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Insulin Resistance in Diabetic Ketoacidosis :
Effects of f-Hydroxybutyrate
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(Dirvector : Prof. Takashi YAMADA)

It is generally accepted that the action of insulin diminishes in patients with diabetic ketoacidosis.
However, the detailed mechanism of the insulin resistance in this condition is not thoroughly understood.

In this study, the effects of ketone bodies on insulin action were investigated i vitro. Treatment of soluble
insulin receptors prepared from rat liver at a low pH (7.0~7.2) decreased the insulin binding activity. In
contrast, treatment of these receptors with g-hydroxybutyrate (B-OH-butyrate) increased the insulin binding
activity in terms of affinity for insulin, but not maximal binding capacity. The increased binding was
diminished by treatment of the receptors at a low pH. Treatment of the receptors with acetoacetic acid did
not affect insulin bhinding. B-OH-butyrate did not affect the autophosphorylation of the insulin receptor.
Further, the oxidation of glucose was not affected by B-OH-butyrate. These results suggest that the insulin
resistance observed in diabetic ketoacidosis is not caused by an interaction between ketone bodies and the
insulin receptor. On the other hand, the uncoupling between insulin binding and autophosphorylation of the
receptors observed in the presence of B-OH-butyrate suggests the existence of abnormalities after the binding
of insulin to its receptor. Shinshu Med. [.,39 : 587 —600, 1991
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Fig. 1 Time course of the treatment in the patients
with diabetic ketoacidosis

a, b and c represent the time course of case 1, 2 and
3, respectively.

“Time” means hours after the beginning of insulin
treatment. “BS” means measured venous glucose con-
centration at the time. “Insulin Infused” was calculated
as infused dose of insulin/time of infusion. “Glucose
Infused” was calculated as infused dose of glucose/time
of infusion . calculated plasma volume (dl). Ketone
bodies in the urine (U-Ket) were measured semi-
quantitively by “Ketosticks”,
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Fig. 2 Scatchard plots of insulin binding to rat epididymal
adipocytes (a) or to solubilized insulin receptors pre-
pared from rat liver (b)

a: Adipocytes (1.5%10% cells/tube) prepared as described in
“Materials and Methods” were preincubated in the
absence (@) or presence (Q) of 20mM B-OH-butyrate.
After preincubation, the cells were transferred to fresh
tubes and ['*I]iodoinsulin (5 X 10-"*M added) binding was
measured in the presence of various concentrations of
unlabeled insulin, Each value indicates the mean of tripli-
cate determinations.

b: Solubilized insulin receptors (0.2ug protein) were prein-

cubated in the absence (@) or presence () of 20mM B
-OH-butyrate. After preincubation, B-OH-butyrate was
removed by adding resin as described in “Materials and
Methods”. [**1]iodoinsulin (5x107"'M added) binding to
the receptors recovered in the supernatant after
centrifugation at 100,000 xg was measured. Each value
indicates the mean of triplicate determinations.

591



A B kB

B ER L, EREERECRRE LA, 1R Y
FEABR S SEHE T, (v Ay vEARIEHVK
Lk hbTEEEER L TLT Cofo
pH i {EE % T L, LL, FhBOMFEEOIE
B ET A4 v A Y VEEAHEBERET L, EARS
9 IR vk pH S TEE/L L (Fig.lcd. —7,
FFICH 1 v A VEABEERRRO - v ERTR
TEEI L e o 1o (Fig. 1),
B FEESERADA R REEIINT S -2 FA

F BB ITHR

Scatchard ¥t 5 &, 4 v A Y v OfEEAHIIE~D
W&, curvilinear R L, LaL, ZhiXnega-
tive cooperativity &\ 5 X b %, 2binding sites #7R
L, high affinity & low affinity @ 2 FEEEOKEEE
ETBEELLN, g~ Ve 3 EREBCHLEL
LR, A v A Y v ORE SO affinity 2L
B 17-7%, maximal binding capacity 1= 13Z{La35E%

bhirhote (Fig.2a), T, BRAETRL WL
%5, {6 pH OB -cHTLEEY 5 & RIFHi~o 1 v
A VREESIMET L,

C RERFIRBA 7 R ogERbic T2 pHE L U -

b F 0¥ EEEOR

Fig. 3IcR¥ L 51c, 1 v 2y VRl RWIREET
i pH #7620 7.0 T T D-[1-*Clglucose A
L0 [MClOnEEEREOELERD I o1,
pH7 . 6CHHAE LMty 1 2 ) v (107'M)
B s L Fetd s [MClOMEM LA, ThickL
pH7. 0 CHTALIE LMl cld A v A 0 YRl X 58
R L, —H, 20mM @ -k F e & oEEFET
ReRGiRE A AL U< b, pH eBifRic, =v i r
= b HRFEET D [MCIOERRBD LR » Tz,
D AR RREADA A AEBITHT S B
-k F O% S BRBOSIR

pH7. .4t [**]]iodoinsulin DFEEE, =2v b w—

P<Q.0
P<QQ1 |
r NS
r.__N_$__\
) FFSQ%] P<0.Q!
: E3
g or NS rﬁ
T\ r-—-——--———]
ES NS
§x P<0Q1 g@l
58 | ]
oy ©
o 5r
o
9
0
pH 70 70 70 70 76 76 76 76
B-OH-Butyrate — — + + - = + o+
(20mM)
Insulin - + -+ - +
(107'M)

Fig. 3 Effect of pH and B-OH-butyrate on glucose oxidation in rat

epididymal adipocytes

Isolated rat adipocytes were preincubated in the absence or presence of
20mM B-OH-butyrate at pH 7.0 or 7.6. After preincubation, adipocytes were
incubated at 37°C for 60 min with 18.5kBq D-[1-*C]glucose in the absence or
presence of 107"M insulin. The [**C]O, generated was measured as described

in “Materials and Methods”.

There were no significant differences between the absence and presence
of 20mM B-OH-butyrate. In two additional experiments similar results were

obtained.
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Fig. 4 Effect of B-OH-butyrate on ['*I}iodoinsulin binding to solubilized

a

insulin receptors

: Effect of various concentrations of B-OH-butyrate on ['*I]iodoinsulin

binding to solubilized insulin receptors. Solubilized insulin receptors (0.2ug
protein) were preincubated in the absence(@) or presence(()) of various
concentrations of B-OH-butyrate at pH 7.4 (upper line) or at pH 7.0 (lower
line). After preincubation, B-OH-butyrate was removed from the medium
by resin, then [**T}iodoinsulin (56X 107" M added) binding was measured.
Each value indicates the mean 4 SEM of four determinations of specific
binding, and there is a significant difference (P<0.01) between the two
groups at every concentration of B-OH-butyrate, Statistical analysis was
performed by Student’s t-test.

and c: Effect of pH on ['*I]iodoinsulin binding to solubilized insulin
receptors. Solubilized insulin receptors (0.2u g protein) were preincubated in
the absence (@) or presence (O) of 20mM B-OH-butyrate at various pHs
for 20min (b) or for 50min (c). After preincubation, the mixture was treated
with resin as described in “Materials and Methods”. After the treatment
[**])iodoinsulin (5x10~"* M added) binding was measured. Non specific
binding was defined as [**I]iodoinsulin bound in the presence of 10~°M
unlabeled insulin. Specific binding was illustrated. Each value indicates the
mean * SEM of four determinations, and there is a significant difference
(p<0.01) between the two groups at every pH except for pH 7. 0.

AT, 20mM @ B-t ¥ w & o BRERCHIALE L 7 et v AV vEEDOLERIRED bk - (Fig 4
AV A ) VERBTEAD 5. Tt Scatchard B a), f-e Fe > BRBRIENLEZES T,
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HBE TR L o RBB TR LAFY L Fig.d WAET L7z (Fig.4b, 4c),
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08
0.7}F
06
05 s Fig. 5 Effect of acetoacetic acid on [**I]iodoinsulin
04 _8\ binding to solubilized insulin receptors
Lé‘ f Solubilized insulin receptors (0.2ug protein) were
03k \K preincubated in the absence (@) or presence of 10~°M
(A) or 10*M (Q) acetoacetic acid. After preincubation,
0zl 2 acetoacetic acid was removed by resin. Then, ['%1]
o iodoinsulin (5x107''M added) binding was measured in
01k = the presence of various concentrations of unlabeled
insulin. Non-specific binding was defined as ['**I]iodoin-
0 I 1 L sulin bound in the presence of 10~®M unlabeled insulin.
0 10 20 30 Each value indicates the mean of triplicate determina-

Insulin bound (nmol/mg protein) tions of specific binding.

Ins(M) (=) 10-10 109 10-8 10-7

S e e e s e e e e e e e e s

10-10 109 108 107

(=)
BOWbubyrde (8 - (1) () GF): (1) () )L ) () ()
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Fig. 6 Effect of B-OH-butyrate on autophosphorylation of insulin rece-
ptors

Solubilized insulin receptors (0.2ug protein) were preincubated in the
absence or presence of 20mM B-OH-butyrate. After preincubation, the
receptors were incubated with various concentrations of insulin for 30min at
22°C. After incubation, the phosphorylation reaction was performed by
adding [y-**P]ATP (2uzM).Phosphorylated proteins were analyzed by auto-
radiography revealed on SDS-PAGE.
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Fig. 8 Effect of various concentrations of insulin on ['**I]iodoinsulin bind-

ing to solubilized insulin receptors and autophosphorylation of insulin
receptors
Solubilized insulin receptors (0.2ug protein) were preincubated in the
absence (@) or presence (O) of 20mM B-OH-butyrate at pH 7.4 for 50 min.
After preincubation, B-OH-butyrate was removed by resin, and ['**I]iodoin-
sulin binding (left panel) or autophosphorylation (right panel) in the presence
of various concentrations of unlabeled insulin was examined. In the experi-
ment on insulin binding, each value indicates the mean +SEM of four
determinations. Results obtained in Fig. 6 were analyzed by means of the
Cerenkov’s effect, and are shown in the right panel. Each value indicates the
mean of duplicate determinations. In additional two experiments, similar
results were obtained.

Fig. 7 Immunoprecipitation of insulin receptor with monoclonal

Solubilized insulin receptors (0.2u g protein) were precipitated by
monoclonal anti-insulin receptor antibody. After precipitation, the
supernatant was phosphorylated in the presence of 10-°M insulin by
adding 2uM [y-3*P]ATP. Phosphorylated proteins were analyzed by
autoradiography revealed on SDS-PAGE (lane 2). Insulin receptors
treated without the antibody were phosphorylated and applied to
SDS-PAGE as control (lane 1). 95kDa protein was not detected in
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Fig. 9 Double reciplocal analysis of the effect of B-OH-butyrate on the
insulin-induced phosphorylation of 95kDa insulin receptor

The phosphorylation reaction was performed in the presence of various
concentrations of ATP. Each value was obtained from the calculation of the
radioactivity in the phosphorylated band. Open symbols indicate the phos-
phorylation in the absence of insulin (K,=5.01x10"%* M ATP, V.x=1.10%
10~° moles phosphorylated insulin receptor) and closed symbols indicate the
phosphorylation in the presence of 10~® M insulin (K,=1.33x10"% M ATP,
Vimax =1.11x10* moles phosphorylated insulin receptor). Circles indicate the
values obtained in the receptors pretreated without B-OH-butyrate, and
triangles indicate the values obtained in the receptors pretreated with B-OH

-butyrate(20mM),
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