjects and methods 

Subjects. Altogether 110 Finnish patients with NIDDM were 
selected randomly from the epidemiological study [9] and 
from the diabetes clinic of the Kuopio University Hospital. 
The 97 subjects with normal glucose tolerance were selected 
from two previous population studies [10, 11]. None of the con- 
trol subjects had any chronic disease, any drug treatment 
which could influence carbohydrate metabolism, any abnorm- 
ality in an oral glucose tolerance test (impaired glucose toler- 
ance or diabetes according to the criteria of the World Health 
Organization [12], or hypertension (use of antihypertensive 
drugs, or systolic/diastolic blood pressure greater than 160/ 
95 mm Hg). Each control subject had a negative family history 
of diabetes. All diabetic and control subjects had normal liver, 
kidney and thyroid function tests, and none had a history of ex- 
cessive alcohol intake. Diabetic patients fulfilled the criteria 
for diabetes and NIDDM according to the criteria of the 
World Health Organization [12]. 

Methods 

Study protocol. Every control subject participating in this study 
underwent an oral glucose tolerance test (75 g of glucose in 
10 % solution). Oral glucose tolerance test was not performed 
on insulin-treated patients with NIDDM; instead the fasting C- 
peptide level was used to exclude insulin-dependent diabetes. 
In each insulin-treated patient no history of ketoacidosis was re- 
corded and their fasting C-peptide level exceeded 0.20 nmol/1. 
A subset of diabetic (n = 23) and control subjects (n = 70) were 
admitted to the metabolic ward for 2 days. All these diabetic pa- 
tients were treated with diet only or oral antidiabetic drugs. 

Informed consent was obtained from all subjects after the 
purpose and potential risks of the study were explained to 
them. The protocol was approved by the Ethics Committee of 
the University of Kuopio and was in accordance with the Hel- 
sinki declaration. 

Euglycaemic clamp. On day 2 after admission, the degree of in- 
sulin resistance was evaluated with the euglycaemic hyper- 

insulinaemic (insulin infusion of 80 mU.  m - 2 .  rain -1 
(480 pmol. m -2. min -1) in control subjects and 120 mU.  m -2. 
min -1 (720pmol. m -2. m i n  1) in patients with NIDDM) 
clamp technique [13] as previously described in detail [14]. (3- 
~H)glucose was infused in patients with NIDDM as a primed 
(40 ~Ci) constant (0.40 ~Ci/min) infusion for 180 min before 
initiating the insulin infusion. Blood glucose was clamped at 
5.0 mmol/1 for the next 180 min by infusing 20 % glucose at 
varying rates according to blood glucose measurements per- 
formed at 5-min intervals (mean coefficient of variation of 
blood glucose was less than 4 % both in patients with NIDDM 
and normal control subjects). In patients with NIDDM the 
rates of glucose appearance (R~) and disappearance (Ra) dur- 
ing euglycaemic hyperinsulinaemic clamp studies were quanti- 
fied from serum (3-3H)glucose specific activities and calculat- 
ed using Steele's equations in their modified derivative form 
because the tracer exhibits non-steady-state kinetics under 
these conditions [15]. The rate of hepatic glucose output dur- 
ing the euglycaemic clamp was calculated as a difference be- 
tween Ra and exogenous glucose infusion rate. Negative num- 
bers of hepatic glucose output, largely due to a model error 
emerging at high rates of glucose metabolism [16], were taken 
to indicate completely suppressed hepatic glucose output. The 
data were calculated for each 20-min interval: the mean value 
for the period 120-180 min was used to calculate the rates of 
whole body glucose uptake. In subjects with normal glucose 
tolerance (3-3H) glucose was not infused because hepatic glu- 
cose production is completely suppressed under these condi- 
tions according to our experience [14] and the findings of oth- 
er investigators [17]. In control subjects the rate of whole 
body glucose uptake equals the glucose infusion rate. 

Analytical methods. Blood glucose in the fasting state and dur- 
ing glucose clamp studies and plasma glucose in the oral glu- 
cose tolerance test were measured by the glucose oxidase 
method (Glucose Auto & Stat HGA-1120 analyzer; Daiichi 
Co., Kyoto, Japan). Plasma insulin and C-peptide concentra- 
tions were determined by radioimmunoassay (Phadeseph In- 
sulin RIA 100; Pharmacia Diagnostics AB, Uppsala, Sweden, 
and C-peptide of insulin by 125J RIA kit; Incstar Co., Stillwa- 
ter, Minn., USA). (3-3H) glucose specific activity in plasma 
was determined as previously described [18]. 

Single-stand conformation polymorphism (SSCP) analysis. 
DNA was prepared from peripheral blood leucocytes. Exons 
7, 14-15, and 16 were amplified with the polymerase chain re- 
action (PCR) using primers shown in Table i and the products 
digested with the indicated restriction enzymes to obtain frag- 
ments of less than 258 bp. SSCP analysis was performed essen- 
tially as described by Orita et al: [19]. PCR amplification was 
conducted in a 15-20 ~tl volume containing 100 ng genomic 
DNA, 7.5-10pmol of each primer, 10retool/1 Tris-HC1 
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(pH 8.3), 50 retool/1 KC1, 0.3-1 units of Amplitaq D NA poly- 
merase (Perkin-Elmer Cetus, Norwalk, Conn., USA), 1.5- 
21xCi of (alpha-32P)dCTR dNTP (62.5-200~tmol/1), and 
MgC12 (1-1.5 mmol/1). PCR conditions were: denaturation at 
94 ~ for 2-4 rain, followed by 35 cycles of denaturation at 92- 
94 ~ for 45--60 s, annealing at 62-66 ~ for i min and exten- 
sion at 72~ for 45-60 s with a final extension at 72~ for 
4 min. The extension step was eliminated when the annealing 
temperature was over 64~ Prior to SSCP analysis PCR frag- 
ments from exons 14-15, and 16 were digested with the restric- 
tion enzymes given in Table 1. After enzyme digestion PCR 
products were first diluted 3-10-fold with 0.1% SDS 
10 mmol/1 EDTA and then diluted (1 : 1) with loading dye mix 
(95 % formamide, 20 retool/1 EDTA, 0.05 % bromphenolblue, 
0.05 % xylene cyanol). After denaturation at 98 ~ for 3 min, 
samples were immediately cooled on ice and 2 btl of each sam- 
ple were loaded onto a 5 % (PCR products >_ 200 bp) or 6 % 
(PCR products < 200 bp) non-denaturating polyacrylamide 
gel (acrylamide / N,N'-methylene-bis-acrylamide ratio 49:1) 
containing 10 % glycerol. The first 40 samples of NIDDM pa- 
tients were run at two different gel temperatures: at 40 W 
with fan cooling for approximately 6 h at gel temperature of 
27-28 ~ and at 45 W for approximately 4.5 h at a gel tem- 
perature of 38-40~ Because all polymorphisms were more 
clearly seen at the lower temperature, the rest of the samples 
were run only at 27-28 ~ These conditions have been shown 
to detect all known mutants of the lipoprotein lipase gene 
which have been found by direct sequencing in our laboratory 
[20, 21]. The gel was dried and autoradiographed overnight at 
--70 ~ with intensifying screens. 

Direct sequencing. Genomic D N A  from individuals with var- 
iant single strand conformers was used as a template in the am- 
plification reaction as described above (total volume 100 ~tl 
containing 70 pmol of each primer and 5 units of Amplitaq 
D N A  polymerase). Amplified segments were purified by elec- 
trophoresis on a 1% low-melting-point agarose gel and direct- 
ly sequenced using Sequenase (US Biochemicals, Cleveland, 
Ohio, USA) as previously described [22]. 

Statistical analysis 

All calculations were performed using the SPSS/PC+ programs 
(SPSS Inc., Chicago, Ill., USA). Data are presented as mean + 
SEM. Statistical significance between the two groups was eval- 
uated with the chi-sqUared test or unpaired Student's t-test 
when appropriate. Insulin concentrations were log-trans- 
formed for statistical analyses. 
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Table 2. Clinical characteristics of the study groups 

Control subjects NIDDM subjects 

Sex (male/female) 84/13 55/55 

Age (years) 55 + 1 63 + 1 

Body mass index 26.8 _+ 0.3 30.3 + 0.5 
(kg/m 2) 

Fasting glucose 5.5 +_ 0.1 9.2 + 0.3 
(retool/l) 

Duration of diabetes - 8 + 1 
(years) 

Age of onset of - 54 + 1 
diabetes (years) 

Treatment for 
diabetes (%) 

Diet - 49 
Oral drugs - 29 
Insulin - 22 

Results 

Clinical characteristics of the study groups. Table 2 
gives clinical and metabolic characteristics of study 
subjects who participat.ed in the initial and addition- 
al screening. The mean age of diabetic patients was 
63 years. These diabetic patients represented typical 
Finnish patients with NIDDM. They were obese, 
hyperglycaemic and the mean age of onset of dia- 
betes was over 50 years. 

Polymorphisms. Four of the five polymorphisms of 
the HKII gene which were found were used in the an- 
alyses. Exon 7 polymorphism in codon 251 was a si- 
lent substitution GAC--->GAT (Fig. 1). In exon 15 
two silent substitutions were found in codon 692 
(AAC--->AAT) (Fig.2) and in codon 736 
(CCG-~CCC) (Fig.l). These substitutions abolish 
the MaeII and XmaI restriction sites, respectively. 
Exon 16 polymorphism was a silent substitution 
CTG~CTA in codon 766. We also found a silent sub- 
stitution in exon 4 (CAA--->CAT in codon 142) but we 
did not use this substitution in statistical analyses be- 
cause the frequency distribution of less frequent and 
common alleles of this polymorphism was identical 

EXON 7 (GAC 251 GAT) EXON 16 (CTG 766 CTA) 

Fig. 1. Single strand conformation 
analysis of exon 7 and 17 polymor- 
phisms of the hexokinase II gene 
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Codon 692 T 

Codon 736 G ~  
C ~  

Fig.2. Single strand conformation analysis of exon 15 poly- 
morphism of the hexokinase II gene 

Table 3. Allele frequencies of exon 7, 15 and 16 polymor- 
phisms of the hexokinase II gene in control subjects and in pa- 
tients with NIDDM 

Nucleotide substitution a 

Less frequent allele frequency (%) 

Control NIDDM 
(n = 97) (n = 110) 

GAC 251 GAT 25.3 21.4 
AAC 692 AAT 45.4 39.1 
CCG 736 CCC 30.9 37.7 
CTG 766 CTA 26.3 28.2 

a Less frequent allele given to the right of the codon number 
None of the comparisons between the two groups was statisti- 
cally significant 
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Table 4. Different combinations of genotypes at polymorphic 
loci in exons 7, 15 and 16 of the hexokinase II gene and their 
frequency in control subjects and in patients with NIDDM 

Codon Codon Codon Codon Frequency (%) 
251 692 736 766 Control NIDDM 

subjects subjects 
(n = 97) (n = 110) 

C T G G 15.5 10.9 
C C/T G G 0 1.8 
C/T C G G 0 0.9 
C/T C/T G G 24.7 19.1 
T C G G 4.1 3.6 
T C/T G G 1.0 0.9 
C C/T G/C G 3.1 8.2 
C/T C G/C G 4.1 5.5 
C C C A 3.1 8.2 
C C/T C A 1.0 0 
C C/T G/C A 1.0 2.7 
C T G G/A 2.1 1.8 
C C C G 0 2.7 
C C C G/A 5.2 5.5 
C C G/C G 0 0.9 
C C/T G/C G/A 23.7 17.3 
C/T C G/C G/A 10.3 6.4 
C/T C/T G/C G/A 1.0 0 
C/T T G G/A 0 0.9 
C/T C/T G G/A 0 0.9 
C C G/C G/A 0 1.8 

None of the comparisons between the two groups was statisti- 
cally significant 

peptide and glucose levels (data not shown) did not 
differ between the subjects who were homozygous 
for the less frequent allele and those who were homo- 
zygous for the common allele in each codon either in 
control subjects or in patients with NIDDM. Similar- 
ly, polymorphisms in codons 251, 692, 736 and 766 
were not associated with a higher degree of insulin re- 
sistance in control subjects or in patients with 
NIDDM (Table 5). 

to that of the exon 7 polymorphism. Table 3 shows al- 
lele frequencies of these polymorphisms in control 
subjects and patients with NIDDM. No statistical sig- 
nificant differences between these two groups were 
found. Similarly, the frequency of 21 different combi- 
nations of these four polymorphisms did not differ 
between control subjects and patients with N I D D M  
(Table 4). The most frequent genotypic combination 
was heterozygous for codons 251 (C/T) and 692 (C/ 
T) and homozygous for codons 736(G) and 766(G). 
It was found in 24.7 9/0 of control subjects and in 
19.1 9/0 of patients with NIDDM. 

Insulin levels and insulin resistance associated with 
different polyrnorphisms. Table 5 shows insulin levels 
in a oral glucose tolerance test in control subjects 
and in patients with NIDDM. Insulin as well as C- 

Discussion 

The muscle and adipose tissue HKII  catalyses the 
phosphorylation of glucose to glucose 6-phosphate, 
and therefore plays the key role in glucose metabo- 
lism in these insulin-sensitive tissues. Therefore, it is 
a promising candidate gene for NIDDM and insulin 
resistance. 

In the present study we determined the association 
of four nucleotide sequence polymorphisms located 
in exons 7, 15, and 16 of the HKII  gene with insulin 
levels and insulin resistance in patients with NIDDM 
and in subjects with normal glucose tolerance and a 
negative family history of diabetes. The allele fre- 
quencies of each of the polymorphisms did not differ 
between control subjects and patients with NIDDM. 
Furthermore,  the frequency of different combina- 
tions of the genotypes at these polymorphisms was 
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Table 5. Insulin concentrations in an oral glucose tolerance test and whole body glucose uptake during the euglycaemic clamp in 
subjects who were homozygous for the less frequent and common allele of different polymorphisms of the hexokinase II gene by 
glucose tolerance status (number of subjects in parentheses) 

Insulin (pmol/1) Whole body glucose up- 
take (~tmol. kg -1. rain -1) 

Fasting 1 h 2 h 

Subjects with normal glucose tolerance 
Codon 251 
Homoz. for C 56 + 5 (53) 479 +- 59 (53) 238 + 34 (53) 57.1 + 2.4 (36) 
Homoz. for T 57 + 19 (5) 524 + 186 (5) 296 + 123 (5) 50.2 + 4.2 (4) 

Codon 692 
Homoz. for C 48 + 7 (26) 414 + 87 (26) 186 + 35 (26) 57.5 + 3.1 (20) 
Homoz. for T 56 + 6 (17) 436 + 69 (17) 253 + 47 (17) 59.7 + 3.7 (12) 

Codon 736 
Homoz. for G 51 + 4 (46) 424 + 43 (46) 225 + 28 (46) 57.5 + 1.8 (35) 
Homoz. for C 47 + 17 (9) 502 + 212 (9) 163 + 65 (9) 59.0 + 6.6 (6) 

Codon 766 
Homoz. for G 51 _+ 4 (51) 436 + 41 (51) 226 + 25 (51) 57.1 + 1.8 (37) 
Homoz. forA 38+ 6 (5) 321+ 70 (5) 176+ 67 (5) 63.0+0.3 (2) 

Patients with NIDDM 
Codon 251 
Homoz. for C 134 + 12 (52) 467 + 55 (37) 531 + 77 (37) 27.5 + 2.4 (18) 
Homoz. for T 164 + 75 (3) 202 + 19 (2) 219 + 74 (2) - 

Codon 692 
Homoz. for C 142 + 23 (31) 502 + 92 (21) 607 + 115 (21) 25.5 + 3.9 (7) 
Homoz. for T 140 + 18 (11) 475 + 153 (7) 544 + 206 (7) 19.4 + 6.2 (2) 

Codon 736 
Homoz. for G 132 + 13 (34) 538 + 108 (19) 563 + 114 (19) 28.3 + 4.6 (6) 
Homoz. for C 118 + 17 (13) 465 + 110 (9) 644 + 205 (9) 21.2 + 3.8 (5) 

Codon 766 
Homoz. for G 138 + 12 (47) 548 + 94 (27) 569 + 101 (27) 29.4 + 3.2 (10) 
Homoz. for A 107 + 17 (7) 353 + 82 (5) 488 + 146 (5) 25.9 + 8.0 (2) 

also similar in these  groups. Our  results were  based  
on  a significant n u m b e r  of  normal  subjects and pa- 
t ients with N I D D M  who were  represen ta t ive  of  non-  
diabet ic  and diabet ic  popu la t ion  living in the Kuop io  
Univers i ty  Hosp i ta l  area. Finally, hyper insu l inaemia  
during an oral  glucose to le rance  test  or  insulin resis- 
tance  eva lua ted  by  the  euglycaemic  hyperinsul in-  
aemic  clamp were  no t  associated with the  less fre- 
quen t  allele of  each  of  the four  polymorphisms.  
These  results were  based bo th  on  contro l  subjects 
and pat ients  with N I D D M  al though the clamp data  
on  diabet ic  pat ients  was based  ra the r  on  a l imited 
n u m b e r  of  cases. 

Recen t ly  L e h t o  et al. [23] have  r epo r t ed  a simple 
t a n d e m  repea t  D N A  po lymorph i sm in H K I I  which 
was p red ic ted  to be  in in t ron  13. P re l iminary  l inkage 
studies in two large Finnish families with classic late- 
onset  N I D D M  showed  that  H K I I  is not  t ightly 
l inked with diabetes  in these families, a l though log 
of the  odds scores were  no t  repor ted .  O u r  results of 
the  four  po lymorph isms  in the coding region of the 
H K I I  gene in cont ro l  subjects and pat ients  with 
N I D D M  are in accordance  with these  results. H o w ev -  
er, these  results do no t  exclude  the possibility of  find- 
ing muta t ions  in the H K I I  gene in a small subset  of  
pat ients  with N I D D M .  F u r t h e r  studies based  on the 

molecu la r  scanning of  all exons of  the H K I I  gene are 
in progress  to invest igate this possibility. 
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