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MODELING OF DIABETES MELLITUS-RELATED DEPRESSION

INTRODUCTION
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Research on the mechanisms of diabetes-related depression is limited by the lack of sufficiently
adequate animal models. Among 80 rats, we formed four groups: (i) normal (N, control), (ii)
with streptozotocin (STZ)-induced diabetes mellitus (group Dm), (iii) with a depression model
induced by various mild but long-lasting repetitive stressogenic stimulations applied each day
during 4 weeks (group D), and (iv) diabetic rats subjected to the combined action of stressogenic
influences (group DmD). The latter group (35 animals) was divided into two subgroups, DmD1
subjected to the above chronic stressogenic stimulations, and DmD2 in which diabetic rats were
during the above period (4 weeks) kept in isolation. Rats of groups Dm, D, and DmD manifested
clear behavioral symptoms of depression. These symptoms were relatively mild in group Dm and
much more intense in group DmD. The body mass of rats noticeably decreased in the Dm and D
groups and dramatically dropped in the DmD group. In this group, diabetes-related changes in
the levels of blood glucose, insulin, and hemoglobin A1C were the greatest. The same relates to
the behavioral indices demonstrated by rats in the open field test. The contents of norepinephrine,
5-hydroxytryptamine, and dopamine in the thalamus of rats of groups Dm, D, and DmD were lower
than in the norm, and these shifts where most dramatic in the DmD group. The levels of ACTH and
cortisol increased in the experimental groups; again, shifts were the greatest in the DmD group.
RT PCR and Western blotting showed that the level of NPY protein in the hypothalamus was
lower in groups Dm, D, and DmD than that in the norm. Thus, chronic unpredictable stressogenic
stimulation or behavioral isolation of diabetic rats significantly aggravates manifestations of
depression and stably provides the formation of an adequate animal model of diabetes-related
depression. Keeping animals in isolation (subgroup DmD?2) is more suitable for empirical studies
because of a lower mortality.
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of diabetes.
So far, research on diabetes-related depression

Diabetes mellitus is a widespread endocrinal systemic
metabolic disease. Unhealthy psychological state,
character defects, and emotional disorders are
usual diabetes-related pathopsychological features.
Diabetes-induced depression is a chronic disease;
it not only disturbs curative effects of therapy and
worsens the prognosis but also significantly decreases
the quality of life of patients suffering from diabetes.
The suicide rate in diabetes-related depression is
higher than in other populations [1-3]. Problems
induced by diabetes mellitus are attracting more and
more attention. Therefore, the psychological treatment
plays an important role in combined-modality therapy
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remains insufficient, and there is a deficiency in
adequate animal models of this type of depression.
The aim of our study was to build an animal model of
diabetes-related depression that could be sufficiently
analogous with respect to clinical symptoms of such
depression in humans and suitable for research.

METHODS

Experimental groups. In our experiments, 80
Sprague-Dawely (SD) male rats with body mass
180-190 g were used. Rats were housed under standard
conditions of ligh/darkness 12/12 h (with light onset
at 8:00 a.m.), temperature 21-23°C, and humidity
40-50%; food and water were available ad libitum. The
rats were randomly assigned to one of four distinct
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groups: 15 rats for the normal (N) group, 15 animals
for the diabetes mellitus (Dm) group, which received
STZ, 15 rats for the depression (D) group, and
35 rats for the diabetes-related depression (DmD)
group. The latter group was separated into two
subgroups. In the DmD1 subgroup, 15 rats were kept
alone; while 20 rats of the in DmD2 subgroup received
chronic unpredictable stress stimulation.

Diabetes mellitus model. The Dm and DmD groups
were both subjected to i.p. injections of 0.5 ml CFA,
and STZ solution (30 mg/kg) was i.p. injected on the
next day. The injection was given once a week, and
the cycle lasted three weeks. The body mass and blood
glucose were measured after the course of injections.
The diabetes mellitus model was considered to be built
successfully when the concentration of blood glucose
exceeded 16 mM.

Depression model. The D-group rats were
subjected in a randomized order to seven distinct
chronic unpredictable stresses within a week. One
stress was given each day, and the same stress could
not be administrated consecutively. The whole course
lasted for 4 weeks. The methods of stimulations
included lighting all night, tilting the cage for 17 h,
water deprivation for 16 h followed by empty bottle
stimulation for 1 h, soft constraining of the animal
for 3 h, fasting for 24 h, breeding in the group for
17 h, and dabbling the cage for 17 h. The depression
model was considered to be built successfully when
animals displayed a decrease in body mass, deficiency
of action, novelty-seeking and aggressive behavior,
and significant decrease in the intensity of grooming
and food consumption.

Diabetes+depression model. In the DmD group,
rats with STZ-induced diabetes were subjected to
two types of the above-mentioned stressogenic
influences (subgroups DmDI1 and DmD2). The
diabetes+depression model was considered to be built
successively when the rats simultaneously displayed
changes analogous to those in the above Dm and D
groups.

When the models had been built, the mental status,
state of the motor activity, fur status, body mass, and
mortality of rats were monitored. The blood glucose
level was routinely measured by a glucometer, and the
glycosylated hemoglobin (HbA1C) level was measured
by a respective analyzer; the procedures were mainly
in accordance with the user’s guide but with some
modifications. Blood samples were taken from the tail
vein.

Behavior Testing. A standard open field test was
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used; it was carried out in a sound-free and temperature-
and light-controlled room at 7:30 a.m. until 12:00.
The open field chamber (76x76x42 cm) was made
of an opaque material with the floor divided into 25
equal squares. The observation time interval was
5 min long. Scores of horizontal movements
(locomotor activity), numbers of rearing (vertical
activity), time spent in the central square, number of
cleaning motions (grooming), and number of fecal
boluses within the above interval were counted. The
apparatus was cleaned between the trails.

ELISA test. Blood samples were taken at the onset
of sacrifice and centrifuged for 10 min at 3000 min".
Plasma was then collected and frozen at —80°C until
RIA and ELISA measurements. Insulin (Ins) and ACTH
levels were measured with LINCO (USA) and Beijing
North Institute of Biological Technology (China)
kits, respectively, according to the manufacturer’s
specifications. The blood samples for ELISA were
allowed to stand for 2 h at room temperature and
centrifuged at 1000 g for 20 min. The supernatant was
taken for the ELISA test. The cortisol (Cort) level was
quantified by an ELISA kit (R and D Systems, USA).

HPLC test. Rats were sacrificed 24 h after the
experiments. The thalamus was placed rapidly on
ice, weighed, and stored at —80°C. Reversed-phase
HPLC with electrochemical detection was used to
measure the concentrations of norepinephrine (NE),
5-hydroxytryptamine (5-HT), and dopamine (DA).

Real-time PCR. The NPY mRNA level was
measured in the hypothalamus tissue by real-time
quantitative PCR. Samples of total-tissue RNA (2.5 pg)
in each group were extracted by the Triazole method.
The random primers and M-MLV were used for reverse
transcription. The NPY specific primers for real-time
PCR were designed by Primer 5.0. B-Actin mRNA was
used as an internal standard. The real-time PCR was
performed on a real-time fluorescent quantitation PCR
instrument (Mastercycler ep realplex, Germany). The
NPY primers used in our study were the following:
Forward: 5°-GTGTGTTTGGGCATTCTGG-3" and
Reverse: 5’-GGCATTTTCTGTGCTTTCTCT-3".
The primer for fp-actin were Forward:
AACCCTAAGGCCAACAGTGAAAAG and Reverse:
TCATGAGGTAGTCTGTGAGGT.

Western blotting. Tissue samples from the
hypothalamus were taken and homogenized in a lysis
buffer (5-10 pl/mg tissue) containing a mixture of protease
inhibitors (Roche, Switzerland). After incubation on ice,
the samples were centrifuged, and the supernatants were
used for Western blotting. A BCA method was used for
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measuring the concentration and content of protein in
the samples. Equal amounts of total protein (40-60 pg)
or nuclear protein (10-20 ng) were loaded and separated
in SDS-PAGE gel. The resolved proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes
(Amersham Bioscience, UK). The PVDF membranes
were blocked in 10% nonfat milk for 30 min at room
temperature and incubated with rabbit antimouse NPY
primary antibody (1: 500, Santa Cruz, USA) overnight
at 4°C. Then the membranes were incubated with HRP
goat antirabbit secondary antibody (1: 2000, Santa Cruz,
USA) for 1 h at the same temperature. The signals were
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visualized using enhanced chemiluminescence (ECL,
Pierce, USA). The blots were scanned and analyzed with
a gel-imaging analysis system (Bio-Rad, USA). As the
internal control, B-actin was used.

Statistical analyses. The numerical data in this
study were analyzed with SPSS17.0 software. The
enumeration data were analyzed using the y’ test.
In the case of normal distribution of the values, the
Student’s #-test was used for estimation of intergroup
differences; in other cases, the rank sum test was
applied. For all experiments, the differences were
considered significant at P < 0.05.
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Fig. 1. Mean values of the body mass (A) and levels of blood glucose, BG (B), insulin, Ins (C), and hemoglobin A1C, HbA1C (D) in the
examined groups. N is normal (control); Dm, animals with experimental diabetes mellitus; D, rats with stress-induced depression, and
DmD1 and DmD?2 are animals of two subgroups of the diabetes+depression group. *P<0,05 and ** P<0,01, as compared with group N,
+P<0,05 and ++ P<0,01, as compared with group Dm, and xP<0,05 and xx P<0,01, as compared with group D.

P u c. 1. Cepenni 3Hadenns macu Tina (4) ta piBuiB riokosu (B), incyniny (C) Ta remorno6iny A1C (D) y KpoBi IypiB OCHIIIKEHUX TPYIL.
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RESULTS

State of the animals in the diabetes-related
depression model. We compared the status of mental
abilities, motor behavior, appearance, appetite,
and mortality between all model groups. Rats of
all groups were observed for 12 weeks following
the model building. When the models were formed
successfully, rats of the Dm, D, and DmD groups
displayed an unhealthy mental status, torpid actions,
and slow reactions to adequate sensory stimuli.
Both the glossiness of fur and body mass decreased
significantly. Food consumption was reduced in the D
group. Rats of the Dm and DmD groups demonstrated
polydipsia, polyphagia, and polyuria. Thus, there
were some common symptoms in the three groups,
but the levels of their manifestation were dissimilar
(see below). The mortality in the groups was different.
After the above-mentioned period of observation, 10
of 20 rats were alive in the DmD2 subgroup; in the
DmD1 and Dm groups this index was 12/15 and 13/15,
respectively; there were no cases of death in the D and
N groups.

The body mass and levels of blood glucose (BG),
Ins, and HbA1C in the experimental groups. The
mean body mass and levels of BG, Ins, and HbA1C
in the three model groups differed from the respective
indices in the N group. Compared to the latter, the
body mass and Ins level in the model groups decreased
significantly (P < 0.01).At the same time, the BG level
(except group D) and HbA1C increased in the model
groups (P < 0.05 or P<0.01). We found that the means
of the body mass, BG, Ins, and HbA1C in the DmD1
and DmD2 subgroups were different from those in the
Dm and D groups. The levels of BG and HbA1C in
subgroups DmD1 and DmD2 were higher than those
in the Dm and D group, while there was body mass
loss and lower Ins, as compared with the respective
values in the Dm and D groups (P < 0.05 or P < 0.01).
Meanwhile, the BG, HbA1C, and Ins in the Dm group
differed from the corresponding values in the D group;
the body mass was an exception (Fig. 1).

The state of behavioral activity in experimental
groups. After all the models were formed successfully,
the intensities of horizontal and vertical movements
and the number of cleaning behavior episodes were
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F i g. 3. Contents of monoamine transmitters in the thalamus of animals of the studied groups. A-C) Levels of norepinephrine (A, ng/g),
dopamine (B, ng/g), and 5-hydroxytryptamine (C, ng/g). Other designations are similar to those in Fig. 1.
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reduced compared with the N group, while the time
spent in the central square and number of defecations
increased (P < 0.01). Horizontal and vertical motor
activities and number of grooming episodes in the
DmD1 and DmD2 subgroups were significantly
smaller than those in the Dm and D groups (P < 0.05
or P <0.01). However, the time in the central square
and number of defecations were greater than those
in the latter groups. We also found that there was a
marked difference in these five parameters between
the Dm and D groups. Compared with the Dm group,
the numbers of horizontal and vertical movements and
cleaning motions were smaller (down-regulated) in the
D group, but the time in the central grid and number
of defecations increased (up-regulated). There were no
statistically significant difference between the DmD1
and DmD2 subgroups (Fig. 2).
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Fig. 4. Concentrations of ACTH (A, ng/
liter) and cortisol, Cort (B, pg/ml) in the
examined groups. Other designations are
similar to those in Fig. 1.

P u c. 4. Konnenrpanii AKTI (4) ta
KxopTu3oiy (B) y TBapHH IOCIiDKEHHUX
rpyi.

D DmD1 DmD2

Contents of monoamine transmitters in the
thalamus of rats of experimental groups. HPLC-
measurements of the contents of DA, 5-HT, and NE
using in the thalamus of animals of different groups
showed that the contents of these transmitters in the
model groups were reduced significantly compared
with the indices in normal rats (P < 0.05 or P <0.01;).
The contents of NE, DA and 5-HT in the DmD1 and
DmD?2 subgroups were lower than those in the Dm and
D groups. There was no significant difference between
the DmD1 and DmD2 subgroups (Fig 3).

State of the neuroendocrine axis in the
experimental groups. We also tested the state
of the hypothalamo-pituitary-adrenal axis in the
model groups. Compared with the normal group, the
contents of ACTH and Cort in the three model groups
were higher (P < 0.01); and the contents of these
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Fig 5. Expression of NPY protein in the hypothalamus of rats of the exthamined groups. A) Results of Western blotting; B) diagram of the
relative level of NPI protein, arbitrary units. Other designations are similar to those in Fig. 1.

P u c. 5. Excripecis nporeiny NPY B rinoranamyci TBapuH ZOCHIIIPKSHAX TPYIL.

hormones in the Dm and D groups were different from
the respective values in the two diabetes-depression
subgroups (DmD1 and DmD?2). The contents of ACTH
and Cort in both latter subgroups were considerably
higher than those in the Dm and D groups. No
statistical difference was found between the DmD1
and DmD2 subgroups (Fig 4).

Reduction of the NPY mRNA and protein
contents in the hypothalamus of the diabetes-
depression group. Using real-time PCR and Western
blotting, we estimated the NPY mRNA and protein
levels in the diabetes-associated depression model.
The RT PCR results showed that the levels of NPY
mRNA in the D group and DmD1 subgroup were lower
than that in the normal group (P < 0.01; Table 6). The
respective level in the DmD1 subgroup was lower than
those in the Dm and D groups (P < 0.01). Meanwhile,
the Western blotting results indicated that the levels
of NPY protein in the Dm, D, and DmD1 groups were
lower than the respective value in the normal group
(P <0.05; Fig 5).

DISCUSSION
Diabetic  patients  manifest a  number of
pathopsychological shifts, such as an unhealthy

general psychological state [4], character defection,
and emotional disorders [1-3]. Successful building
of a sufficiently adequate animal model of diabetes-
related depression is very important for the research
of depression induced by diabetes mellitus in humans.

We used two approaches to form the diabetic
depression animal model. The first method was
keeping and feeding rats alone after STZ induction of
diabetes mellitus. In the second mode, the rats were
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exposed to chronic unpredictable mild stress induced
by various everyday randomized stress-inducing
sessions. Our results showed that both diabetes
depression subgroups demonstrated clearly manifested
unhealthy behavior, torpid responses, retarded actions,
and also reduction of furry glossiness and decrease in
food and water consumption. All these phenomena
conform to the main symptoms of endogenous
depression and indicate that our diabetes+depression
model was built effectively.

Lustman et al. suggested that depression
additionally suppress secretion of islet cell, reduces
glycometabolism, and promotes increase in the blood
glucose level [5, 6]. Our results also indicated that the
levels of glucose and glycosylated hemoglobin in the
diabetes depression subgroups were higher than those
in the “pure” diabetes group, and the Ins level in the
above two subgroups was noticeably lower than that
in the latter group. These results suggest that there is
a close relationship between generation of diabetes-
related depression and elevated blood glucose level.

Until now, it is acknowledged that a functional
deficiency in 5-HT is the main biochemical change
under conditions of depression [7, 8]. The diabetic
animal models manifested a similar feature [9]. Our
studies show that the levels of 5-HT in the thalamus
in Dm, D, and DmD animals were significantly lower
than that in the normal group. In the two diabetic
depression subgroups, the reduction of 5-HT was
most considerable. Our results confirm that diabetes
mellitus and depression are correlated and potentiate
the dysfunction resulting in suppression of the 5-HT
system.

In some studies, it was found that the NE
concentration is changed in both depression and
diabetes models [7, 10, 11]. Paschos et al. reported
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that derepression of NE is up-regulated in the
peripheral nervous system, and the NE concentration
is reduced in the hippocampus [12]. Ferraro et al.
found that the concentration of NE increased in the
blood plasma of patients with type | diabetes mellitus
[13, 14]. Nonetheless, data on the concentration of
NE in diabetes depression are limited. In our study,
we revealed that the level of NE in the thalamus of
animals of all three model groups was significantly
lower compared with the normal group. In the two
diabetes depression subgroups (the entire DmD group),
the shifts were the greatest.

Many studies have demonstrated that the synthesis,
delivery, re-uptake, and metabolism of DA are
abnormal in diabetes mellitus and also in depression
[15]. In the brain of depressive rats, the content of DA
was found to be remarkably reduced [10]. On the other
hand, it was reported that the content of DA in the rat
brain increased significantly on the 8th week of type 11
diabetes. In other works, it was suggested that the
DA content did not change in the cerebral cortex of
diabetic rats. In our study, we found that the content
of DA in the thalamus of model groups was lower
than that in the normal group. These changes in the
DmD group (both subgroups) were most significant.
Disagreements between the above data may be due
to differences between rat strains and to different
formulations of the long-term experimental cycle. The
absence of an effective treatment for diabetic rats in
our experiments could intensify the reduction of the
DA level in the brain of diabetic depressive rats.

It is generally recognized that the hypothalamo-
pituitary-adrenal axis (HPAA) not only plays an
important role in the development of depression
and diabetes but is also closely related to stress [12,
16]. The levels of ACTH and Cort, two important
hormones in this axis, are up-regulated in chronic
stress [12, 17]. After the antidepressant treatment, the
concentrations of these hormones are down-regulated.
A corresponding situation was also found in diabetic
patients without depression. However, little is known
on the concentration of ACTH and Cort in the plasma
of diabetics with depression. Our research showed
that the up-regulated concentrations of ACTH and
Cort in both subgroups of the DmD group were more
significant than those in the Dm and D groups; in other
words, a combination of diabetes with depression-
inducing influences promotes pathological shifts in
the HPA.

It was reported that expression of NPY is down-
regulated in a gentle-depression model and in patients
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with depression [18]. As was also mentioned, the level
of NPY mRNA and the respective protein is higher
in the hypothalamus of diabetic rats [19]. Our study
demonstrated that the level of NPY mRNA and protein
is down-regulated in the hypothalamus of animals
of the three model groups compared with that in the
normal group, and shifts in the DmD group were
most significant. Our results for the Dm group are not
consistent with the previous reports. We think that
such a discrepancy may be related to the fact that the
diabetic rats did not obtain effective treatment and the
higher blood glucose was not relieved in the long-term
experiment. All these factors increased the intensity of
depression and led to the reduction of NPY mRNA and
protein in the hypothalamus of experimental animals.

In general, our results demonstrated that a
combination of STZ-induced diabetes and chronic
moderate unpredictable repetitive stress stimulation
or behavioral isolation of the rats can stably lead to
the formation of an animal model diabetes-related
depression. The depressed state in this model can be
maintained for a long time. Therefore, both the above-
mentioned two modes of combined action have allowed
us to build an adequate animal model of diabetes-
associated depression. The DmD2 subgroup, where
rats were kept in isolation, appears more suitable for
empirical studies because of the lower mortality of the
animals.

All experiments were conducted with the approval of the
local Animal Care Ethics committee of the Shanghai University
of traditional Chinese medicine.
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MOJIEJIIOBAHH S JIETIPECIT, TIOB’SI3AHOI 3 I[YKPO-
BUM JATABETOM

likapus Jlonr Xya npu [llanxaiickkoMy yHiBepCHTETI
TpaauniiHoi kuTaicekoi Meauuunu (Kurait)

Peszome
EdexTuBHICTH HOCTI)KEHb MEXaHI3MIB Jemnpecii, moB’s3aHoi 3

MYKPOBHUM JiabeToM, 00MEXKY€EThCSI HETOCTATHICTIO e KBATHUX
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eKcIepuMeHTadbHUX Monenei. [3 80 mypiB mu chopmyBanu 4o-
THpH Tpynu: HopMmanbHy (N, KOHTpoIB), rpyny Dm i3 cTpento-
30TOLUMHIHAYKOBAaHUM EKCIEPUMEHTANbHUM AiabeTom, rpyny D
3 03HaKaMH jaemnpecii, iHAyKOBaHOI MOMIPHUMU 3a CHUJIOIO, aje
TPUBAJINMH MOBTOPIOBAHMMH Pi3HOMAHITHUMHU CTPECOTEHHUMH
CTUMYJSALISAMH, 10 Peasi3yBaJNCs B PaHAOMI30BAaHOMY MOPSAI-
Ky IMIOAEHHO MPOTATOM YOTHPBOX THXKHIB, a TakoxX rpymy DmD,
KOTpa cKJyiajanacs 31 mypiB i3 niabeToM, MiAAaHUX XPOHIYHUM
cTpecoreHHUM BriuBaM. Octanus rpyna (35 TBapun) Oyna po3-
ninena Ha ABi miarpynu: DmD1, ningany BkasaHUM CTPECOTeH-
HHUM CTHUMyIALisM, Ta DmD2, B gakiii mypu 3 giabetom yTpu-
MYBaJNHCS B 13075111 IPOTATOM aHANOTIYHOTO Mepiony (YOTHPH
TiokH1). Y mypiB rpyn Dm, D i DmD npossnsnaucs Bupaxeni
MOBEAIHKOBI cumnTomu nenpecii. Lli cumnromu Oynu mopiBHS-
HO cnaOkumu B rpyni Dm 1 Hai0Oidplm iHTEHCUBHUMHU B TPYyIIi
DmD. Maca Tina TBapuH MOMITHO 3MEHIIYBajacs MOPIBHIHO
3 HOpMoOIo B rpynax Dm i D rta pi3ko mangana B rpyni DmD. ¥V
1iif rpyni nmoB’s;3aHi 3 qiabeToM 3MiHHM PiBHIB ITTIOKO3U B KPOBi,
iHCcyniny Ta remorno0iny A1C Oynu naiGinpmumu. Te x came
CTOCYBaJIOCS MOBEAIHKOBUX 1HAEKCIB, 110 BU3HAYATIUCS B IIYPiB
y TeCTi BiAKpUTOTO mojs. PiBHI HOpaApeHaliHy, CEpOTOHIHY Ta
nogaminy B Tanamyci mypiB rpyn Dm, D 1 DmD O6ynu auxanmu
3a HOpPMY; Wi 3pYIICHHS BUABUIUCS HAWOLIbII ApaMaTUYHUMHU
B rpyni DmD. Pisui AKTI i kopTu3ona B eKClIepUMEHTAIbHUX
rpymnax 3pocTajiy; i 3MiHU TAaKOX Oynu HaiOinbII 3HAYUHUMU B
rpyni DmD. Bumipu 3 BUKOpucTaHHSIM MOJIMEpa3HOI JTaHLO-
roBoi peakuii Ta BecTepH OnOTTHHTY BKa3yBalu Ha 3HUIKCHHS
piBus mpoteiny NPY B rpymax Dm, D i DmD. Takum uunoMm,
MOMipHa 3a CHJIOI0 XpOHIYHa HemepegdadyBaHa CTPECOTCHHA
CTUMYISILis a00 MOBEAIHKOBA 130741 IYpiB i3 HiabeToMm ic-
TOTHO 301TBIIYIOTH MPOSIBH Jempecii Ta 3a0e3MeuyoTh cTab1Ib-
He ¢popMyBaHHS ageKkBaTHOI giaber-3amexHoi Moxeni gemnpecii
B CKCIIEPUMEHTAX Ha TBapHHaX. Y TPUMaHHS IMYpiB y i307amii
(migrpyma DmD?2) Burasnae O0inbin NpuAATHUM IS eMIipUd-
HUX JOCHIIKEHb, OCKIIBKA CMEPTHICTh TBAPUH y AaHIN MiATpy-
i OyJia HUXKYOIO.
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