Metab Brain Dis (2016) 31:601-611
DOI 10.1007/s11011-016-9791-4

@ CrossMark

ORIGINAL ARTICLE

Urtica dioica modulates hippocampal insulin signaling
and recognition memory deficit in streptozotocin induced

diabetic mice

Sita Sharan Patel - Sahil Gupta' - Malairaman Udayabanu

Received: 14 September 2015 / Accepted: 4 January 2016 /Published online: 14 January 2016

© Springer Science+Business Media New York 2016

Abstract Diabetes mellitus has been associated with func-
tional abnormalities in the hippocampus and performance of
cognitive function. Urtica dioica (UD) has been used in the
treatment of diabetes. In our previous report we observed that
UD extract attenuate diabetes mediated associative and spatial
memory dysfunction. The present study aimed to evaluate the
effect of UD extract on mouse model of diabetes-induced
recognition memory deficit and explore the possible mecha-
nism behind it. Streptozotocin (STZ) (50 mg/kg, i.p. consec-
utively for 5 days) was used to induce diabetes followed by
UD extract (50 mg/kg, oral) or rosiglitazone (ROSI) (5 mg/kg,
oral) administration for 8 weeks. STZ induced diabetic mice
showed significant decrease in hippocampal insulin signaling
and translocation of glucose transporter type 4 (GLUT4) to
neuronal membrane resulting in cognitive dysfunction
and hypolocomotion. UD treatment effectively improved
hippocampal insulin signaling, glucose tolerance and
recognition memory performance in diabetic mice,
which was comparable to ROSI. Further, diabetes medi-
ated oxidative stress and inflammation was reversed by
chronic UD or ROSI administration. UD leaves extract
acts via insulin signaling pathway and might prove to
be effective for the diabetes mediated central nervous
system complications.
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Introduction

Diabetes mellitus, a major epidemic of this century has in-
creased in incidence by 50 % over the past 10 years (Danaei
etal. 2011; Shaw et al. 2010). Diabetes mellitus, a most com-
mon metabolic disorder is associated with neuropathy,
nephropathy, retinopathy, cardiomyopathy etc. Diabetic
neuropathy is damage to nerves in the body that occurs
due to high blood sugar level (Danaei et al. 2011). In
the central nervous system, diabetes exacerbates depres-
sion, phobias, anorexia (Lustman et al. 1988; Nouwen
et al. 2011) and reduces cognitive skills (Lupien et al.
2003). Clinically, patients with diabetes mellitus showed
higher risk of cognitive impairment as compared to the
general population (Lupien et al. 2003). Diabetes accel-
erates the progression from mild cognitive impairment
to severe dementia (Yates et al. 2012) as well as induce
recognition memory deficit (King et al. 2013). Diabetes
induces oxidative stress and inflammation in the hippo-
campal neurons resulting in neurodegeneration (Alipour
et al. 2012; Saravanan and Ponmurugan 2012). Insulin
signaling in hippocampus is known to modulate cogni-
tive performance. Experimental evidence suggests that, a
decrease in the insulin receptor (IR) signaling impairs
hippocampal synaptic neurotransmission and inflicts
cognitive impairment (Grillo et al. 2009; Holscher 2011;
Piroli et al. 2007). Further, dysregulation of glucose transport-
er type 4 (GLUT4) translocation in hippocampal neurons
is associated with functional abnormalities in synaptic
plasticity as observed in Alzheimer’s disease and type 2
diabetes (Piroli et al. 2007).
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Urtica dioica L (UD, Stinging nettle) is a perennial
herb belonging to the family Urticaceae. UD leaves contain
phytoconstituents such as scopoletin, gentisic acid,
protocatechuic acid, quinic acid, caffeic acid, ferulic acid,
quercetin, 5-O-caffeoylquinic acid, esculetin and rutin
(Orcic et al. 2014). UD has been used as natural reme-
dy for the treatment of diabetes. Studies on hydro-
alcoholic leaves extract of UD have shown significant
improvement in glycemic control during diabetes. In
animal models, UD is reported to reduce blood glucose
and glycated hemoglobin levels during streptozotocin
(STZ)-induced diabetes (Qujeq et al. 2013). UD is
known to exert glycemic control in type 2 diabetic pa-
tients by lowering the levels of fasting and postprandial
blood glucose (Kianbakht et al. 2013). Previous studies
reported that treatment of diabetic patients with UD sig-
nificantly increased total antioxidant capacity with re-
duced inflammatory stress and glycated hemoglobin
(Namazi et al. 2011, 2012). UD extract compensate granule
cell density and astrocytes loss in the hippocampus of diabetic
rat (Fazeli et al. 2008). Further, our earlier study demonstrated
the beneficial effect of UD extract on diabetes mediated spatial
and associative memory dysfunction (Patel and Udayabanu
2013, 2014). The present study was aimed to investigate the
effect of UD extract on mouse model of diabetes-induced
recognition memory dysfunction and attempts to explore the
possible molecular mechanism.

Materials and methods
Plant material

Plant material was collected from the North Western
Himalayan region and authenticated from Dr. Y.S. Parmar
University of Horticulture & Forestry, India (specimen num-
ber 12,399). UD leaves were shade dried and powdered after-
wards. The extraction of UD leaves (200 g) was performed at
room temperature, with constant shaking during 48 h, using
methanol and water (1:1) as solvent. Thereafter, the extract
was filtered, centrifuged, evaporated under reduced pressure
(Heidolph-Vap, Germany) and freez-dried (Allied Frost,
Macflow Engineering).

Animals

Adult Swiss albino mice (aged 8—10 weeks, 25-30 g) of either
sex were housed under a 12 h light/dark cycle at 26 £+ 2 °C.
The animals had access to food and water ad libitum. All
experiments were carried out in accordance with CPCSEA
guidelines and Institutional Animal Ethical Clearance. All ef-
forts were made to reduce animals suffering and the number of
animals used.
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STZ induced diabetes and drug treatment

Animals were randomly divided into two groups, viz., G1 —
normal control group (n = 6) and the rest of the animals
(n = 18) were treated with STZ (50 mg/kg, i.p.) for 5 consec-
utive days (diabetic group). The animals which showed the
blood glucose level > 200 mg/dl were considered for further
studies. The diabetic group animals were then randomly di-
vided into three groups, viz., G2 — STZ (n = 6), G3 — STZ +
hydro-alcoholic extract of UD (50 mg/kg) (n = 6) and G4 —
STZ + rosiglitazone (ROSI) (5§ mg/kg) (n = 6). The dose of
UD used in the present experiment was selected from previous
study (Patel and Udayabanu 2013). Hydro-alcoholic extract of
UD or ROSI or vehicle (0.3 % CMC in water for injection)
was administered once daily through oral gavage from the 6th
day after STZ injection till 60th day (Fig. 1). On day 59-60,
animals were subjected to behavioral studies to assess cogni-
tive performance and locomotor activity. Immediately after
behavioral studies, blood was collected via retro-orbital
route in tubes containing 10 % sodium citrate and cen-
trifuged at 1000 g for 20 min at 4 °C. Plasma aliquots
were stored at —80 °C for biochemical estimations.
Finally, hippocampus was dissected and used for further
studies.

Oral glucose tolerance test (OGTT)

OGTT was performed on day 60 using 2 g glucose/kg body
weight and blood was collected from the animals by tail snip-
ping at 0, 0.5, 1.0, 1.5 and 2.0 h after glucose load. Blood
glucose level was measured in blood samples using Accu-
check (Roach Diagnostics GmbH, Germany) blood glucose
monitoring system.

Novel object recognition task (NORT)

NORT was used to evaluate the recognition memory in ro-
dents, is based on the tendency of animals to spend more time
exploring a novel object than familiar object. Mice were
placed into an open field apparatus with rectangular dimen-
sions (50 cm wide X 50 cm long X 35 cm height). In the
habituation phase, the animals were individually allowed to
explore the empty open field for 5 min. Thereafter, mice were
returned to its home cage. In the familiarization phase (twenty
four hours after the habituation), the animals were presented
with two identical objects and measured the time necessary to
reach the 20-s criterion of total exploration, in a maximum
period of 5 min. Investigative behaviors like head orientation,
sniffing or any deliberate contact with each object from the
distance of <2 cm or when touching with the nose were con-
sidered as object exploration. After two minutes of post-
familiarization session, the test trial was performed in which
one of the familiar objects was exchanged with another new
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Fig. 1 Schematic representation of the experimental design: animals
were administered with STZ (50 mg/kg, i.p.) for five consecutive days
followed by drugs treatment. Thereafter, animals were subjected to

object and the mice were left in the open field for 5 min
(test phase). The exploration time of familiar and novel
object during test phase was recorded. The discrimina-
tion index of the novel object as the period of time
spent exploring the novel object minus the period of
time spent exploring the familiar one during test phase
[discrimination index = (novel object exploration time/total
exploration time) - (familiar object exploration time/total ex-
ploration time) x 100] was calculated. To exclude for odor
cues, the open field apparatus and the objects were cleaned
with 70 % ethanol.

Locomotor activity

Locomotor activity was examined in the open field task. The
floor of the open field was subdivided into 9 vertical and
horizontal (64 equal rectangles) black lines. Mice were indi-
vidually placed at the centre of the open field arena of appa-
ratus. After an initial familiarization period (5 min), the num-
ber of crossings across the lines (locomotion) was analyzed
for ten minutes (Branco Cdos et al. 2013).

Real-time quantitative reverse transcription PCR (qPCR)

Animals were sacrificed and the total hippocampal RNA was
isolated using TRIzol reagent (Invitrogen). The reliability of
RNA was checked on 2 % agarose gel and quantified using
nano-drop spectrophotometer (ND-2000C, Thermo
Scientific). The reverse transcription of 3 ug of total RNA
was then performed using cDNA synthesis kit (Fermentas
life-sciences). qPCR amplification was performed in an
CFX96™ Real-Time PCR Detection System (Bio-Rad) using
the iQ™ SYBR green supermix dye (Bio-Rad). Reactions
were carried out in total volumes of 12.5 ul containing 2.5
pM of each primer (PPARy FP: 5'-AGG GCG ATC TTG
ACA GGA AA-3', RP: 5'-CGA AAC TGG CAC CCT
TGA AA-3'; IR FP: 5'-TTT GTC ATG GAT GGA GGC
TA-3', RP: 5'-CCT CAT CTT GGG GTT GAA CT-3'; ILGF
Ir FP: 5'-GTG GGG GCT GCT CGT GTT TCT C-3',RP: 5'-
GAT CAC CGT GCA GTT TTC CA-3'; GLP1 FP: 5-TCA

different behavioral, molecular and biochemical studies.
LA = locomotor activity, NORT = novel object recognition task

GAG ACG GTG CAG AAATGG-3',RP: 5'-ATC AAA GGT
CCG GTT GCA GAA-3'; IRS1 FP: 5-CGATGG CTT CTC
AGA CGT G-3',RP: 5'-CAG CCC GCT TGT TGATGT TG-
3'; IRS2 FP: 5'-CTG CGT CCT CTC CCA AAG TG-3', RP:
5'-GGG GTC ATG GGC ATG TAG C-3'; PI3K FP: 5'-CGA
GAG TGT CGT CAC AGT GTC-3', RP: 5'-TGT TCG CTT
CCA CAA ACA CAG-3"; PKB FP: 5'-TGC CCA CAC GCT
TAC TGA GA-3', RP: 5-CAA AGC AGA GGC GGT CGT-
3'; GLUT4 FP: 5'-GAT GGG CTT TCT CCG TCC-3', RP: 5'-
GTG TGG CAA GAG TTC AGT GG-3'; INSG1 FP: 5'-CAC
GAC CAC GTC TGG AAC TAT-3', RP: 5'-TGA GAA GAG
CAC TAG GCT CCG-3'; MAPK1 FP: 5-CCC TTA GAC
ACT GTG ACG GT-3', RP: 5'-CAC AGT CCC AAA GCC
ACA AA-3'; RAGE FP: 5'-GTG GAT CCT GCC TCT GAA
CT-3', RP: 5-GGT GTC TCC TGG TCT CTT CC-3' and
GAPDH FP: 5-TTC ACC ACC ATG GAG AAG GC-3,
RP: 5'-GGC ATG GAC TGT GGT CAT GA-3") and 1 pl of
cDNA template containing 100 ng cDNA. The thermal
cycler conditions for cDNA amplification were as fol-
lows: Step 1, 95 °C for 3:00 min; Step 2, 95 °C for
10 s, 52-58 °C for 30 s and 72 °C for 2:20 s (35 cy-
cles). Thermal cycler condition for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was as follows: Step 1,
95 °C for 3:00 min; Step 2, 95 °C for 10's, 57.6 °C for 30 s and
72 °C for 2:20 s (35 cycles).

Immunoblot analysis

Hippocampal tissue was homogenized in 400 pl of ice-cold
radioimmunoprecipitation assay buffer containing protease in-
hibitor cocktail (MP Biomedicals) and centrifuged at 4 °C 1,
000xg for 10 min. The supernatant was collected and further
centrifuged at 16,000xg for 15 min to isolate cytosolic frac-
tion. The pellet fraction was then resuspended in 100 pl of ice-
cold cell lysis radioimmunoprecipitation assay buffer contain-
ing 1 % Triton X-100, centrifuged at 4 °C 16,000xg for
15 min and the supernatant was isolated as a crude membrane
fraction (Potapenko et al. 2012). Protein concentration was
estimated by the Bradford method at 595 nm. Thirty micro-
gram of total protein from tissue homogenate was denatured
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with Laemmli loading buffer (Himedia) by heating at 95 °C
for 5 min. The samples were resolved by 10 % SDS-PAGE
and electroblotted to nitrocellulose membrane using semi-dry
transblot. Blots were then blocked with 3 % BSA in PBS
overnight at 4 °C and then incubated with primary antibodies:
GLUT4 (goat polyclonal IgG, 1:3500) and GAPDH (mouse
monoclonal IgG, 1:3500) in PBS for 2.5 h at room tempera-
ture and then washed thrice with PBS. Thereafter, the blots
were incubated with secondary antibodies: donkey anti-goat
IgG-HRP (1:5000) and goat anti-mouse IgG-HRP (1:5000)
with respect to primary antibodies in PBS at room temperature
for 2 h. After washing, the blots were developed with 0.06 %
3, 3'-diaminobenzidine tetrahydrochloride, 0.025 % cobalt
chloride in PBS and 0.01 % hydrogen peroxide. The blot
images were captured and band density analysis was per-
formed using densitometer (GS-800 Calibrated densi-
tometer, BioRad). Values of the band density of GLUT4
were normalized with respect to the level of GAPDH intensity.
We also calculated the ratio of GLUT4m/GLUTc (m/c) in
hippocampus.

Biochemical estimation

The level of thiobarbituric acid reactive substances (TBARS)
in plasma was determined as per method described by
Ohkawa et al. (1979). The mixture consists of 100 pl of plas-
ma, 0.1 ml of 8 % sodium dodecyl sulfate, 1.0 ml of 20 %
acetic acid and 1.0 ml of 0.67 % thiobarbituric acid. The
mixture was boiled at 95 °C for 1 h and then cooled. One ml
of double distilled water and five ml of n-butanol:pyridine
(15:1, v/v) mixture was added and centrifuged at 5000 x rpm
for 10 min. The absorbance of organic layer was measured at
540 nm. The level of plasma nitric oxide (NO) was deter-
mined as nitrite plus nitrate. The nitrate was reduced to nitrite
in the presence of 2 % ammonium molybdate and 4 % ferrous
ammonium sulphate and quantified by using Greiss reagent at
540 nm (Patel and Udayabanu 2014). Catalase level in plasma
was determined by the method of Claiborne (1985). A total of
0.1 ml of plasma was added to the tube containing 1.9 ml of
50 mM phosphate buffer (pH 7). The reaction was initiated by
addition of 1 ml freshly prepared 30 mM hydrogen peroxide.
The rate of decomposition of hydrogen peroxide was mea-
sured at 240 nm. The level of total thiol in plasma was deter-
mined using 10 mM Ellman’s reagent and measured at
412 nm as per More et al. (2012).

Statistical analysis

All the data were expressed as mean + SEM. The statistical
significance was assessed by one-way ANOVA followed by
Tukey’s post hoc test except for OGTT which was analyzed
using two-way ANOVA followed by Bonferroni post test with
a confidence level of p < 0.05.
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Results
OGTT

In OGTT, glucose challenge dramatically raised the blood
glucose level of STZ group compared with control group at
0-2.0 h intervals (p < 0.001) indicating impaired glucose tol-
erance. Chronic UD treatment showed significantly reduced
glucose levels at 0 (p <0.001), 0.5 (p <0.05), 1.0 (»p < 0.001),
1.5 (»p <0.01) and 2.0 h (»p < 0.001) as compared to STZ
group. Chronic ROSI administration significantly reversed
STZ induced elevated levels of blood glucose (p < 0.001) at
0-2.0 h intervals (Fig. 2).

NORT

In NORT, diabetic mice showed no alteration in object
exploration time between novel and familiar one during
test phase. STZ induced diabetic mice showed signifi-
cantly impaired novel object recognition performance in
the task as compared to normal control mice (p < 0.001).
Chronic UD or ROSI administration significantly increased
(p <0.01 and p < 0.001, respectively) the novel object recog-
nition performance in diabetic mice (Fig. 3a). Further, the net
preference between novel and familiar objects, the discrimi-
nation index in diabetic mice was reduced as compared to
control mice (p < 0.001). Chronic UD or ROSI administration
significantly increased (p < 0.001) the discrimination index in
diabetic mice (Fig. 3b).

Locomotor activity
While assessing the locomotor performance in open

field task, we observed that chronic diabetes significant-
ly reduced the locomotor activity in mice (p < 0.001).
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Fig. 2 Effect of UD extract on streptozotocin induced alteration in oral
glucose tolerance test. Data were mean + SEM values (n = 6). Significant
differences: *CTRL vs. STZ, *STZ vs. STZ + UD and STZ + ROSL.
*p < 0.05, **p < 0.01, ***p < 0.001. CTRL = control;
STZ = streptozotocin; UD = Urtica dioica; ROSI = rosiglitazone
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Fig. 3 Effect of UD extract on
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Chronic UD or ROSI administration did not reverse (p > 0.05)
hypolocomotion induced by chronic diabetes (Fig. 3c).

mRNA expression in hippocampus

Peroxisome proliferator activated receptor gamma (PPARY)
mRNA expression was not altered in the STZ induced diabetic
mice as compared to control mice (p > 0.05). Chronic ROSI or
UD administration significantly upregulated (»p < 0.05) the
mRNA expression of hippocampal PPARYy in STZ induced
diabetic mice (Fig. 4a). STZ induced diabetic mice showed
significant decrease (p < 0.05) in the hippocampal IR mRNA
expression as compared to control animals. Chronic UD or
ROSI treatment significantly (p < 0.01) increased the
mRNA expression of hippocampal IR in diabetic mice (Fig.
4b). Chronic diabetes did not modulate (p > 0.05) the expres-
sion level of hippocampal insulin-like growth factor 1 receptor
(ILGF Ir) (Fig. 4c) and glucagon like peptide 1 (GLP1) (Fig.
4d) mRNA as compared to control. Further, chronic UD or
ROSI administration did not alter the level of ILGF Ir and
GLPImRNA expression in diabetic mice (p > 0.05). STZ
induced diabetic mice showed significant decrease
(» < 0.05) in the hippocampal insulin receptor substrate 1
(IRS1) mRNA expression as compared to control animals.

Chronic ROSI treatment significantly (» < 0.05) increased
while chronic UD administration did not modulate
(p > 0.05) the mRNA expression of hippocampal IRSI in
diabetic mice (Fig. 4e). Insulin receptor substrate 2 (IRS2)
mRNA expression was significantly decreased (p < 0.05) in
the hippocampus of diabetic mice as compared to control
mice. Chronic UD or ROSI treatment significantly increased
(p < 0.05) the mRNA expression of hippocampal IRS2 in
diabetic mice (Fig. 4f). Phosphoinositide 3-kinase (PI3K)
mRNA expression was significantly decreased (p < 0.05) in
the hippocampus of diabetic mice as compared to control
mice. Further, chronic UD or ROSI treatment significantly
increased (p < 0.05) the mRNA expression of hippocampal
PI3K in diabetic mice (Fig. 4g). Protein kinase B (PKB)
mRNA expression was significantly decreased (p < 0.05) in
STZ treated mice as compared to control mice. Chronic UD or
ROSI administration significantly increased (p < 0.05) the
mRNA expression of PKB in the hippocampus of diabetic
mice (Fig. 4h). GLUT4 mRNA expression was significantly
decreased (p < 0.05) in STZ treated animals as compared to
control animals. Chronic UD or ROSI treatment significantly
increased the mRNA expression of hippocampal GLUT4
(p < 0.05) in STZ treated animals (Fig. 4i). STZ induced
diabetic mice showed significant decrease (p < 0.001) in
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Fig. 4 Effect of UD extract on
diabetes mediated alterations in
the mRNA expression of
hippocampal PPARY (a), IR (b),
ILGF Ir (¢), GLP1 (d), IRSI1 (e),
IRS2 (f), PI3K (g), PKB (h),
GLUTH4 (i), INSG1 (j), MAPK1
(k) and RAGE (1). Data were
mean + SEM values (n = 4).
Significant differences: “CTRL
vs. STZ, *STZ vs. STZ + UD and
STZ + ROSI, *CTRL vs. STZ +
UD/STZ + ROSI, "STZ vs.

STZ + UD/STZ + ROSI.

*p <0.05, **p < 0.01,

***p < 0.001. CTRL = control;
STZ = streptozotocin;

UD = Urtica dioica; ROSI =
rosiglitazone
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hippocampal insulin induced gene 1 (INSG1) mRNA expres-
sion as compared to control animals. Chronic UD or ROSI
administration significantly increased (p < 0.001) the mRNA
expression of hippocampal INSGI in diabetic animals (Fig.
4j). STZ induced diabetic mice showed significant decrease
(p < 0.05) in the hippocampal mitogen activated protein ki-
nase 1 (MAPK1) mRNA expression as compared to control
mice. Chronic UD or ROSI treatment significantly increased
(» <0.01 and p < 0.05, respectively) the mRNA expression of
MAPKI in diabetic mice (Fig. 4k). Chronic diabetes did not
modulate (p > 0.05) the expression level of receptor for ad-
vanced glycation endproducts (RAGE) in the hippocampus as
compared to control animals. Further, chronic UD or ROSI
administration did not alter the expression of RAGE mRNA in
diabetic mice (p > 0.05) (Fig. 41).

GLUT4 translocation

STZ induced diabetic mice showed significant decrease
(p < 0.01) in the level of cytosolic GLUT4 protein as com-
pared to control animals. Chronic ROSI treatment significant-
ly reversed (p < 0.05) while chronic UD treatment did not
modulate the diabetes mediated downregulation of cytosolic
GLUT4 protein in the hippocampus (Fig. 5a). The relative
abundance of membrane GLUT4 protein was significantly

reduced (p < 0.05) in STZ induced diabetic mice when com-
pared to control mice. Chronic UD or ROSI treatment signif-
icantly increased (p < 0.05) the localization of membrane
GLUT#4 protein in the hippocampus of diabetic mice (Fig.
5b). Neither STZ nor drugs administration modulate the mem-
brane to cytosol ratio (m/c) of GLUT4 protein in hippocampus
(Fig. 5c¢).

Oxidative stress and inflammation

The level of plasma TBARS was significantly increased
(p < 0.001) in diabetic animals as compared to control ani-
mals. Chronic treatment with UD extract and ROSI signifi-
cantly decreased (p < 0.001 and p < 0.05, respectively) the
elevated level of TBARS in diabetic animals (Fig. 6a). STZ
induced long standing diabetes significantly elevated
(» < 0.001) the level of plasma NO as compared to control
animals. Chronic UD or ROSI administration significantly
attenuated (p < 0.05 and p < 0.01, respectively) the elevated
level of plasma NO in diabetic mice (Fig. 6b). STZ induced
diabetes significantly decreased the level of plasma catalase
(p <0.001) as compared to control animals. Chronic UD or
ROSI treatment significantly increased (p < 0.01) the level of
catalase in diabetic mice (Fig. 6¢). The level of plasma total
thiol was significantly reduced in diabetic mice (p < 0.01) as
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Fig. 6 Effect of UD on diabetes
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compared to control mice. Chronic UD or ROSI administra-
tion significantly increased the level of plasma total thiol in
diabetic mice (p < 0.01 and p < 0.05, respectively) (Fig. 6d).

Discussion

In the present study, STZ treatment significantly elevated the
level of postprandial blood glucose depicting impaired glu-
cose tolerance. Clinically, impaired glucose tolerance is asso-
ciated with insulin resistance and diabetes mellitus (O’Rahilly
et al. 1994). Treatment with UD or ROSI significantly re-
versed the STZ induced impaired glucose tolerance. In earlier
study, we observed the presence of quercetin, scopoletin, es-
culetin, rutin and gentisic acid in UD leaves extract (Suppl. 1).
UD leaves constituents like scopoletin, rutin, esculetin and
quercetin are known to prevent hyperglycemia (Eid et al.
2015; Niture et al. 2014; Panda and Kar 2006; Prabakaran
and Ashokkumar 2013). Current study confirms and extends
earlier observations, in which UD extract has anti-diabetic
property (Ahangarpour et al. 2012; Kianbakht et al. 2013;
Patel and Udayabanu 2013; Qujeq et al. 2013).

STZ induced diabetic mice showed recognition memory
deficit as evident from inability to recognize previously en-
countered object and novel object in NORT. Studies in rodents
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and primates revealed that visual object recognition memory
process depends on the integrity and functions of hippocam-
pus and cortex (Antunes and Biala 2012; Hammond et al.
2004). In the present study, chronic treatment with either UD
or ROSI significantly reversed the recognition memory deficit
associated with chronic diabetes. Quercetin attenuates colchi-
cine induced cognitive impairment in rats (Kumar et al. 2008).
Rutin is known to reverse trauma-induced memory deficit
(Kumar et al. 2014). Scopoletin ameliorates long term poten-
tiation in the hippocampus resulting in neurocognitive im-
provement (Hornick et al. 2011). Studies reported that
PPARY agonist ROSI improves cognitive performance in
both human and animals (O’Reilly and Lynch 2012;
Pipatpiboon et al. 2012).

Dysfunction in the insulin signaling alters hippocampal
neurotransmitter release and cognition during diabetes
(Holscher 2011). In earlier study, STZ induced diabetic mice
have elevated level of fasting blood glucose which might be
due to hypoinsulinemia (Patel and Udayabanu 2013) or insu-
lin resistance. In both cases, the downstream insulin signaling
impairs neuronal development and memory formation
(Agrawal et al. 2011; Holscher 2011). We observed that,
STZ induced diabetes significantly downregulated the
mRNA expression of IR, IRS1/2, PI3K, PKB, GLUT4,
INSG1 and MAPK1 in the hippocampus. We did not observe
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any significant alteration in the mRNA expression of hippo-
campal PPARYy, ILGF Ir, GLP1 and RAGE in diabetic mice.
Impairment of insulin signaling in the hippocampus is known
to induce cognitive dysfunction (Agrawal et al. 2011;
Holscher 2011). Chronic UD or ROSI administration upregu-
lated PPARY expression and restored diabetes induced alter-
ation in mRNA expression of IR, IRS2, PI3K, PKB, GLUT4,
INSG1 and MAPK1 in hippocampus. ROSI administration
reversed the downregulation of IRS1 mRNA whereas UD
extract administration did not modulate IRS1 mRNA expres-
sion in the hippocampus of diabetic mice. UD or ROSI ad-
ministration has no effect on hippocampal ILGF 1r, GLP1 and
RAGE mRNA expression. UD extract upregulated the expres-
sion level of GLUT4 mRNA in the hippocampus as well as
reversed cognitive impairment in dexamethasone induced di-
abetic mice (Patel and Udayabanu 2014). Scopoletin, querce-
tin, rutin and esculetin are reported to induce the gene expres-
sion of PPARYy, a target receptor for ROSI (Cai et al. 2012;
Lee et al. 2013; Surse et al. 2011; Zhang et al. 2010). ROSI
mediates insulin sensitizing action in various cell types and
attenuates memory deficits in STZ induced diabetic mice
(Kavak et al. 2008; Liu et al. 2013).

Cognitive benefit is achievable with pharmacological inter-
ventions targeting glycemic control (Ryan et al. 2006). ROSI
is known to induce IR expression via PPARYy gene transcrip-
tion and ameliorate insulin sensitivity (Hernandez et al. 2003).
Activation of MAPK via IR induces gene transcription, re-
quired for glucose homeostasis, cell growth, synapse growth,
cell repair and maintenance (Holscher 2011). Further, MAPK
pathway modulates induction of INSG1 resulting in cellular
glucose homeostasis (Krapivner et al. 2007). Activation of IR
attenuates apoptosis through stimulation of IRS1/2 —
PI3K — Akt/PKB pathway (Holscher 2011; Schubert et al.
2003). In addition, IRS1 and 2 activations are associated with
cellular glucose homeostasis and energy metabolism,
achieved by activating Akt/PKB dependent transcription and
translocation of GLUT4 (Gandhi et al. 2013; Holscher 2011).
The level of cytosolic GLUT4 protein (Vannucci et al. 1998)
and PI3K dependent GLUT4 membrane translocation in hip-
pocampal neurons is reduced during diabetes (Kennedy et al.
1999; Piroli et al. 2007). In the present study, STZ induced
diabetes showed reduced expression of cytosolic GLUT4 pro-
tein in the hippocampus of mice. Chronic UD administration
did not modulate whereas ROSI treatment reversed diabetes
mediated downregulation in the level of cytosolic GLUT4
protein. Moreover, chronic diabetes significantly reduced
membrane GLUT4 translocation in hippocampal neurons,
which was reversed by chronic UD or ROSI administration.
Previous study demonstrated that, ROSI induces insulin-
stimulated cellular glucose uptake via GLUT4 translocation
to the plasma membrane (Hernandez et al. 2003). UD extract
is known to ameliorate GLUT4 membrane translocation in
L6-GLUT4myc muscle cells (Kadan et al. 2013).

In the present study, the levels of plasma TBARS and NO
were increased whereas the level of catalase and total thiol
were decreased in STZ induced diabetic mice. Studies re-
vealed that elevated levels of oxidative and inflammatory
markers in plasma are involved in pathophysiology of neuro-
logical disorders (Buhmann et al. 2004; Marioni et al. 2010).
Our data is consistent with earlier findings that, diabetes in-
duces oxidative and nitrative stress in hippocampus which
aggravates cognitive decline in rodents (Saravanan and
Ponmurugan 2012; Wang and Jia 2014). Chronic treatments
with UD or ROSI reversed STZ-induced alteration in the plas-
ma level of antioxidants catalase and total thiol as well as
attenuate oxidative stress and inflammation. In earlier study,
we observed that UD treatment reverse STZ induced elevated
levels of oxidative and inflammatory markers in hippocampus
(Patel et al. 2015). Our observations are in line with earlier
studies, which showed antioxidant and anti-inflammatory ef-
fects of UD extract (Patel et al. 2015; Toldy et al. 2005).

In conclusion, UD extract modulated glucose homeostasis
in hippocampus as well as showed anti-inflammatory and an-
tioxidant effects resulting in neurocognitive improvement.
Phytochemical analysis revealed the presence of flavonoids
and phenolics in UD extract which is known to improve
cognitive performance. UD extract might prove to be
effective for diabetes and its associated central nervous
system complications.
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