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Abstract
Diabetic encephalopathy is a common complication of diabetes, leading to cognitive impairment. In this
study, we investigated the therapeutic effects of Praeruptorin C (Pra-C), an active component of traditional
Chinese herb medicine Peucedanum praeruptorum, on cognitive impairment in a mouse model of type 2
diabetes. Our results showed that Pra-C administration significantly reduced body weight and fasting
blood glucose levels, relieved learning and memory behavioral deficits in diabetic model mice. The effects
of Pra-C on learning and memory ability were further confirmed by late-phase LTP (L-LTP) facilitation,
which was recorded by Med64 electrophysiology recording system. Pra-C also restored the activation of
PI3K/AKT/GSK3β signaling pathway in hippocampus of mice suffering from diabetes. Taken together,
this study demonstrates that Pra-C alleviates cognitive impairment in diabetic mice by restoring
PI3K/AKT/GSK3β activation.

Introduction
Diabetes mellitus (DM), characterized by high blood glucose levels, is one of the most important public
health challenges worldwide for a long time. The prevalence of diabetes has been increasing over recent
decades. The International Diabetes Federation reported 1 in 11 adults suffering diabetes and estimated
700 million patients in 2045 [1]. Diabetic patients have a high risk of developing serious complications
affecting the heart, eye, kidney, and nerve [2].

Diabetic encephalopathy (DE), one of the main complications of DM, is characterized by brain infarcts [3],
brain atrophy in cortex and hippocampal volume [4], cerebrovascular disfunction and morphological
change [5], and impairment of synaptic plasticity [6]. Notably, an increasing amount of studies have
revealed the link between diabetes and neurodegenerative disorders, such as Alzheimer's disease (AD),
with changes in cognitive impairment [7–9]. Furthermore, animal studies also showed learning and
memory deficits in different DM models mice, such as obesity by high-fat diet (HFD) feeding, pancreatic β
cells damage by streptozotocin injection, or genetic construction (db/db mice) [10–12].

Type 2 Diabetes mellitus (T2DM) is characterized as insufficient function of pancreatic β cells or insulin
resistance. Besides exogenous insulin, a number of drugs exert therapeutic effects on hyperglycemia in
T2DM [13–15]. It has been drawing a lot of attention on developing new drugs on DE of T2DM [16–18],
the best is hitting two birds with one stone, treating hyperglycemia and DE at the same time[19].

Praeruptorin C (Pra-C) is derived from the dried roots of Peucedanum praeruptorum (Peucedani Radix), a
traditional Chinese herbal medicine for treating cough, bronchitis, and furuncle [20]. Monomer
composition studies show the anti-inflammatory activity and anti-osteoporosis effects of Pra-C [21, 22].
Our previous studies revealed its neuroprotective effect in excitatory toxicity in vitro [23] and behavioral
improvement in a Huntington’s disease mouse model in vivo [24]. Given its beneficial effects on neuron
apoptosis and neurodegenerative model animals, we hypothesize that Pra-C may provide therapeutic
benefits for treating cognitive impairment related diseases, such as DE. The aim of present study is to
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investigate its therapeutic effect of Pra-C on cognitive impairment in diabetic model mice and reveal
underlying mechanisms.

Materials And Methods

Materials
Streptozotocin (STZ) was obtained from Sigma (St. Louis, MO, USA). Blood glucose test strip and
glucometer were delivered from Roche (Changsha, Hunan, China). Primary antibodies anti-phosphor-Ser 9
GSK3β (ab131097), GSK3β (ab32391) and β-actin (ab8226) were purchased from Abcam (Cambridge,
UK). Anti-phosphor-Tyr607 PI3K (#17366), PI3K (#4228), phosphor-Ser308 AKT (#4060), and AKT
(#9272) were from Cell Signaling Technology (Danvers, MA, USA). Secondary antibodies conjugated with
horseradish peroxidase (HRP) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Pra-
C was purchased from Shanghai PureOne Biotechnology (Shanghai, China) with 98% of purity. All
chemicals and reagents used were of standard biochemical quality.

Animals And Establishment Of Type 2 Diabetic Model
Male C57BL/6 mice aged 5–7 weeks were got from the Experimental Animal Center of the Air Force
Military Medical University (Xi’an, China). Mice were fed under standard laboratory conditions (12 h
light/12 h dark, temperature 22–26 °C, air humidity 55–60%) with water and mice chow ad libitum. The
experimental procedures were approved by the Institutional Animal Care and Use Committee of The
Fourth Military Medical University, and are complied with the Protection of Animals and Principles of
laboratory animal care" (NIH publication No. 86 − 23, revised 1985). The number of animals used and
their suffering were greatly minimized. To induce T2DM model, mice got HFD (60% kcal fat, Ke’ao Biotech,
Xi’an, China) feeding for 4 weeks, a single dose of STZ (60 mg/kg, dissolved in 0.1 M citrate buffer) was
intraperitoneally injected after 12 h fasting, while other control mice were given regular food and same
volume of 0.1 M citrate buffer injection. Model mice then continuously fed with HFD for 1 week and got
blood glucose test by single tail tip pricks. HFD fed mice with fasting blood glucose levels over 13 mM
were considered the successful establishment of T2DM. Blood glucose levels were measured every 2
weeks. All mice were allowed to acclimate for 24 h of laboratory environment before any room change.

Pra-C Treatment
After establishment of T2DM model induction, mice were randomly divided into 2 groups, T2DM and Pra-
C treatment, and were continuously fed with HFD. Pra-C was dissolved in 0.9% saline and administrated
intraperitoneally (i.p., 3 mg/kg/d) at 9 a.m. once a day for 4 weeks from 5th week, while T2DM group
mice got equal volume of saline. Pra-C dose was selected base on previous study [24]. Control mice were
fed with conventional chow. Behavior tests were performed 3 weeks after treatment. Fasting blood
glucose and body weight were detected before final sacrifice.



Page 4/17

New Objection Recognition (NOR) Test
NOR test was performed in a sound-proof polyvinyl chloride box (25 × 25 cm bottom, 25 cm height) with a
digital camera on the roof. On Day 1, single mouse was placed in the box to acclimate the new
environment for 10 min. On Day 2, mouse was put into box with two cylinders (5 cm in diameter, 5 cm
height) fixed in symmetrical corner of the box (training trial). On Day 3, every group was equally divided
into two groups randomly. For the new object recognition, one cylinder was replaced with a cone (5 cm in
diameter, 5 cm height) (testing trial). For the object-place recognition test, the former cylinders were fixed
in parallel corners with one in the former location as the training trial and the other in a different location.
In both training and testing trials, mice freely explored for 10 min, and time spent exploring each object or
location was recorded and scored by software (Jiliang, Shanghai, China). After each single experiment,
the box and objects were wiped with 75% ethanol. The proportion of exploration time on new object or
new object-location was defined as the “Descrimination index” expressed by the ration of (TN-TF)/(TN + 
TF) (TN: time spent on exploring the new object or location; TF: time spent on exploring the familiar object
or location).

Morris Water Maze (MWM) Test
MWM test was conducted in a circular tank (120 cm in diameter and 50 cm deep) with white wall
decorated by different bold marks in four directions. An escape platform (10 cm in the diameter) was
erected in the midway position between the center and wall of the tank. Before experiment, opaque water
(24 ± 1 °C, with unharmed white coating) was filled in the tank to a height 1.0 cm above the platform.
Mice were put into water and trained for four trials (different starting positions) per day with 10 min inter-
trial intervals for four consecutive days. During each trial, mice were allowed to explore until they found
the hidden platform and held on the platform for 20 s before returning to a holding cage. Mice failed to
find the platform in 60 s were guided to the platform by a wooden stick. Probe test was performed 24 h
after the final training trial, mice were put into the same height water filled tank with undersurface hidden
platform for 90 s and their swim path was recorded.

Western Blot Analysis
Western blot analysis was conducted as described previously [25]. After behavior tests and blood glucose
test, mice were anesthetized with urethane (1.5 g/kg) and then rapidly decapitated. Brain was
immediately placed on ice; hippocampus and hypothalamus were removed, respectively collected in
1.5 mL tubes and stored at -80 ℃ until further analysis. Tissues were homogenized by RIPA lysis buffer
and separated by centrifugation at 13,000 rpm for 20 min at 4 °C, and supernatant was collected. All
proteins were quantified by BCA protein assay Kit (Pierce Biotech, USA) and equal amounts (30 µg) of
protein were subjected to western blot analysis. Samples were separated via 10% SDS-PAGE gel and
electrotransferred onto PVDF membranes (Millipore, USA), which were blocked with primary antibodies at
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4 °C overnight, washed 3 times with Tris-phosphate buffer containing 0.05% Tween 20 (TBST) for 10 min
of each time and were further incubated with HRP-conjugated secondary antibodies. Bands were
developed using enhanced chemiluminescence detection (Genshare Biological, China) and imaged by
Tanon imaging system (Tanon 4200, China).

Field Electrophysiological Recording
Hippocampal slices from mice were prepared as previously described [26]. In short, slices (300 µm) were
cut in oxygenated solution (in mM): 250 Sucrose, 2.5 KCl, 0.5 CaCl2, 6 MgSO4, 1.2 NaH2PO4, 25 NaHCO3,
and 10 D-glucose. After cutting, the slices recovered at 34 °C in ACSF (in mM) as follows: 124 NaCl, 4.4
KCl, 2 CaCl2, 1 MgSO4, 1 NaH2PO4, 25 NaHCO3, and 10 D-glucose. After 10 min, the slices were placed in
ACSF at room temperature for an additional 1–2 h, gassed with 95% O2-5% CO2. A commercial MED64
recording system (Panasonic Alpha-Med Sciences, Osaka, Japan) was used to record field excitatory
postsynaptic potentials (fEPSPs), and the procedure was similar to previous study [27]. Briefly, single
hippocampal slice was placed in a probe (MED-P515A, 8 × 8 array; interpolar distance, 150 µm),
positioned on the Schaffer collateral-CA1 pathway of the dorsal hippocampus, with oxygenated ACSF
(30.0 °C, 1–2 ml/min) perfusion. After a recovery period of at least 1 h for the slices in the recording
chamber, biphasic constant-current pulse stimulation (0.2 ms) was applied to the stimulation channel to
evoke the fEPSPs in the channels closest to the stimulation site. Stable baseline responses were recorded
for at least 40 min, L-LTP was induced by a strong theta burst stimulation (TBS, 5 bursts at 5 Hz, repeated
5 times at 10 s intervals, four pulses at 100 Hz for each burst) [28], then test stimulus was repeatedly
given once per minute for at least 3 h. The fEPSPs were measured and analysed using Mobius software
(Panasonic Alpha-Med Sciences, Tokyo, Japan).

Data Analyses
All data were presented as mean ± SEM. The statistical significance of differences between groups were
analyzed with One-way analysis of variance (ANOVA) followed by LSD and S-N-K(s) t-tests. In all cases,
the criterion for statistical significance was p < 0.05.

Results

Effects of Pra-C on body weight and fasting blood glucose
Obesity and high saturated fats are risks and symptoms of T2DM, described to have harmful effects in
the brain, and performing negatively correlated with cognitive behaviors [29]. Persistent high blood
glucose level is associated with greater chance of atrophy in hippocampus [30], and accordingly,
successive control of blood glucose level improves learning and memory in type 2 diabetic patients [31].
T2DM model was induced by chronic HFD feeding and injection of STZ to damage pancreatic β cells.
HFD and STZ injection induced significant gain of body weight (Fig. 1A) and increment of fasting blood
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glucose levels (Fig. 1B) compared with control ones. Treatment of Pra-C (i.p., 3 mg/kg/d) four attenuated
these changes (Figure. 1a and 1b), although not to the control group levels. These results indicate the
positive effects of Pra-C on body weight and fasting blood glucose levels in T2DM.

Pra-C Relieves Cognitive Impairment In T2DM Mice
Learning and memory deficits are the main cognitive abnormalities affecting T2DM patients [32], and the
cognitive dysfunction takes place even at the early phase of diabetes [33]. To test whether Pra-C could
relieve cognitive impairment, we performed novel object recognition (NOR) and Morris water maze (MWM)
tests. The interests in exploring new object is the nature instinct of rodents, compared with familiar ones,
rodents would spend more time sniff or touch the unharmful novel objects, unless the rodents forget what
they have already met. In NOR test (Fig. 2A), T2DM model mice showed shorter exploring time on novel
object, while mice with Pra-C treatment spent significantly longer time than the models (Fig. 2B). The
ability of spatial learning and memory is tested by both novel location recognition (NLR) and MWM tests.
In NLR test (Fig. 2A), model mice showed lower discrimination index (DI) compared with control ones.
Mice with Pra-C treatment showed significantly a higher level of DI than non-treated model mice (Figure.
2C). In MWM test, the time for control mice to find the platform was gradually decreased in four training
days, but the escape latency significantly prolonged in T2DM mice. After treatment of Pra-C, model mice
showed a marked shortness in time of the escape performance (Fig. 3A and 3B). On the MWM testing
day, the T2DM mice had shorter dwelling time in target quadrant than control group, while Pra-C treated
group spent more time swimming in the target quadrant compared with model mice (Fig. 3C). These
behavioral results indicate that Pra-C improves the learning and memory abilities of T2DM mice,
manifesting its alleviating effects on cognitive impairment in diabetes.

Pra-C Rescues PI3K/AKT/GSK3β Pathway Activation Of
T2DM Mice
The PI3K/AKT/GSK3β signaling pathway plays an important role in glucose homeostasis, cell
proliferation, and protein synthesis mediated by glucose-related hormones like insulin and leptin in the
digestive system and central nervous system [34]. All of above actions are important for learning and
memory abilities, and studies indicate the down-regulation of this pathway in different issues of diabetic
animals, and restoration is beneficial to relieve of diabetic symptoms [35–37]. As illustrated in Fig. 4,
T2DM mice showed significantly lower levels of phosphor-Tyr607 PI3K, phosphor-Ser407 AKT, and
phosphor-S9 GSK3β in hippocampus, while the total levels of these proteins remained. Pra-C treatment
markedly restored the phosphorylation levels of all these proteins. Present results suggest that Pra-C
alleviates cognition impairment in T2DM mice may through restoring the activation of PI3K/AKT/GSK3β
signaling pathway.
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Pra-C Reverses Impairment Of L-LTP Facilitation In T2DM
Mice
The hippocampus, a vital brain region involved in learning ability and memory formation, is particularly
affected by hyperglycemia mediated dysregulation of metabolism and osmolarity [38]. Long-term
potentiation (LTP), a cellular model of information storage in the brain, has long been linked with learning
and memory ability [39]. Diabetic animals exhibit impaired facilitation of LTP at Schaffer collateral–CA1
synapses in hippocampus [40, 41]. Here we tested late-phase LTP (L-LTP), a temporal phase of LTP
dependent on protein synthesis, in hippocampal CA1 region by MED64 recording system. Hippocampus
slices from all three groups showed elevated fEPSP slope to TBS in Schaffer collateral axons compared
with baseline recording slopes (Fig. 5B). We found that the L-LTP could maintain at a high level for at
least 3 h in slices from control mice. However, fEPSP slopes of slices from T2DM mice decreased
significantly after 2 h from LTP induction. Slices from Pra-C treatment group showed lower slope
compared with control group at the end of recording, but still at a significantly higher level than those
from T2DM mice (Fig. 5C). These results indicate a rescue effect of Pra-C on L-LTP induction in T2DM
mice.

Discussion
To our knowledge, this is the first study to clarify alleviated effects on cognitive impairment in diabetic
mice. The results showed that Pra-C treatment reduced body weight and blood glucose levels, relieved
cognitive impairment in T2DM model mice. This beneficial effect of Pra-C may be through restoration of
PI3K/AKT/GSK3β signaling activation in hippocampus and alleviation of impairment of L-LTP in T2DM
model mice.

Epidemiological evidences indicate the link between diabetes and neurodegenerative diseases with
cognitive impairment [7]. Different strategies targeting DE have been considered, however treatment still
remains a challenge. Traditional Chinese herb medicine has been used for a long time in China and other
Asia countries, exerting great therapeutic effects on chronic diseases like diabetes and getting accepted
by more and more western countries [42]. The richness and diversity of nature herbs provide huge
opportunity to develop leading drugs for different diseases. Several natural herbs, including quercetin,
berberine, and curcumin, have been reported to attenuate cognitive deficits in diabetic animals. With the
technical development of isolation and purification, more compounds with medicinal properties would be
found.

In present study, we demonstrate that Pra-C, one of the effective constituents derived from the dried roots
of P. praeruptorum, is beneficial for alleviating cognitive impairment in T2DM model mice. Our previous
study showed that Pra-C exhibits neuroprotective effects by down-regulation of GluN2B-containing N-
methyl-D-aspartate receptors [23]. GluN2B receptors in hypothalamic agouti-related peptide (AgRP)
neurons play a critical role in central control of energy balance and genetic deletion of GluN2B in AgRP
neurons reduces body, fat mass, blood glucose balance, and food intake [43]. Present results show that



Page 8/17

Pra-C treatment reduces body weight and fasting blood glucose levels in diabetic mice, which may due to
the inhibition of GluN2B by Pra-C in AgRP neurons. DE induced by hyperglycemia impairs learning and
memory abilities in diabetic patients and animals [6, 10], increased the risks of occurrence and
progression of neurodegenerative diseases [7]. Our previous study showed that Pra-C improved the
behavioral performance in Huntington’s disease model mice by regulating neurotransmitter balance [24].
In present study, T2DM model mice show poor ability in discriminating novel object and impaired spatial
memory in novel location recognition test and spent more time to find the platform in MWM trainings and
less time in target quadrant during hidden platform testing, indicating cognitive impairment. Treatment
with Pra-C improved the ability in discriminating novel object and novel location and performance in
MWM testing. These behavioral results show that Pra-C treatment significantly improves learning and
memory ability in T2DM mice.

PI3K/AKT signaling plays central role in regulating protein synthesis, cell proliferation, differentiation, and
metabolism in physiological and morbid conditions, such as obesity and T2DM. High glucose levels leads
to decrement of activated PI3K and AKT in skeletal muscle, adipose tissue, liver, pancreas, and brain [35].
Dysfunction of PI3K/AKT signaling pathway leads to abnormal GSK-3β activity, promoting tau
hyperphosphorylation and axonopathy in T2DM-induced DE [44]. Down-regulation of PI3K/AKT/GSK3β
pathway activity in hippocampus was found in HFD/STZ induced T2DM mice. Restoration of the
phosphorylation levels of this pathway by Pra-C may be partially responsible for the alleviating cognitive
impairment.

LTP, a putative mechanism for learning and memory, is the most widely used paradigm to study molecular
and cellular events underlying synaptic transmission [45]. Multiple studies suggest that LTP has two main
temporal phases, i.e., early-phase LTP (E-LTP) and late-phase LTP (L-LTP). The former is considered
protein synthesis-independent, and the latter depends on new protein synthesis [46]. In present study, L-
LTP is impaired in CA1 region from T2DM mice. Treatment of Pra-C restores L-LTP in hippocampus CA1
region, which may be due to the restoration of protein synthesis through PI3K/AKT/GSK3β pathway.

In summary, present findings demonstrate that Pra-C exhibits the therapeutic effects in cognitive
impairment by restoring PI3K/AKT/GSK3β signaling in T2DM mice. Further study is needed to elucidate
the underlying mechanisms for controlling glucose metabolism and neuronal functions.

Abbreviations
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Figure 1

Pra-C reduced body weight and fasting blood glucose in T2DM mice (a) Changing of body weight
detected weekly after 4 weeks of HFD feeding. (b) Levels of four-hour fasting blood glucose every two
weeks after establishment of T2DM model. Values are expressed as mean ± SEM (n = 12 in each group).
#p＜0.05, ##p＜0.01 vs. T2DM group.
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Figure 2

Improvement of novel object recognition by Pra-C in T2DM mice
(a) Schematic of the novel object
recognition test, mice of each group were randomly average assigned to different tests on day 3.
Summary of discrimination index for a novel object (b) and novel location (c). Values are expressed as
mean ± SEM (n = 6 in each group).*p＜0.05,**p＜0.01 vs. control;#p＜0.05 vs. T2DM.
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Figure 3

Improvement of spatial learning and memory by Pra-C in T2DM mice
(a) Representative swimming paths
of mice from different groups in water maze during probe test. (b) Latency of mice to located platform
position during learning phase of water maze test. (c) Percentage of time spent in the target quadrant of
water maze during probe test. Values are expressed as mean ± SEM (n = 12 in each group).*p＜0.05, **p＜
0.01 vs. control; #p＜0.05, ##p＜0.01 vs. T2DM.
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Figure 4

Pra-C restored PI3K/AKT/GSK3β signaling pathway in the hippocampus
Phosphorylation levels of Tyr607
PI3K (a), Ser308 AKT (b), and Ser 9 GSK3β (c) and the correspondent total form proteins. Upper:
representative bands of Western blot. Lower: Band intensities quantified as percentage of values from
control mice. Values are expressed as mean ±SEM (n = 6 for each group).*p＜0.05, **p＜0.01 vs. control;#p＜
0.05 vs. T2DM.
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Figure 5

Pra-C rescued L-LTP in hippocampal CA1 of T2DM mice.
(a) Representative average traces of last 5 min
of baseline (black) and last 5 min of whole recording (red). (b) fEPSP slope recorded from hippocampal
CA1 region. Arrow indicates the time point of TBS training. (c) Average fEPSP slope of last 30 min during
whole recording. Values are expressed as mean ± SEM (n = 8 slices/4 mice for each group). **p＜0.01 vs.
control; ##p＜0.01 vs. T2DM.


