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Abstract

v

The functions of hypothalamic-pituitary-thyroid
axis are attenuated in type 1 diabetes mellitus
due to insulin deficiency. The use of intranasally
administered insulin is of considerable interest
for treatment of diabetes and cognitive disor-
ders, but its effect on the thyroid system has not
been investigated yet. We studied the influence
of long-term treatment with intranasal insu-
lin on the hypothalamic-pituitary-thyroid axis
of nondiabetic rats and diabetic animals with
streptozotocin models of acute and mild type 1
diabetes mellitus. This treatment was carried out
for 28 days in acute (daily does of 0.3, 0.6, and
1.51U of insulin per rat) and for 135 days in mild
diabetes (daily dose of 0.45IU/rat). Nondiabetic
rats were treated in a similar manner. Intrana-
sal insulin in both models of diabetes resulted in

the improvement of thyroid status; manifested
as increase of thyroid hormones levels and res-
toration of response to thyroliberin. In acute
diabetes, a daily dose of 0.61U/rat was the most
effective. Twenty eight days treatment of non-
diabetic rats with intranasal insulin at a dose of
0.31U/rat resulted in a significant increase of free
and total thyroxine levels. Longer treatment of
rats with mild diabetes and nondiabetic animals
significantly increased thyrotropin level. Thus,
long-term intranasal insulin treatment restored
the hypothalamic-pituitary-thyroid axis func-
tion in type 1 diabetes, but led to a significant
increase in the thyrotropin level, which must be
considered when designing a strategy for the use
of intranasal insulin in clinical applications.

Supporting Information for this article is available
online at http://www.thieme-connect.de/products

Abbreviations
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CNS Central nervous system
DM Diabetes mellitus

DM1 Type 1 diabetes mellitus
HPT axis Hypothalamic-pituitary-thyroid axis

I-1 Intranasal insulin

STZ Streptozotocin

TSH Thyroid-stimulating hormone
TRH Thyrotropin-releasing hormone
T, Thyroxine

Ts Triiodothyronine
Introduction

v

The hypothalamic-pituitary-thyroid (HPT) axis
and its main components - thyroid-stimulating
hormone (TSH), thyrotropin-releasing hormone
(TRH), thyroid hormones, and respective recep-
tors - are responsible for the regulation of cell
differentiation, growth, and metabolism in dif-
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ferent areas of the central nervous system (CNS)
and in the peripheral tissues of vertebrates [1].
Functional activity of HPT axis is regulated by
several feedback mechanisms including thyroid
hormones, neurotransmitters, stress-responsive
elements, and circadian rhythms [2].
Pathological changes in HPT axis and impairment
of its regulation can lead to several thyroid dis-
eases, cardiovascular, and neurological disorders
[3-5]. Thyroid dysfunctions can manifest as com-
plications of some diseases, including type 1 dia-
betes mellitus (DM1) [6-8]. First data showing
that thyroid diseases are much more common in
patients with DM1 were obtained in the early
1980s [9,10]. Later, it was shown that about one
third of patients with DM1 have autoimmune
thyroid diseases, such as Graves’ disease, Hashi-
moto’s thyroiditis, and pospartum thyroiditis
[6,8].

Historically, the functional link between DM1
and dysfunctions of HPT axis and the thyroid
gland was studied giving preference to experi-
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mental models of DM1 [11-15]. Most of these studies were car-
ried out using the model of acute DM1 induced by a high dose
(55-75mg/kg) of streptozotocin (STZ) [11-14]. Characteristics
of this model are absolute insulin deficiency and strong hyper-
glycemia, which leads to a severe impairment of HPT axis and
consequently to a marked decrease of thyroid hormones levels
as well as the levels of TRH and TSH. The latter abnormalities are
not observed very often in diabetic patients. The treatment of
rats with low-dose STZ induced the model of mild DM1. Charac-
teristics of this model include moderate insulin deficiency and
hyperglycemia [16, 17], and rats with long-term mild DM1 had a
less evident decrease in thyroid hormones levels and unchanged
or elevated level of TSH, which is often observed in autoimmune
thyroiditis combined with DM1 in humans [15,18]. The dura-
tion of mild DM1 in rats is at least 4-5 months, which is quite
enough to study progressively developing changes of HPT axis.
It is commonly accepted that insulin injections are the best way
to treat DM1. However, in recent years, intranasal administra-
tion of insulin (I-I) has also found an application in the treat-
ment of patients with DM and Alzheimer’s disease, bipolar
disorders, and some other neurological disorders [19-21]. Along
with the action on the CNS, I-I via the central mechanisms con-
trols biochemical and physiological processes in the periphery
[21-23]. Regrettably, the influence of I-I on HPT axis and the
thyroid gland has not been studied yet. This information is
needed for the evaluation of therapeutic potential and adverse
effects of long-term I-I treatment when it utilized in manage-
ment of DM.

The aim of the present work was to study the influence of long-
term I-I treatment on the function of HPT axis and the thyroid
status in nondiabetic rats and in animals with the STZ models of
acute and mild DM1. Long-term I-I treatment of diabetic rats
restored thyroid hormones levels and sensitivity of HPT axis to
TRH. The 135-day I-I treatment of rats with mild DM1 and
respective control at a daily dose of 0.45IU/rat increased the
serum TSH level significantly in comparison with untreated ani-
mals. Thus, this is the first study suggesting that long-term I-I
treatment restores the function of HPT axis in DM1. It is also
important that I-I induced a considerable increase in TSH levels
in diabetic and nondiabetic animals, which should be taken into
account when applying I-I to treat DM and nondiabetic neuro-
logical pathology.

Materials and Methods

v

Animals

The male Wistar rats were housed in plastic sawdust-covered
cages with a normal light-dark cycle. All experiments were car-
ried out in agreement with the rules of the Bioethics Committee
of Sechenov Institute of Evolutionary Physiology and Biochemis-
try, Russian Academy of Sciences, St. Petersburg, Russia (Institu-
tional Guidelines, December 23, 2010) and according to the
“Guide for the Care and Use of Laboratory Animals”. Maximum
effort was made to minimize animal suffering and to reduce the
number of animals used. After a one-week adaptation period,
rats aged 17-18 weeks were randomly divided into diabetic and
control groups.

Streptozotocin model of acute DM1 in rats
The 30-day acute DM1 was induced by a single treatment of rats
with STZ (Sigma, St. Louis, Mo, USA) dissolved in 0.1M citrate
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buffer (pH 4.5) at a dose of 60 mg/kg. On the 3™ day after treat-
ment, plasma glucose levels in fasting rats were measured and
the animals with glucose concentration over 26 mmol/l were
considered diabetic and used in further experiments. Diabetic
rats were subdivided into 4 groups, 3 of which were treated with
I-I at the doses of 0.3 (acute-D,+Insg3), 0.6 (acute-D;+Insgg),
and 1.5IU (acute-D4+Ins;5) per rat, and one group received
intranasally citrate buffer (acute-D; +Buf). Control animals were
also subdivided into 4 groups, one group received buffer
(C; +Buf) and 3 groups were treated by I-I at 3 doses as described
above (C,+Insg 3, C3+Insyg and C4+1Ins; 5) (Fig. 1S). The average
body weight in the acute-D;+Buf group was significantly
reduced in comparison with control animals, while the plasma
glucose level was 6 times higher. The treatment with I-I of con-
trol and diabetic rats led to a decrease of body weight in the
acute-D4+Ins; 5 group (p<0.05), and to a decrease of plasma
glucose level in the acute-D;+Insgg group (p<0.01) (Table 1S).
Significantly, on the 30t" day of experiment, the fasting insuline-
mia in the acute-D;+Buf group was 0.19+0.09ng/ml and the
treatment with I-I had little effect on it.

Streptozotocin model of mild DM1 in rats

Long-term mild DM1 was induced by 3 consecutive intraperito-
neal injections of STZ dissolved in 0.1 M citrate buffer (pH 4.5) at
a dose of 30mg/kg on the 1%, 10™, and 80™ day of experiment.
Nine days after the first and the second STZ treatment, plasma
glucose levels in fasting rats were measured, and the animals
with glucose concentration over 11 mmol/l were considered dia-
betic and used in the study. On the 75™ day diabetic rats were
divided into 2 groups, one (mild-D, +Insg 45) treated with I-I at a
daily dose of 0.451U/rat and the other with citrate buffer (mild-
D, +Buf). Control animals were also divided into 2 groups. One
group received I-I at a daily dose of 0.451U/rat (Cg+Insg 45), and
the other received buffer without the hormone (Cs+Buf) (Fig.
1S). Body weight of diabetic rats on the 150™ and 210™ day of
experiment was lower compared with that of control animals,
and after I-I treatment the body weight increased significantly,
but remained below that of the rats in the C5+Buf and Cg+Insg 45
groups. Plasma glucose level was significantly elevated in the
mild-D; +Buf group, and on the 150 and 210t day in diabetic
rats treated with I-I it decreased by 30 and 40%, respectively,
remaining, however, twice higher than in respective control
(Table 1S). On the 210" day the level of plasma insulin in the
mild-D; +Buf group was 0.56+0.17 ng/ml, and I-I had no signifi-
cant effect on it.

Intranasal delivery of insulin

Intranasal delivery of insulin to rat’s brain was performed as
described earlier [24]. Crystalline insulin (Sigma, St. Louis, Mo,
USA) at concentrations 15, 22.5, 30, and 751U/ml was dissolved
in 0.1 M citrate buffer, pH 4.5, and delivered intranasally to dia-
betic and nondiabetic rats once a day. Each animal was placed in
a supine position and an average of 10ul of insulin solution was
administered in each nostril (0.3, 0.45, 0.6, and 1.51U). Control
animals were given the same volume of buffer, pH 4.5.

Determination of glucose and insulin levels

Glucose level was measured in the whole blood from the tail
vein using a glucometer (Life Scan Johnson & Johnson, Denmark)
and test strips One Touch Ultra (USA). Insulin concentration in
rat serum was determined using the Rat Insulin ELISA (Mercodia
AB, Sweden).
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TSH and the thyroid hormones assay

Serum TSH level was measured with an ELISA kit in accordance
with the manufacturer’s instructions (Cusabio Biotech. Co., Ltd.,
Wuhan, China). Serum concentrations of free thyroxine (fT,),
total circulating thyroxine (tT,4), and total circulating triiodothy-
ronine (tT3) were estimated by ELISA, following the protocol pro-
vided by Immunotech Company (Russia). All measurements
were carried out with an Anthos Absorbance Reader 2020
(Anthos Labtec Instruments, Austria). Whole blood was obtained
from the tail vein under local (sc) anesthesia with 2% lidocaine
(2-4mg/kg).

The TRH test

The test was performed at the end of the experiment, on the 30t
day in the case of acute DM1, and on the 215 day of mild DM1.
TRH was dissolved in saline (20ul) and administered intrana-
sally to rats at a dose of 300ug/kg. Control rats were given the
same volume of saline. To measure the levels of TSH and thyroid
hormones, blood samples were collected 10min before and 2h
after the TRH application.

Statistical analysis

The animal groups were analyzed by mixed ANOVA, using 2 fac-
tors, that is, method of treatment (Treatment), as the between-
group factor with 3 or 4 levels, including control group, and time
from the starting point of experiment (Time), as the repeated
measure within-group factor with 5 or 4 levels. Each dependent
variable, that is, the levels of fT,, tT,4 and tT3, were estimated.
The normality of distribution for all interventions at all-time
points was assessed by Shapiro-Wilk’s test (p<0.05). The homo-
geneity of variances was assessed by Levene’s test (p>0.05). The
assumption of sphericity was estimated using Mauchly’s test
(p<0.05). When the latter indicated that the assumption of
sphericity was violated, a correction (Greenhouse-Geisser epsi-
lon) was made. This allowed for the interaction between 2 fac-
tors to be evaluated. When the interaction was statistically
significant, the difference between the groups was assessed at
each level of Time, and the main simple effects were evaluated.
At the final stage, post-hoc multiple comparisons were per-
formed (Tukey) if one-way ANOVA showed a statistically signifi-
cant difference between groups. If the interaction of factors was
estimated as statistically nonsignificant, the main effect of Treat-
ment was evaluated and the difference between groups was
assessed according to this effect. The difference between groups
of rats was assessed statistically using the one-way ANOVA
(t-test) and considered significant at p<0.05. The data are pre-
sented as the mean +SD.

Results

v

The levels of thyroid hormones and TSH in rats with
acute DM1 and their changes under the TRH treatment
On the 15™ and 30" day of the experiment, fT, level in rats with
acute DM1 decreased by 35 and 43 %, tT4 level by 15 and 20%, and
tT3 level by 22 and 39%, respectively, and the changes were sig-
nificant (p<0.05) (© Table 1). Plasma concentration of TSH also
decreased, but not significantly, and on the 15™ and 30" day it
was 80 and 57 % of that before DM1 induction (© Table 1). A sin-
gle treatment of the acute-D; +Buf rats (on the 30" day of exper-
iment) with intranasal TRH (300ug/kg) induced an increase of
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TSH concentration that was 60% of the C; + Buf group increase. In
diabetic rats, the TRH-induced increase of fTy, tT,4, and tT; levels
was reduced by 51, 28, and 46%, respectively, compared with
that of the control, and for fT, and tT; the changes were signifi-
cant (p<0.05) (© Fig. 1). These data indicate that in the 30-day
acute DM1 the function of the HPT axis was reduced, and this
led to a decline of thyroid hormones levels and a weaker response
of pituitary thyrotrophs to TRH.

The effect of the 28-day I-l treatment on the levels of
thyroid hormones and TSH and on the sensitivity of the
HPT axis to TRH in nondiabetic and diabetic rats

The treatment of nondiabetic rats with I-I at the daily doses of
0.3 and 0.61U/rat induced a significant increase in thyroxine lev-
els, but the effect was not present at the dose of 1.5IU/rat
(© Table 1). Both the 13- and 28-day treatment with I-I at a dose
of 0.31U/rat increased TSH concentration by 74 and 63 %, but the
difference was not statistically significant. In the C;+Insgg
group, the stimulating effect of I-I on the TSH level was less pro-
nounced. Sensitivity to TRH in the C, Insg 3 and C3+Insg g groups
did not differ significantly from that of untreated animals. In the
C4+Ins; 5 group the TRH-induced increase of the tT; level
decreased significantly in comparison with the C;+Buf group
(c Fig. 1).

The 28-day treatment of diabetic animals with I-I at a dose of
0.61U/rat resulted in a partial restoration of the thyroid hor-
mones levels. On the 30t day the levels of Ty, tT,, and tT; in the
acute-D3+Insgg group were increased by 38, 15, and 50% as
compared to the untreated diabetic rats (© Table 1). At a dose of
0.31U/rat, the I-I did not influence the thyroid hormones levels
in diabetic animals and at a dose of 1.51U/rat, the I-I restored the
tTs level only. The 13-day treatment of diabetic rats with I-I at
the doses of 0.6 and 1.51U/rat resulted in an increase of the TSH
concentration by 63 and 51%, and the 28-day treatment gave an
increase by 100 and 124%, but the differences were not signifi-
cant (© Table 1).

The stimulating influence of TRH on the levels of thyroid hor-
mones and TSH in [-I-treated diabetic rats was more pronounced
in comparison with the acute-D;+Buf group. In the acute-
D3 +Insyg and acute-D4 +1Ins; 5 groups, the TRH-induced increase
of the fT, concentration was 87 and 94%, and the increase of the
tT; concentration was 86 and 43 % higher than in the diabetic
rats without I-I treatment (p<0.05) (© Fig. 1).

The levels of thyroid hormones and TSH in rats with
long-term mild DM1 and the influence of the I-I
treatment

On the 150" day after the first STZ treatment, the plasma levels
of fT, and tT, in rats with long-term mild DM1 had significantly
decreased. On the 210%™ day, the fTy, tT,, and tT; levels decreased
by 20, 19, and 33%, and the changes were significant (p<0.05)
(© Table 2). The changes in thyroid hormones levels were quan-
titatively similar to those in acute DM1. Meanwhile, in long-
term DM1 the plasma TSH level was significantly increased,
while in acute DMT1 it showed a trend to decrease. On the 210t
day the TSH level in the mild-D;+Buf group was twice that of
the respective control (p<0.05) (© Table 2). These data are evi-
dences for decrease in thyroid sensitivity to TSH in long-term
mild DM1.

The treatment of nondiabetic rats with the I-I at a daily dose of
0.451U/rat led to a notable increase of the plasma TSH level,

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Endocrine Research

Animal group Concentration of hormone, mean+SD Table 1 The influence of

Prior to the experiment, 15t day 30t day freatment with -l on Fhe Ievel's of
T4, tT4, tT3, and TSH in rats with

Ly acute DM1.

Level of fT, (pmol/l)

C,+Buf (n=6) 202+1.4 19.5+2.0 21.0£1.9

Cy+Insg3 (n=6) 20.9+1.9 23.4%23* 25.8+3.1%"

Cs+Insg (N=6) 21.3%1.4 24.7+2.1+% 22.5+1.7

C,+Ins; 5 (N=6) 19.8+1.8 21.5+1.2 19.2£1.5

acute-D; +Buf (n=12, 10, 9)2 20.8+1.3 13.6£2.7** 11.9+2.5**

acute-D, +Insg 3 (N=6) 20.1+1.3 12.6£2.0 12.5£1.0

acute-D3+Insg ¢ (N=6) 19.7+2.0 15.1£3.2 16.4+3.0**

acute-Dy+Ins; 5 (N=6, 6, 5)° 20.7+0.9 16.0£2.5 14.6%1.5

Level of tT4 (nmol|l)

C;+Buf (n=6) 70.9+3.4 71.3+3.4 72.9+4.2

Gy +Insg3 (n=6) 69.6+3.9 81.8+4.4% 84.3£3.9*

C3+Insg g (N=6) 70.3+4.3 83.3+4.5 78.5+4.0

C4+Insy 5 (n=6) 68.03.6 78.2+4.0" 70.8+3.6

acute-Dq.Buf (n=12, 10, 9)2 72.314.2 61.8+£5.0 %" 58.2+4.6**

acute-D,+Insg 3 (N=6) 69.7+4.8 59.7+6.1 62.5+3.7

acute-D; +Insg 6 (N=6) 69.1+5.0 63.2+9.2 66.7+5.4 "

acute-Dy+Ins; 5 (N=6, 6, 5)° 69.6+2.1 65.7+3.8 64.1+3.6

Level of tT3 (nmol/l)

C;+Buf (n=6) 2.2+0.2 2.3+0.2 2.4+0.3

Cy+Insg3 (N=6) 23403 2.6%0.2 2.5+0.2

C3+Insgg (N=6) 21403 2.5+0.3 2.5+0.4

Cy+Insy 5 (n=6) 22403 2.6£0.4 2.740.3

acute-D; +Buf (n=12, 10, 9)? 23+03 1.8£0.3** 1.4£03*

acute-D, +Insg 3 (N=6) 2.2+0.2 1.9+0.3 1.8+0.2

acute-D3+Insg g (N=6) 2.2+0.2 2.2+0.3 2.1+£03**

acute-D,+Ins; 5 (N=6, 6, 5) 2.3+0.3 24+03° 2.1+02°*

Level of TSH (pUI/ml)

C,+Buf (n=6) 0.42+0.18 0.40£0.17 0.43£0.21

Gy +Insg3 (N=6) 0.43+0.18 0.75+0.29 0.70+0.19

C3+Insg (n=6) 0.38£0.16 0.70£0.28 0.58+0.32

Cy4+Ins; 5 (n=6) 0.44%0.21 0.49+0.33 0.33+0.16

acute-D; +Buf (n=12, 10, 9)2 0.44+0.19 0.35%£0.15 0.25+0.16

acute-D, +Insg 3 (N=6) 0.39+0.11 0.47+0.16 0.35+0.17

acute-D3 +Insg 6 (n=6) 0.45+0.23 0.57+0.18 0.50+0.26

acute-D,+Ins; 5 (N=6, 6, 5) 0.41+0.09 0.53+0.25 0.56+0.33

Values are the mean+SD

*and ** Statistically significant difference between C; +Buf and acute-D, +Buf groups at p<0.05 and p<0.001
*and ** Statistically significant difference between C; +Buf and C,_4+Insg 3_; 5 groups and between D +Buf and acute-D,_4+1Insg3_1 5

groups at p<0.05 and p<0.001

ab Acute-D; +Buf group on the 0, 15" and 30" days included 12, 10, and 9 animals, and acute-D,+Ins; 5 group included 6, 6, and 5

animals, respectively

while thyroid hormones level did not change significantly. The
75- and 135-day I-I treatment of diabetic rats increased signifi-
cantly the plasma levels of thyroxine and TSH in comparison
with the mild-D; +Buf group. Furthermore, on the 150 and
210t day, the TSH level in the mild-D, +Insg 45 group, when com-
pared to the Cs+Buf group, was 135 and 197 % higher (¢ Table 2).

The TRH test in rats with 210-day mild DM1 treated

and untreated with I-I

The increase of thyroid hormones level induced by a single
application of intranasal TRH (300ug/kg) in the mild-D;+Buf
group was less pronounced than in respective control. The TRH-
induced increase of fT,, tT4, and tTs levels in the mild-D; +Buf
group amounted to 45, 56, and 67 % of those in the C5+Buf group
(© Fig. 2). The TRH-induced increase of the TSH concentration in
diabetic rats was twice lower than in the control animals. The
135-day treatment of diabetic animals with I-I led to an increase
of the stimulating effects of TRH. In the mild-D,+Insg 45 group

the TRH-induced increase of plasma TSH level was 73 % higher,
and that of fT4 and tTy levels 166 and 115% higher that of the
mild-D, +Buf group. However, the increase of tT; concentration
in the mild-D,+Insg 45 group remained at a low level, indicating
a weakening of the T, to T3 conversion. It follows that the long-
term I-I treatment of the rats with mild DM1 ameliorated the
function of the HPT axis and restored its sensitivity to TRH. In
the Cg+Insg 45 group, the I-1 did not change the TRH effect on the
thyroxine and TSH levels, but led to a significant decrease of the
TRH-induced increase of the tT; level.

Discussion and Conclusions

v

We have shown that the levels of T, and Ts in rats with 30-day
acute DM1 and with 210-day mild DM1 were decreased. This
suggests changes in the synthesis of thyroid hormones and the
decrease of the HPT axis response to the TRH. These data are in
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Fig. 1 The effect of TRH on the levels of fT,
a, tT4 b, tT5 ¢, and TSH d, and the influence of
intranasal insulin treatment on that effect in rats
with acute DM1. In “Control”: 1. C; +Buf group; 2.
C,+1Insg 3 group; 3. C3+1Insg g group; 4. C4+1Insy 5
group. In “Diabetes”: 1. acute-D, +Buf group; 2.
acute-D, +Insg 5 group; 3. acute-D3 +1Insg g group;
4. acute-D4+Ins; 5 group. Fig. 1 shows the increase
of plasma Ty, tTy, tT3, and TSH levels induced by a
single intranasal administration of TRH. Values are
the mean+SD. * Statistically significant difference
between C; +Buf and acute-D, +Buf groups at
p<0.05;"and ** statistically significant difference
Diabetes between C; +Buf and C,_4+Insg 3_1 5 groups and
between D; +Buf and acute-D,_4+Insg 3_1 5 groups
at p<0.05 and p<0.001, respectively.
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Animal group £T, (pmol|l) tT, (nmol]l) tT; (nmol]l) TSH (pUIjml) Table2 The influence of I-| treat-
- ment on the plasma concentra-
150 days after the first STZ treatment (75-day treatment with I-1) . .
= tions of the thyroid hormones

Cs+Buf (n=6) 20.7+1.8 71.5%7.1 2.1£0.4 0.34%0.14 and TSH in rats with long-term,
Ce+Insg 45 (N=6) 18.7+£1.7 68.8+6.4 2.1£0.4 0.50+0.18 * 210-day, mild DM1.
mild-D, +Buf (n=10)? 13.8+3.5*" 59.3+8.8" 1.7+0.3 0.52+0.21*
mild-D5 +Insg 45 (N=8) 16.6£2.2* 65.7+5.5* 1.9£0.2 0.80+0.26*
210 days after the first STZ treatment (135-day treatment with I-1)
Cs+Buf (n=6) 21.0+1.5 73.9+5.9 2.1+0.3 0.35+0.13
Ce+Insg.as (N=6) 20.8+1.5 69.5+4.1 1.8+0.2 0.69+0.28*
mild-D; +Buf (n=9)? 16.8+1.9** 59.9+3.8* 1.4£0.2** 0.71£0.23*
mild-D; +Insg 45 (N=8) 20.1£2.5° 68.0£6.8" 1.7+0.3 1.04+0.29

Values are the mean+SD

*and ** Statistically significant difference between Cs+Buf and mild-D; +Buf groups at p<0.05 and p<0.001
* Statistically significant difference between Cs+Buf and Cg +Insg 45 groups and between mild-D; +Buf and mild-D, +Insq 45 groups at p<0.05

2 Mild-D; +Buf group on the 150 and 210%™ days included 10 and 9 rats, respectively

good agreement with the results obtained by the other authors
concerning functional disturbances in the HPT axis in experi-
mental DM1 [11-15,25]. Of note is the fact that most studies
were carried out on rats with acute DM1 induced by a high dose
of STZ (55-75 mg/kg), which is characterized by absolute insulin
deficiency, severe hyperglycemia and intoxication, typical of this
model. These factors lead to pronounced dysfunctions of the
HPT axis and to significant decrease in the levels of thyroid hor-
mones and TSH, which allows to distinguish between experi-
mental acute DM1 and human DM1, because, typically, there is
no rapid and substantial reduction of thyroid hormones level in
diabetic patients, and TSH level is maintained unchanged or
increased [26].

This can be illustrated by the following experimental data. Three
days after treatment with high-dose STZ, the Sprague-Dawley
rats had significantly reduced plasma levels of T4 and T3 and a
decreased level of circulating TRH [11]. These data indicate a
simultaneous weakening of the secretory function of the thyroid
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follicular cells and the TRH-secreting hypothalamic neurons. Six
and 15 days after STZ treatment, the fT, level in Dutch-Miranda
rats was decreased by 39 and 32 % [15]. Two weeks after the STZ
treatment of Wistar rats their thyroid hormones levels also
decreased significantly and TRH secretion by the hypothalamic
neurons was reduced to a large extent [13]. Alternatively, rapid
changes in the HPT axis of human patients were only observed
in aggressive DM1 in children with severe hyperglycemia and
ketoacidosis, characteristic for this form of disease. The concen-
trations of fTy, tT,4, and tT; in these patients were reduced sig-
nificantly within the first 3 days after they were diagnosed with
DM1 [27]. In the long-term model of mild DM1 used in our
study, the decrease of the fT, level was less pronounced, which is
more in line with the thyroid dysfunction rate in diabetic
patients [7,8]. Findings presented in this study are consistent
with the results of other authors who investigated thyroid func-
tion of Dutch-Miranda rats with 6-month DM1 induced by mid-
dle-dose of STZ (45 mg/kg) [15].
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Many researchers share the view that one of the main causes of
decreased concentration of thyroid hormones at the early stages
of acute DM1 is the decrease of TSH level due to the weakening
of TSH secretion by pituitary thyrotrophs [13,28]. The TSH
decrease can be ascribed to abnormalities in TRH-secreting
hypothalamic neurons, lowering of sensitivity of the thyro-
trophs to TRH, alterations in activity of the type 2 5'-deiodinase
in the pituitary and the hypothalamus, reduced expression of
TSH gene, and other causes [12,13,29-31]. In Sprague-Dawley
rats, 3 days after the DM1 induction, and in Wistar rats, 2 weeks
after the STZ treatment, TSH level was significantly reduced
[11,13]. The results of our experiments on rats with acute DM1
are consistent with these findings by other authors. A reduced
production of thyroid hormones may be the result of thyroid
cells’ resistance to TSH [12,32,33], which is due, primarily, to the
weakening of TSH receptor sensitivity to TSH in thyrocytes and
the changes in TSH-regulated intracellular signaling cascades.
Earlier we have shown that in the thyroid gland of rats with
acute DM1 the TSH-induced stimulation of adenylate cyclase
activity was reduced [18,34]. Additionally, a decrease of sensi-
tivity of the pituitary gland to TRH, indicated by the reduction of
TRH-induced increase of the TSH level in the acute-D;+Buf
group, can contribute to the decrease of thyroid hormones levels
in DM1.

When the STZ dose is decreased, the TSH level does not change
significantly or even increased, while the levels of thyroid hor-
mones stay lowered. Similar data was obtained by other
researchers in the study of female Dutch-Miranda rats with
long-term mild DM1 (6 months) [15]. According to our results, 7
months after the DM induction, TSH concentration in diabetic
rats was twice that of the control animals, while the response of
the pituitary to TRH was attenuated. Combination of thyroid
hormones deficiency and normal or elevated TSH level points to

the development of a hypothyroid state in rats with mild DM1.
Our data are in good agreement with the clinical reports when
hypothyroidism is observed in diabetic patients. These patients
frequently have autoimmune thyroiditis with an elevated TSH
level, and in some cases the increase of TSH level is significant
[7,35]. Thus, for the evaluation of human DM1-associated thy-
roid disorders the mild DM1 model seems more suitable than
the acute DM1 model.

Traditionally the treatment of DM1 is carried out by subcutane-
ous or intramuscular injections of insulin. This treatment nor-
malizes the glucose level and improves the endocrine functions
disturbed in hyperglycemia and insulin deficiency. This thera-
peutic effect of injected insulin can be recapitulated in experi-
mental conditions to the HPT axis. The treatment of diabetic rats
with parenterally administered insulin leads to partial restora-
tion of the HPT axis function and the thyroid hormones levels
[36-38]. Even relatively low dose of insulin (1.01U/rat) partially
restored the levels of fT,, tT4, and tT5 in diabetic rats, despite the
fact that at this dose insulin did not result in normalized glucose
levels [37]. The effectiveness of low doses of insulin for restora-
tion of the HPT axis in acute DM1 shows a high sensitivity of its
components, primarily the TRH-secreting hypothalamic neu-
rons, to insulin. This suggestion is supported by the evidence
that treatment of hypothalamic neurons obtained from diabetic
animals with low-dose insulin results in a significant increase of
TRH secretion [39].

As early as 1995, a hypothesis was put forward that brain insulin
may increase the secretion of TRH due to suppression of the
neuropeptide Y release by the paraventricular nuclei of hypo-
thalamus [40]. Neuropeptide Y inhibits TRH secretion [41],
while intracerebroventricular administration of insulin sup-
presses the expression of the neuropeptide Y gene [42]. TRH
secretion is stimulated by leptin, acting either directly via leptin
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receptors located on the TRH-producing neurons or indirectly
via activation of the brain melanocortin system, which increases
a-melanocyte-stimulating hormone release from the pro-opi-
omelanocortin neurons [43]. It is worth noting that brain insulin
signaling system is involved in the interaction with the leptin
and the melanocortin signaling systems, whereby insulin in CNS
can influence their functional activity directly.

Another way that brain insulin can influence the functions of the
thyroid system is through the somatostatin signaling system.
Somatostatin is one of the most important regulators of the HPT
axis, due to its suppression of TRH and TSH secretion [44,45].
There is evidence that in DM1 somatostatin level can be
increased, as shown in human DM1 and in the gastrointestinal
tract of nonobese diabetic mice [46-48], or can be unchanged or
reduced, as demonstrated in rats with STZ-induced DM [49-51].
Since the somatostatin and the insulin signaling systems are
functionally linked [52], the increase of insulin level in the brain
can directly affect the somatostatin level and, thereby, modulate
somatostatin effects on TSH production. It was also shown that
the insulin-degrading enzyme, whose activity in the brain is
increased due to the increase of insulin level, can hydrolyze
somatostatin [53]. This leads to the decrease of brain somatosta-
tin content and, as a result, can suppress the inhibitory effect of
somatostatin on the secretion of TRH and TSH.

However, there are no reports that address the influence of cen-
trally administered insulin on thyroid status of rats. One study
describes the effect of insulin administered into the brain on the
thyroid status of starving rats, but since levels of insulin, leptin,
and glucose in these animals were significantly reduced, this
could affect the regulation of the activity of TRH-producing
hypothalamic neurons without and under the brain insulin
action [54].

Importantly, the extent to which the function of the HPT axis
and the thyroid status depend on brain insulin level is one of
immediate problems for clinical and experimental endocrinol-
ogy and neurology. It is of great importance for the development
of new approaches to I-I-based treatment of neurodegenerative
diseases and DM. The I-I is delivered directly into the brain,
increasing its concentration in CNS and restoring functional
activity of brain insulin signaling system in the cases of insulin
deficiency (DM1) or insulin resistance (Alzheimer’s disease,
metabolic syndrome, DM2) [19,20].

As first demonstrated by this study, long-term (28 to 135 days)
I-I treatment restores thyroid hormones levels decreased in
DM1, and this effect is detected in both acute and mild DM1
model. The I-I treatment also leads to an increase of TRH sensi-
tivity of the HPT axis, which is decreased in diabetic rats. The
dependence on I-I doses used in present study was also investi-
gated (see section “Results”). All this shows that in the case of
absolute (acute DM1) or relative (mild DM1) insulin deficiency
the increase of insulin concentration in the brain prevents or
reduces the deficiency of thyroid hormones characteristic for
DM1.

It is very important to note that our results suggest that hyper-
glycemia is not completely recovered after the I-I-treatment of
diabetic rats. This gives grounds to say that hyperglycemia is not
to be regarded as a key factor in determining the activity of the
HPT axis in DM1. In nondiabetic rats, the I-I did not have a sig-
nificant effect on the level of thyroid hormones, except for the
stimulating effect of I-I on thyroxine level in the course of the
28-day treatment, suggesting a weak relationship between the
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activity of the brain insulin signaling system and thyroid hor-
mones production in healthy, nonhypothyroid, animals.

The difference in the results depending on the doses of I-I is
likely to be due to the fact that in the brain of diabetic rats there
is a large insulin deficiency, which requires administration of
higher doses of I-I to be compensated. In our opinion, the 30-day
administration of high doses of I-1 (0.6 and 1.51U/rat) to nondia-
betic animals could lead to desensitization of insulin receptors
and development of insulin resistance in the brain, which
explains the weakening of stimulating effect of I-I at these doses
on the production of TSH and thyroxine on the 30 day as com-
pared to that on the 15t day of experiment (© Table 1).

As demonstrated earlier by us, long-term treatment of rats with
the prolonged model of mild DM1 or the neonatal model of
DM2, using I-I at the daily doses of 0.45-0.48 1U/rat, led to a par-
tial restoration of activity of the brain adenylyl cyclase signaling
system sensitive to monoamines and peptide hormones [24]. In
our opinion, there are reasons to regard I-I-induced restoration
of functional activity of the integrative network of the brain
neurotransmitter systems in diabetic animals as one of the key
factors responsible for an increase in sensitivity of the pituitary
to TRH, enhanced synthesis and secretion of TSH by thyrotrophs
and the restoration of HPT axis function. It should be pointed
out that the restoration effect of I-I on the neurotransmitter sys-
tems (see above) was detected using the same doses and dura-
tion of treatment as in the case of stimulating influence of I-I on
the HPT axis.

In summary, our data show that long-term I-I treatment of rats
with the models of acute or mild DM1 leads to the improvement
of their thyroid status; this manifests as the increase of the thy-
roid hormones levels and the restoration of the HPT axis sensi-
tivity to TRH, both of which are reduced in DM1. In acute DM1,
different doses of I-1 (0.3-1.51U/rat) were used and a daily dose
of 0.61U/rat appeared to be the most effective. The latter dose is
close to dose of 0.45IU/rat that had strong positive effect in mild
DM1. Based on our findings, it can be concluded that I-I treat-
ment is a valid approach to correction of hypothyroid states in
patients with DM1, but in the case of long-term treatment of
rats with I-I when TSH level is significantly increased, it is neces-
sary to control the hormonal status of the HPT axis, especially
the level of TSH. Since one-month I-I treatment did not cause a
noticeable increase of the TSH level and at the same time led to
a partial restoration of thyroid hormone deficiency, the use of
relatively short courses of I-I should be regarded as the most
suitable method of clinical application. This also applies to
patients with nondiabetic pathologies, Alzheimer’s disease in
particular. These recommendation are especially relevant in the
latter case as the I-I treatment is now considered to be one of
perspective way in Alzheimer’s disease therapy [19,55].
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