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Abstract
Neuropathic pain and oxidative neurotoxicity are two adverse main actions of diabetes mellitus (DM). The expression levels 
of calcium ion (Ca2+) permeable TRPV1 channels are high in the dorsal root ganglion (DRGs) and hippocampus (HIPPO). 
TRPV1 is activated by capsaicin and reactive free oxygen radicals (fROS) to mediate peripheral neuropathy and neurotoxicity. 
Noopept (NP) acted several protective antioxidant actions against oxidative neurotoxicity. As DM is known to increase the 
levels of fROS, the protective roles of antioxidant NP were evaluated on the DM-mediated neurotoxicity and neuropathic 
pain via the modulation of TRPV1 in rats. Thirty-six rats were equally divided into control, NP, DM (streptozotocin, STZ), 
and STZ + NP groups. A decrease on the STZ-mediated increase of neuropathic pain (via the analyses of Von Frey and hot 
plate) and blood glucose level was observed by the treatment of NP. A protective role of NP via downregulation of TRPV1 
activity on the STZ-induced increase of apoptosis, mitochondrial fROS, lipid peroxidation, caspase -3 (CASP-3), caspase -9 
(CASP-9), TRPV1 current density, glutathione (GSH), cytosolic free Zn2+, and Ca2+ concentrations in the DRGs and HIPPO 
was also observed. The STZ-mediated decrease of glutathione peroxidase, GSH, vitamin E, and β-carotene concentrations 
in the brain cortex, erythrocyte, liver, kidney, and plasma was also attenuated by the treatment of NP. The STZ-mediated 
increase of TRPV1, CASP-3, and CASP-9 expressions was decreased in the DRGs and HIPPO by the treatment of NP. In 
conclusion, the treatment of NP induced protective effects against STZ-induced adverse peripheral pain and HIPPO oxida-
tive neurotoxicity. These effects might attribute to the potent antioxidant property of NP.
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List of Abbreviations
DM	� Diabetes mellitus
DNP	� Diabetic neuropathy
DRGs	� Dorsal root ganglions
HIPPO	� Hippocampus
Int-fROS	� Intracellular fROS
NP	� Noopept
fROS	� Free reactive oxygen radicals
STZ	� Streptozotocin
TRPV1	� Transient receptor vanilloid 1
mPTP	� Mitochondrial permeability transition pore

Introduction

Diabetes mellitus (DM), as a prevalent chronic disease, has 
an increasing incidence rate over the world [1]. The treat-
ment deficiencies and late diagnosis of DM generally lead 
the life quality decreasing complications [2]. A main chronic 
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complication of DM is diabetic neuropathy (DNP) [3]. DNP 
is mainly caused by the functional and structural disorders 
mediated by metabolic and vascular changes, which are 
related to oxidative stress-induced neurotoxicity in neuronal 
tissues, including hippocampus (HIPPO) and dorsal root 
ganglion (DRGs) [4–6]. One of the important factors leading 
to oxidative stress enhancement is the increase of intracel-
lular Ca2+ input in the hyperglycemia and free reactive oxy-
gen radicals (fROS) generation with mitochondrial activity 
[7, 8]. In addition, it has been determined that an increase 
of regional Ca2+ concentration in the damaged area or spi-
nal canal is a cause of neuropathic pain [9]. Non-steroidal 
anti-inflammatory and opiate drugs are used in chronic pain 
management approaches [10]. However, there is no effec-
tive accepted protocol in the treatment of DNP due to the 
insufficiency and high side effect profile of the mentioned 
drugs. Therefore, intensive research is carried out on the 
pathogenesis and treatment of DNP.

Na+ and Ca2+ permeable-voltage gated ion channels have 
physiological impact on insulin secretion and DNP patho-
genesis [11]. The nociceptors (Aδ and C fibers) in the dor-
sal root nuclei are target cells of painful DNP [12]. Also, 
diabetes-mediated changes in the neuronal Ca2+ homeosta-
sis and antioxidant redox system have been detected in the 
oxidative injury of the HIPPO [6, 13]. Transient receptor 
potential (TRP) family channels mostly affect non-selective 
ion channels, which are simultaneously permeable to Na+ 
and Ca2+ [14, 15]. A member of the TRP superfamily is 
the TRP vanilloid 1 (TRPV1) channel. The main activa-
tors of TRPV1 are high temperature, acidic pH, vanilloids, 
oxidative stress, and hot chili component (capsaicin, CAP) 
[16–18]. One of the TRPV1 antagonists is AMG 9810 
(AMG) [19]. The antagonist action of AMG was reported 
in the DRGs and HIPPO [20, 21]. In the DM, the oxida-
tive stress-mediated increase of Ca2+ input through TRPV1 
channel into the DRGs and HIPPO plays an important role 
in the induction of DPN [13–15]. Studies have shown that 
the expression levels of TRPV1 are widespread in the nerv-
ous system, including DRGs and HIPPO [22, 23]. These 
channels have been determined to be responsible for pain 
transmission in sensory neurons, including DRG, and in the 
damage of some areas of the brain, including the HIPPO 
[13–15, 22]. In the TRPV1 studies, an increase in the intra-
cellular free Ca2+ ([Ca2+]i) concentration which is known 
to have role in the pathogenesis of DN has been observed 
to the cause of mitochondrial fROS generation, apoptotic 
cell damage, and oxidative neurotoxicity [13, 20, 21]. Neu-
roprotective actions of antioxidants such as melatonin and 
selenium against diabetes-mediated HIPPO and DRGs oxi-
dative neurotoxicity via inhibition of TRPV1 were recently 
reported [13]. However, the neuroprotective effect of anti-
oxidant Noopept (NP) (GVS-111, N-phenylacetyl-L-prolyl-
glycineethyl ester) against DM-mediated HIPPO and DRGs 

oxidative neurotoxicity via inhibition of TRPV1 has not 
been clarified yet.

The NP is a synthetic nootropic dipeptide produced from 
the nonpeptide prototype of vasopressin and piracetam 
[24–26]. The molecular action mechanism of piracetam 
and similar drugs are still not fully revealed, although they 
have been shown to regulate the excitatory and/or inhibi-
tory effects of the neurotransmitter, neurohormone, oxidative 
stress, and neurotransmitter signals in the brain [27, 28]. At 
the cellular level, NP blocks voltage-dependent calcium and 
calcium-dependent potassium channels [29–31]. Also, NP 
has been determined to facilitate synaptic transmission in the 
HIPPO, reduce the neurotoxic effects of glutamate in neuron 
culture, reduce fROS and apoptosis, and reduce oxidative 
stress and strengthen antioxidant system activity [26, 32, 
33]. Also, NP has been found to exhibit protective activity in 
the mitochondria by preventing mitochondrial cyclosporin-A 
channels opening and restoring the mitochondrial transmem-
brane potential [26]. Furthermore, NP has been shown to 
have positive effects on blood glucose levels, body weight 
changes, and pain sensitivity in researches with streptozo-
tocin (STZ)-induced DM model [34, 35], although its possi-
ble mechanism on the DNP in rats has not been clarified yet.

In the current study, we investigated the protective action 
of NP treatment on the TRPV1-mediated DNP and oxida-
tive neurotoxicity in the DRGs and HIPPO of rats with DM.

Material and Methods

Animals

In the current study, the study was started by using 40 male 
Wistar Albino rats (aged 12 weeks old). The animals were 
housed in the Experimental Animal Research Center of 
Suleyman Demirel University (SDU) under controlled-lab-
oratory conditions (temperature: 21 ± 2 °C, humidity: 65% 
rooms and a 12:12 h light–dark cycle). The animals were 
freely accessed to the water and food. The intraperitoneal 
(i.p.) injections of NP and STZ to the rats were performed 
at mornings (between 08.00 and 09.00).

Ethical Approves

The study was approved by the Experimental Animal 
Research Center of SDU (Permit Number: 2019–06-03) 
and Inonu University (Permit Number: 2017/A-13), because 
the study was performed in SDU and Inonu University. All 
analyses in the current study were generated in BSN Health, 
Analysis and Innovation Ltd. Inc. Teknokent, Isparta, 
Turkey.
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Study Groups of Rats

The study was started with 40 rats. Rats were randomly 
divided into randomized 4 groups as control (Ctr), NP, STZ, 
and STZ + NP. After the STZ injection, 4 rats of STZ groups 
died within 3 days. Finally, the experiment ended with nine 
(n = 9) rats in Ctr, STZ, and STZ + NP groups:

Ctr group: After waiting 14 days, daily i.p. 10 µl DMSO 
and 990 µl physiologic saline were administered to the 
rats in the Ctr groups for 28 days.
NP group: After waiting 14 days, the dose of NP (5 mg) 
dissolved in 100-µl dimethylsulfoxide (DMSO) and its 
10 µl was diluted with 990 µl physiologic saline (0.9%). 
The diluted NP as 0.5 mg/kg body weight was i.p. admin-
istered once daily for 28 days [25].
STZ group: For induction of type I DM in the rats, 
55 mg/kg (dissolved in sodium citrate buffer with pH 4.5) 
of STZ (Sigma-Aldrich) was freshly administered i.p. in a 
single dose after 12 h fasting [36]. After 3 days of the first 
STZ injection, the blood glucose levels were measured 
using an eBsensor glucometer (Visgener Inc., Hsinchu 
City, Taiwan). Animals with high (≥ 250 mg/dl) fasting 
blood glucose levels were used in the STZ group. Then, 
the diabetic rats were kept 14 days in the cages without 
NP treatment for the induction of neuropathic pain. The 
presence of neuropathic pain was tested by Von Frey and 
Hot plate tests as explained below. Then, the rats in the 
group were further kept in the cages for 28 days.
STZ + NP group: Diabetes were induced rats by the STZ 
treatment as described in a previous study [36]. Then, 
the rats with DM were kept 14 days in the cages without 
NP treatment for the induction of neuropathic pain. After 
confirming the neuropathic pain at 14 days by Von Frey 
and hot plate tests, the NP (0.5 mg/kg body weight) was 
dissolved in 10 µl DMSO and 990 µl physiological saline 
(0.9%) and then the dose of NP for each rat was adminis-
tered i.p. once daily for 28 days [25].

At the 42nd day of the experiment, all animals were sac-
rificed by taking blood from their hearts after the anesthesia 
(70 mg/kg ketamine and 8 mg/kg xylazine). Then, the DRGs, 
HIPPO, brain cortex, blood, liver, and kidney samples were 
obtained from the rats.

Blood Glucose Measurements and Hyperalgesia 
Tests in the Rats

The fasting blood glucose analyses of tail blood (via glu-
cometer, eBsensor model) and the hyperalgesia tests of 
paw (via Von Frey and hot plate) were performed between 
10:00 and 11:00 a.m. at baseline, 7th, 14th, 21st, 28th, 
35th, and 42nd days in the Ctr, NP, STZ, and STZ + NP 

groups. The analyses of mechanical hyperalgesia were 
measured by using the calibrated von Frey monofilaments 
(20PC Aesthe, Muromachi Kikai Ltd. Tokyo, Japan) as 
described in a previous study [37]. The method of Von 
Frey was applied with increasing force until a withdrawal 
response. After observing the response, the force of the 
von Frey filament was accepted as mechanical withdrawal 
threshold. The evaluation of thermal nociceptive threshold 
in the animal of each group was performed by hot plate 
test [37].

The Preparations of HIPPO and DRGs Samples

The skull of rat was properly opened. The samples of 
HIPPO were obtained from the brain. The neurons of 
DRGs between L4 and L5 regions were separated from 
the lumbar area of rats. The whole DRGs within lumbar 
bone were used for the obtaining laser confocal micro-
scope (LSM) image (LSM800, Zeiss, Ankara, Turkey). For 
the spectrofluorometer (Fura-2) and plate reader analyses, 
the attached nerves and surrounding connective tissues of 
DRGs and HIPPO were removed, and they were exposed 
to the further procedures as described in previous studies 
[8, 9, 13]. Briefly, the DRGs and HIPPO after taking were 
exposed to trypsin type III enzyme and 0.5 mg/ml type XI 
collagenase (Sigma-Aldrich) in 5-ml DMEM medium at 
37 °C in a shaking bath for 45 min. The enzymatic diges-
tion was stopped by using the soybean trypsin inhibitor 
(1.25 mg/ml, type II-S1, Sigma). After dissociation with 
a sterile syringe and centrifugation at 1500 g, the DMEM 
medium was removed, and the neurons were seeded on 
the sterile 25 T flasks with filter caps (1 × 106 neurons). 
The DRG and HIPPO were cultured in the DMEM-LPXA 
with low glucose (1 g/l), because the high glucose in the 
cell culture medium induces TRPV1 activation in neuronal 
cells [38].

Determination of [Ca2+]i Concentration 
in the Neurons of DRG and HIPPO by Using Fura‑2

For the [Ca2+]i concentration analyses in the DRGs and 
HIPPO, a Carry Eclipse spectrofluorometer (Varian Inc, 
Sydney, Australia) was used, and details of the analyses 
were described in previous studies [8, 9, 13, 37]. The neu-
rons of DRG and HIPPO were loaded with 4 μM fura 2AM-
acetomethoxy ester (Molecular Probes) for 45 min at 37 °C. 
Then the fluorescence changes were recorded at 510 nm by 
using the Varian spectrofluorometer with 1-s intervals after 
excitations (340 and 380 nm). The [Ca2+]i concentration is 
indicated as nanomolar (nM) taking a sample every second 
[13, 37].
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Electrophysiology in the DRGs

The patch-clamp records at whole cell configuration were 
recorded in a HEKA EPC 10 amplifier (Lamprecht, Ger-
many) by using Patch-master software. Voltage-clamp 
configuration at − 65 mV was induced and currents were 
recorded. The content details of intracellular and extracel-
lular buffers were indicated in previous studies [8, 9, 13]. In 
addition to the AMG, the currents of TRPV1 were blocked 
by using Na+ free patch chamber solution (N-methyl-D-
glucamine, NMDG+). Patch pipettes with 4 ± 2 MΩ resist-
ances were produced in a P-97 puller (Sutter Instrument 
Lab, Ankara, Turkey) from borosilicate glass pipettes. The 
DRGs were activated with CAP (10 µM) for the stimula-
tion of TRPV1 or AMG 9810 (10 µM) for the inhibition 
of TRPV1. The current results of TRPV1 results were 
expressed as the current density (pA/pF). The adult HIPPO 
neurons are too small according to the tip diameter (2–5 µm) 
of patch pipettes. Hence, the patch clamp analyses were not 
able to perform in the HIPPO neurons. 

Laser Confocal Microscope (LSM) Analyses: 
the Fluorescence Intensity Analyses of [Ca2+]i 
Concentration (Fluo‑3AM), Death Cell Rate, 
Mitochondrial Membrane Potential (ΔΨm, MMP), 
Intracellular fROS (Int‑fROS), Mitochondrial 
fROS (Mito‑fROS), Intracellular Free Zn2+, 
and Intracellular Glutathione (GSH) Levels

We assayed STZ-mediated fluorescence intensity changes 
of [Ca2+]i in the DRGs in the LSM 800 by using 1 µM Fluo-
3AM (Calbiochem GmbH, Darmstadt, Germany) incubation 
previously described [37].

The stain of Hoechst 33342 can easily pass into the 
nucleus of live cells, and its blue color indicates live cell 
number. However, the stain of propidium iodide (PI) rep-
resents red color because it can only permeable into the 
nucleus of injured cells. The DRGs in the dishes with glass 
bottom were incubated with the combination of PI (2 μg/
ml) and Hoechst 33342 (5 μM) (Cell Signaling Technology, 
Istanbul, Turkey) before the LSM800 analyses [37].

The accumulation of JC-1 stain increases in the mito-
chondria according to increase of mitochondrial mem-
brane potential (ΔΨm, MMP) level [38, 39]. The membrane 
potential changes (ΔΨm) in the mitochondria were assayed 
by the incubation of 3 µM JC-1 stain (Cayman Chemical Inc. 
Ann Arbor, Michigan, USA) [37].

The generation of Int-fROS was analyzed in the LSM800 
microscope by using 2′,7′-dichlorofluorescin diacetate 
(DCFH-DA) and DHR123 non-fluorescent stains. The 
DCFH-DA is oxidized to a fluorescent intracellular, (2’, 
7’ -dichlorofluorescein, DCF) by cellular fROS, although 
DHR123 is converted to the fluorescent Rh123 by the 

oxidation [38, 40]. The DRGs were incubated in the pres-
ence of 4 µM DCFH-DA and DHR123 [37].

MitoTracker Red fluorescent stain is a cell permeable 
probe, and it labels mitochondrion with mildly thiol-reac-
tive chloromethyl moiety. The Mito-fROS generation in the 
mitochondria imaged under the LSM800 microscope by 
using 150-nM MitoTracker Red CM-H2Xros fluorescent 
stain (Cell Signaling Technologies, Danvers, Massachusetts, 
USA), following the manufacturer’s instructions [37].

For the assay of intracellular free Zn2+ ([Zn2+]i) concen-
tration, the DRGs in the dishes with bottom glass were incu-
bated with 1 µM Zn2+ labeling fluorescent dye (RhodZin3-
AM, #F24195, Thermo Fisher Sci., Istanbul, Turkey). After 
washing the cells with extracellular buffer, the green images 
of RhodZin3-AM in the DRGs were captured in the LSM800 
by using ZEN program of LSM800 [40].

ThiolTracker Violet (# T10095, Thermo Fisher Sci.) is 
an intracellular thiol probe for the GSH detection. Since 
GSH represents the majority of intracellular free thiols in 
the DRGs, ThiolTracker Violet (1 µl) was used in estimating 
the intracellular level of GSH, following the manufacturer’s 
instruction. The green images of ThiolTracker Violet in the 
DRGs were captured in the LSM800 by using ZEN program 
of LSM800 [41].

The DRGs (1 × 106 cells/ml medium mixture) were incu-
bated with the stains of Fluo-3AM, Hoechst 33342, PI, JC-1, 
DCFH-DA, DHR123, RhodZin3-AM, and ThiolTracker 
Violet for 60 min at 37 °C with 5% CO2 in dark conditions 
[37, 40]. Then, the stains were removed from the media 
by washing (1xPBs). Lastly, the extracellular buffer with 
Ca2+ (400 µl) was added to the dishes of washed cells. The 
fluorescence intensities of Fluo-3AM, JC-1, DCF, Rh123, 
MitoTracker Red CM-H2Xros, and ThiolTracker Violet 
stains in the LSM800 microscope were expressed as arbi-
trary unit (a.u), although the rate of cell death was indicated 
as percentage changes.

In some analyses, the neurons of DRGs were treated by 
the antagonist of AMG (10 µM) to the inhibit Ca2+ entry 
before stimulation of TRPV1 (CAP and 10 µM).

The Assays of Apoptosis, Caspase 3 (CASP‑3), 
Caspase ‑9 (CASP‑9), Cell Viability, MMP, 
and Int‑fROS in the Microplate Reader

A commercial programmed cell death (apoptosis) kit is 
Cell-APOPercentage (Biocolor Ltd. County Antrim, North-
ern Ireland) which allows the user to monitor the induction 
of apoptosis in the DRG and HIPPO. The commercial kit 
was used in the 96-black well plate of Infinite 200 PRO 
plate reader (Tecan Group Ltd., Männedorf, Switzerland) 
for the detection of apoptosis as described in previous stud-
ies [9, 13].
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For the detection of CASP-3, we used a fluorogenic sub-
strate (AC-DEVD-AMC). For the assay of active CASP-9, 
we used another fluorogenic substrate (AC-DEVD-AMC). 
The substrates were purchased from Bachem Inc. (Buben-
dorf, Switzerland), and they were analyzed in the 200 PRO 
microplate reader (Infinite 200 PRO). The excitation and 
emission detection wavelengths of AC-DEVD-AMC and 
ACDEVD-AMC were kept at 360 and 460 nm.

The MTT (0.5 mg/ml) was dissolved in the cell culture 
medium. In the cell viability analyses of DRG and HIPPO, 
the 100 µl MTT was added into each well of 96-well black 
plates, and it was incubated for 4 h at 37 °C. After washing 
the DMEM medium, 150 µl dimethyl sulfoxide was added 
to each well. The absorbance of the formazans was analyzed 
at 490 nm in the 200 PRO microplate reader.

The results of the apoptosis, CASP-3, CASP-9, and cell 
viability were presented as % of control.

In addition to the LSM800 analyses, we repeated the 
analyses of MMP (JC-1) and Int-fROS (DCFH-DA) in the 
DRG and HIPPO by using the 200 PRO microplate reader. 
The excitation emission details of the JC-1 and DCFH-DA 
were indicated in the previous studies [9, 13]. The results of 
the MMP and Int-fROS were also presented as % of control.

Western Blotting

The samples of proteins from the DRGs were separated on 
SDS-PAGE gels, and the samples of protein were transferred 
to the nitrocellulose membrane (Cat #1,620,112, Bio-Rad, 
Istanbul, Turkey). The membranes were incubated overnight 
at 4 °C with primary antibodies of TRPV1 (Cat #: ab6166), 
CASP-3 (Cat #: ab184787) (1: 200; Abcam), CASP-9 (Cat 
#: ab184786) (1: 200), and β-actin (Cat #: ab8226) (1: 200; 
Abcam, Istanbul, Turkey). The bands of the antibodies were 
imaged using the System of Gel Imagination (G:Box, Syn-
gene, UK). After measuring the signal densities of antibod-
ies using the program of ImageJ software, the data were 
shown as the relative density of control.

The Analyses of Lipid Peroxidation (MDA), Reduced 
Glutathione (R‑GSH), Glutathione Peroxidase 
(GSHPx), and Antioxidant Vitamin Analyses 
in the Brain, Liver, Plasma, and Erythrocytes

For the preparation of the brain cortex and liver homogen-
ates, the ultrasonic homogenizer (HD2200, Bandelin, Berlin, 
Germany) was used as described in the previous studies [36, 
37]. The samples of plasma were obtained from the whole 
blood tube with anticoagulant (Disodium EDTA) by the cen-
trifugation (500 g for 5 min). The remaining erythrocytes 
at the bottom of the tube were washed by the physiologi-
cal saline, and the hemolysate of erythrocytes was prepared 
[36, 37]. The levels of MDA and R-GSH in the DRGs (106 

in per ml) were analyzed at 532 and 412 nm by using the 
methods of Placer et al. [42] and Sedlak and Lindsay [43], 
respectively. The concentrations of MDA and R-GSH were 
indicated as μM per gram protein. The concentrations of 
total protein in the samples of brain, liver, and erythrocyte 
hemolysate were manually analyzed by using the Lowry’s 
method [44].

For the assaying the GSHPx activity in the spectropho-
tometer, we used the method of Lawrence and Burk [45], 
and the activity of GSHPx was shown as international unit 
(IU) per gram protein.

The concentrations of vitamin A (retinol), β-carotene, 
and vitamin E (α-tocopherol) in the brain, liver, and plasma 
samples were spectrophotometrically analyzed at 340, 453, 
and 532 nm, respectively [46, 47]. The results of retinol, 
β-carotene, and α-tocopherol concentrations were shown as 
µmol/g tissue.

Statistical Analyses

For the detection of statistical significance, we used the 
one-way ANOVA of SPSS program. A post hoc test was 
employed when ANOVA indicated a statistically significant 
difference. The present data are represented as mean val-
ues ± standard deviation (SD). The presence of a p ≤ 0.05 
value was accepted as statistical significant after the 
Kruskal–Wallis analysis.

Results

The Treatment of NP Attenuated STZ‑Mediated 
Levels of Mechanical Hyperalgesia, Heat 
Hyperalgesia, Body Weight Gain, and Blood Glucose 
Levels in the Rats

For assessment of mechanical and thermal pain sensitivity 
in rodents, Von Frey and hot plate tests have been used in 
several studies [2, 3, 13, 37]. Hence, we used both tests in 
the current study for peripheral neuropathy assessment of 
thermal and mechanical peripheral pain. DM induces the 
decrease of body weight, although it induces the increase 
of blood glucose levels. However, the effects of NP on the 
blood glucose and body weight gain have not been clari-
fied yet. For 42 days after the injection of STZ, we gradu-
ally observed a significant increase in the mechanical, heat 
withdrawal threshold, and blood glucose (Fig. 1d) as dem-
onstrated by von Frey (Fig. 1a), hot plate (Fig. 1b), and glu-
cometer assessments, respectively. However, body weight 
gains in the groups of STZ were gradually decreased during 
the 42 days after the STZ injection (Fig. 1c) (p ≤ 0.05). On 
the other word, the treatment of STZ caused to the increase 
of mechanical hyperalgesia, heat hyperalgesia, and blood 
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glucose, although it induced the decrease of body weight 
gain on days 7, 14, 21, 28, 35, and 42 as compared with the 
control and NP groups as well as 0 day (p ≤ 0.05). After the 
NP injections, the potent antihyperalgesic, blood glucose 
increase, and body weight modulator actions of NP treat-
ment were observed in the rats (p ≤ 0.05).

STZ‑Induced Increase of Intracellular free 
Ca2+ ([Ca2+]i) Concentration Was Decreased 
via Modulation of TRPV1 in the DRGs and HIPPO 
by the Treatment of NP

For investigating the interactions between NP and the 
TRPV1-mediated [Ca2+]i concentration in diabetes, we 
performed three analyses, namely, Fura-2, Fluo-3, and 
patch-clamp. In the Fura-2 florescent and Fluo-3 imaging 
analyses, the TRPV1 channel in the DRGs and HIPPO 
in the NP- and STZ-treated group were gated by CAP 
(10 µM). Within 0.36 ± 0.13 min, stimulations with CAP 
induced an increase in the [Ca2+]i concentration in the 
DRGs (Figs. 2a, b, and c) and HIPPO (Figs. 2d, e, and f) 
of STZ and NP treated rats, because of the activation of 
Ca2+-permeable TRPV1 (p ≤ 0.05). The concentration of 
[Ca2+]i in the neurons of DRG and HIPPO was higher in 

the STZ group than in the control and NP groups (Figs. 2a, 
b, d, and e), although they were effectively decreased in 
the neurons by the groups of STZ + AMG (p ≤ 0.05).

Image results of Fluo-3 in the groups of control, NP, 
STZ, STZ + NP, and STZ + PJ34 are shown in Fig. 3a. 
In addition, the changes of Fluo-3 florescence intensity 
in the groups of STZ and STZ + NP within 18 min are 
shown in the Fig. 3b and 3c, respectively. Without CAP 
stimulation, the Fluo-3 florescence intensity in the group 
of STZ was higher than in the groups of control and 
NP (p ≤ 0.05) (Figs. 3d), although its concentration was 
further increased in the STZ group by the CAP stimu-
lation. The increase was not observed in the groups of 
STZ + NP and STZ + PJ34 after the CAP stimulation. 
However, the Fluo-3 florescence intensity was reduced 
in the groups of STZ + NP and STZ + PJ34 by the treat-
ments of TRPV1 antagonist (AMG) and PARP1 inhibitor 
(PJ34), and its concentration was lower in the groups of 
STZ + NP and STZ + PJ34 than in the group of STZ only 
(Figs. 3d and e).

The results of Fura-2 and Fluo-3 clearly indicated that 
the STZ-mediated increase of [Ca2+]i concentration in 
DRGs and HIPPO was decreased via regulation of TRPV1 
by the treatment of NP.

Fig. 1   The treatment of Noopept (NP) modulated diabetes (STZ)-
induced paw withdraw threshold [the Von Frey Test (a) and Hot Plate 
Test (b)], body weight gain (c), and blood glucose changes (d) in the 

rats. (n = 9 and mean ± STD). (ap ≤ 0.05 vs 0 day. bp ≤ 0.05 vs control 
(Ctr) and NP groups. cp ≤ 0.05 vs STZ group

5036 Molecular Neurobiology (2021) 58:5031–5051



1 3

The STZ‑Induced Increase of TRPV1 Current Density 
in the DRGs Was Diminished by the Treatment of NP

The current density results of path-clamp analyses with 
whole cell (W.C.) configuration are shown in Fig. 4. With-
out CAP stimulation, there was no current of TRPV1 in the 
cells (Fig. 4a). However, the TRPV1 was activated by the 
addition of CAP (10 µM) into the patch chamber solution 
[Figs. 4b and b  (I-V)]. The mean activation times of TRPV1 
in the Ctr + CAP and STZ + CAP groups were 3.89 ± 0.49 
and 1.93.063  min, respectively. The activation time of 
TRPV1 is markedly shorter in the STZ + CAP group than 
in the Ctr + CAP group (p ≤ 0.05). The densities of TRPV1 
currents were higher in the Ctr + CAP group (118.08 pA/
pF) than in the Ctr group (6.21 pA/pF) (Fig. 4f) (p ≤ 0.05). 
The current densities of TRPV1 were further increased in 
the STZ + CAP group (183.72 pA/pF) [Figs. 4c (I-V)] as 
compared with Ctr + CAP group (p ≤ 0.05). The densities of 
TRPV1 current were lower in the Ctr + CAP + AMG (30.20 
pA/pF) and STZ + CAP + AMG (40.17 pA/pF) groups than 
in the Ctr + CAP and STZ + CAP groups (p ≤ 0.05). By the 
treatment of NP with STZ (Fig. 3d) without STZ (Fig. 3e), 

there was no increase of TRPV1 currents via CAP stimula-
tion. The mean densities of TRPV1 currents were signifi-
cantly (p ≤ 0.05) lower in the STZ + NP + CAP (6.38 pA/
pF) and NP + CAP (5.08 pA/pF) groups as compared with 
the groups of Ctr + CAP (118.08 pA/pF) and STZ + CAP 
(183.72 pA/pF) (p ≤ 0.05). The present patch-clamp TRPV1 
current results further confirmed the modulator action of 
NP on the STZ-mediated excessive Ca2+ influx via TRPV1 
activation in the DRGs.

The Apoptotic and Neuronal Death Actions 
of STZ Were Diminished in the DRGs and HIPPO 
by the Inhibitions of TRPV1 and Caspases

More recent data have reported a function of Ca2+ also 
in the regulations of DRGs and HIPPO death [2, 3]. The 
results of recent reports indicated that the programmed 
cell death (apoptosis) is induced via the stimulation of 
CASP-3 and CASP-9 in the DRGs and HIPPO of diabetic 
rats by the increase of [Ca2+]i concentration [13, 15, 16]. 
Hence, the Ca2+ influx through Ca2+ channels, including 
the TRPV1 channel, has been proposed to be apoptotic 

Fig. 2   The treatment of noopept (NP) attenuated diabetes (STZ)-
induced increase of [Ca2+]i concentrations through a block of the 
TRPV1 in the DRG and HIPPO of rats. (n = 9 and mean ± STD). 
The animals received intraperitoneal NP for 6  weeks after a sin-
gle dose of STZ injection. Then, these dissected neurons from DRG 
and HIPPO of control, NP, STZ, and STZ + NP groups were further 

in vitro treated with CAP (10 µM) and CPZ (0.1 mM) before loading 
Fura-2 for 100 s. The STZ-induced increase of [Ca2+]i concentration 
was decreased in the DRG (a, b, and c) and HIPPO (d, e, and f) by 
NP and CPZ treatments. (a p ≤ 0.05 vs control (Ctr) and NP groups. 
cp ≤ 0.05 vs STZ group)
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and caspase stimulator properties in the neurons of dia-
betic animals [13, 15, 16]. The protective action of NP 
against the activation of TRPV1 in the diabetic DRGs 
and HIPPO has not been reported yet. For clarifying the 
modulator action of NP on the STZ-induced programmed 
cell death, we investigated the levels of cell death (PI/
Hoechst rate), apoptosis, cell viability (MTT), CASP-3, 
and CASP-9 in the DRGs and HIPPO. The BF (Fig. 5a), 
red/blue PI/Hoechst (Fig. 5b), and 2.5 images (Fig. 5c) 

of PI/Hoechst indicated that STZ induced the increase 
of DRG death in the STZ group as compared with the 
control and NP groups (p ≤ 0.05). However, the DRG 
death action of STZ was diminished in the STZ + NP 
and STZ + AMG groups by the treatments of NP and 
AMG (p ≤ 0.05). Similar changes were observed on lev-
els of cell viability, apoptosis, CASP-3, and CASP-9 in 
the DRGs and HIPPO. The levels of apoptosis (Fig. 6a), 
CASP-3 (Fig. 6b), and CASP-9 (Fig. 6c) were increased 

Fig. 3   The treatment of noopept (NP) modulated diabetes (STZ)-
induced the increase of [Ca2+]i in the whole DRG. (Mean ± SD). 
The DRGs were stained with Fluo-3 (1 µM for 1 h). After washing 
the DRGs with 1xPBS, they were stimulated with CAP (10  µM for 
5 min) and then they were inhibited by AMG (10 µM for 5 min) in 
the LSM 800 with 40 × oil objective. The representative images 
of the Fluo-3 in the five groups [control (Ctr), NP, STZ, STZ + NP, 
and STZ + PJ34] were shown in the Fig. 3a. The changes of fluores-
cence intensity within 18 min in the groups of STZ and STZ + NP are 
shown in the Figs. 3b and c, respectively. The changes of mean fluo-

rescence intensities as arbitrary unit (a.u.) in the five groups after the 
CAP and AMG treatments are shown in the Figs.  3d. The modula-
tor role of AMG treatment on the CAP-mediated increase of Fluo-3 
fluorescence intensity in the DRGs is shown in the Fig. 3e by the col-
umns. The scale bar in the images was kept as 5 µm. One represented 
image of each figure was selected from 25–30 cells of 9 independent 
experiments for each condition. (ap ≤ 0.05 vs the groups of Ctr and 
NP. bp ≤ 0.05 vs the groups of STZ. p ≤ 0.05 vs without CAP stimula-
tion (- CAP group). p ≤ 0.05 vs CAP stimulation (+ CAP group)
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Fig. 4   The STZ-mediated-increase of TRPV1 current density in the 
DRGs was decreased by the treatment of NP. (n = 9 and mean ± SD). 
The TRPV1 in the DRGs was stimulated by the CAP (10  µM), 
although it was blocked by the treatment of AMG (10  µM). The 
whole cell patch-clamp configuration was abbreviated as W.C. a Con-
trol (Ctr) (without CAP). b Ctr + CAP group with the treatment of 
CAP and AMG. c STZ + CAP group with the treatment of CAP and 

AMG after the diabetes (STZ) induction. d STZ + NP + CAP group 
with the treatments of STZ, CAP, and AMG. e. NP + CAP group 
(without STZ treatment). f The mean densities of TRPV1 currents. b) 
I/V and c) I/V. Current (I)-voltage (V) relationship of the Figs. b and 
c, respectively. (ap ≤ 0.05 vs Ctr. bp ≤ 0.05 vs the group of Ctr + CAP. 
cp ≤ 0.05 vs the group of STZ + CAP)
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in the STZ group as compared with the groups of con-
trol and NP, although the level of cell viability (Fig. 6b) 
was decreased in the STZ group (p ≤ 0.05). However, 
the treatments of NP and TRPV1 antagonist (AMG) 
acted the modulator role on the STZ-induced increase 

of apoptosis, cell viability, and caspases in the DRGs 
and HIPPO of STZ group (p ≤ 0.05).

The Treatments of NP and TRPV1 Antagonist (AMG) 
Decreased STZ‑Mediated Increase of Oxidative 
Stress and MMP in the DRGs and HIPPO

Another hallmark of the excessive Ca2+ influx is the 
loss of MMP via opening the mitochondrial permeabil-
ity transition pore (mPTP) triggered in the DRGs and 
HIPPO [13, 48]. The increase of MMP via the TRPV1-
mediateed increase of excessive Ca2+ influx results in 
the increase of Int-fROS and Mito-fROS in the DRGs 

Fig. 5   The treatments of NP and AMG modulated STZ-mediated 
DRG death. (Mean ± SD and n = 25–30). a The images of bright field 
(BF, black-white). (Objective: 20 × . Scala bar: 50 µm). b The images 
of red-PI (dead cells), blue-Hoechst (live cells), and their merge. c 
2.5D images of PI and Hoechst. (Objective: 20 × . Scala bar: 50 µm). 
d The mean percentage of PI and Hoechst-positive cells in the Ctr, 
NP, STZ, STZ + NP, and STZ + AMG groups. (*p ≤ 0.05 vs the groups 
of control (Ctr) and NP. **p ≤ 0.05 vs the group of STZ)

◂

Fig. 6   The treatments of NP and 
AMG attenuated STZ-mediated 
the increase of apoptosis, cell 
viability, CASP-3, CASP-9, 
mitochondrial membrane poten-
tial (ΔΨm), and intracellular 
fROS (Int-fROS) generation in 
the DRGs and HIPPO of rats 
(Mean ± SD and n = 9). The 
black bars of a, b, c, d, e, and f 
are representing the changes of 
apoptosis, cell viability (MTT), 
CASP-3, CASP-9, ΔΨm, and 
Int-fROS in the DRGs and 
HIPPO of five groups, respec-
tively. The six assays were 
performed in the five groups 
by using the microplate reader. 
(*p ≤ 0.05 vs the groups of 
control (Ctr) and NP. **p ≤ 0.05 
vs the group of STZ)
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and HIPPO [15, 16]. After observing the increase of the 
[Ca2+]i concentration in the DRGs and HIPPO of STZ 
group, we suspected the increase of MMP, Int-fROS, 
and Mito-fROS in the DRGs and HIPPO of STZ group. 
Hence, we evaluated the changes via probes of MMP 
(JC-1), Int-fROS (DCF and Rh123), and Mito-ROS in 
the microplate reader and LSM microscope. The images 
and fluorescence intensity of MMP levels (Figs. 6e and 
7a, b, and c), Rh123 (Figs. 7a, b, and d), DCF (Figs. 6f, 
and 8a, b, and d), and Mito-fROS (Figs. 8a, b, and c) 
indicated that the levels of MMP, Int-fROS, and Mito-
fROS in DRGs and HIPPO of STZ group were increased 
in the STZ group as compared with the control and NP 
groups (p ≤ 0.05). However, their levels were markedly 
decreased in the STZ + AMG group by the treatment 
of AMG.

The Treatments of NP and TRPV1 Antagonist (AMG) 
Modulated STZ‑Mediated the Changes of [Zn2+]i 
and GSH in the DRGs

The level of [Zn2+]i (Figs. 9a and c) was increased in the 
STZ group as compared with the groups of control and NP, 
although the level of and GSH (Fig. 9b and d) was decreased 
in the STZ group (p ≤ 0.05). However, the treatments of NP 
and TRPV1 antagonist (AMG) acted the modulator role on 
the STZ-induced changes of [Zn2+]i and GSH in the DRG 
STZ group (p ≤ 0.05).

STZ‑Mediated the Decrease of MDA, R‑GSH, GSHPx, 
and Fat‑Soluble Antioxidant Vitamin Concentrations 
Were Attenuated by the Treatment of NP

Numerous literature data indicated the decrease of 
MDA, R-GSH, GSHPx, and fat-soluble antioxidant 
vitamin concentrations in the brain, liver, kidney, 
erythrocyte, and plasma of human and experimental 
animals, although the modulator role of NP on the con-
centrations in the tissues has not been clarified yet [8, 
13, 36]. After observing the modulator role of NP on 
the Int-fROS and Mito-fROS in the DRG and HIPPO of 
diabetic rats, we suspected the modulator role of NP on 

the changes of MDA, R-GSH, GSHPx, and fat-soluble 
antioxidant vitamin concentrations in the brain, liver, 
kidney, erythrocyte, and plasma of rats with diabetes. 
The concentrations of MDA, R-GSH, GSHPx, vitamin 
E, and β-carotene in the brain, erythrocytes, kidney, 
liver, and plasma were higher in the group of STZ than 
in the groups of control and NP (p ≤ 0.05) (Table 1). 
However, the increase of MDA, R-GSH, GSHPx, vita-
min E, and β-carotene in the brain, erythrocytes, kid-
ney, liver, and plasma was decreased in the STZ + NP 
group by the treatment of NP (p ≤ 0.05). The concentra-
tion of vitamin A was not changed in the four groups 
(p ≥ 0.05).

STZ‑Mediated Increase of TRPV1, CASP‑3, 
and CASP‑9 Expression Levels in the DRGs Were 
Attenuated by the Treatment of NP

In addition to the plate reader analyses, we further investi-
gated the levels of CASP-3 and CASP-9 by the Western blot 
analyses. The increases of DNP and [Ca2+]i concentration 
are induced in the DRGs by the increase of TRPV1. The 
STZ-induced increase of TRPV1 expression was reported in 
the DRGs [49], although there is no report of NP treatment 
on the TRPV1 expression level in the DRGs. In addition to 
the expression levels CASP-3 and CASP-9, we investigated 
the protective role of NP treatment on the TRPV1 expres-
sion level in the DRGs. The expression levels of TRPV1 
(Figs. 10a and b), CASP-3 (Figs. 10a and c), and CASP-9 
(Figs. 10a and d) in the DRGs were higher in the group of 
STZ than in the groups of control and NP, although their 
expression levels were decreased in the STZ + NP group by 
the treatment of NP (p ≤ 0.05).

Discussion

A common complication of DM is DNP. Patients with 
DM are extensively suffering from the DNP. The exces-
sive Ca2+ influx and fROS generation via the activation 
of TRPV1 are considered to be the most important patho-
genetic factors in the etiology of DNP [20, 49, 50]. Accu-
mulating data suggest that NP is an effective antioxidant 
because of its excellent action agents to the neuronal oxi-
dative cytotoxicity [26, 32, 33]. Hence, the antioxidant 
NP may modulate the DPN and HIPPO neurotoxicity via 
inhibition of TRPV1, apoptosis, and fROS in the DRGs 
and HIPPO of STZ-induced rats. In the current study, 
we observed the increase of DNP, Mito-fROS, apopto-
sis, oxidative stress, caspase activations, TRPV1 expres-
sion levels in the DRGs and HIPPO of STZ-treated rats, 
although cell viability, GSHPx, R-GSH, vitamin E, and 

Fig. 7   The STZ-mediated increases of mitochondrial membrane 
depolarization (MMP, JC-1) and Int-fROS (Rh123) were diminished 
in the DRGs by the treatments of NP and AMG. (Mean ± SD and 
n = 25–30). The DRGs were stained with 2  µM JC-1 and DHR123 
(a and b) for measurements of MMP and Rh123, respectively. 
The florescence intensities in the images of LSM800 microscope 
(20 × objective) were calculated by using the ZEN program. The data 
of JC-1 (c) and Rh123 (d) are presented as arbitrary units (a.u.) by 
columns. (*p ≤ 0.05 vs the groups of control (Ctr) and NP. **p ≤ 0.05 
vs the group of STZ)

◂
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β-carotene concentrations were decreased. The changes 
were modulated in the DRGs and HIPPO by the NP and 
TRPV1 agonist (AMG). These data suggest that the treat-
ment of NP modulated DNP, apoptosis, and fROS via the 
inhibition of STZ-activated TRPV1 channel in the DRGs 
and HIPPO.

A member of TRP superfamily is the TRPV1 chan-
nel. The agonist role of CAP and antagonist role of 
AMG on the activation TRPV1 in the DRGs and HIPPO 
were recently reported [20, 21]. In the current study, we 
observed similar results. The current densities and fluo-
rescence intensities of TRPV1 were inhibited in the DRGs 
and HIPPO after the CAP stimulation. In addition to the 
CAP stimulation, TRPV1 is activated in the DRGs and 
HIPPO by several stimuli, including fROS [13, 18, 51]. 
Hence, the STZ-mediated TRPV1 activation was inhibited 
in the DRGs and HIPPO by the antioxidants such as sele-
nium and alpha-lipoic acid [13, 50]. In the current study, 
STZ-mediated fROS and TRPV1 activation were dimin-
ished by the treatment of NP. Similarly, the antioxidant 
action of NP was reported in the HIPPO of rats [26, 32, 
33]. The modulator role of NP via inhibition of voltage 
gated Ca2+ channels on the Ca2+ influx in the HIPPO was 
also reported [31].

The increased serum Ca2+ level is shown to be corre-
lated with fasting blood glucose levels and insulin resist-
ance. Furthermore, studies have shown intracellular Ca2+ 
level to be effective in glucose homeostasis and DNP [2, 
15, 16]. Hyperglycemia-mediated increase of the [Ca2+]i 
concentration causes oxidative stress, also rises of regional 
Ca2+ concentration in the damage area or spinal canal has 
been reported to cause neuropathic pain [3, 5–7]. Hence, a 
main source of pain, including DNP is the excessive Ca2+ 
influx. However, the DNP intensity was decreased in rats 
by the decrease of [Ca2+]i concentration via the inhibition 
of cation channels, including TRPV1 channels [7, 14]. The 
STZ-mediated TRPV1 activation induced DNP in the rats, 
although its inhibition via antioxidant decreased the STZ-
induced DNP in the animals [13, 50]. Similarly, the increase 
of [Ca2+]i concentration via the inhibition of TRPV1in the 
current data was decreased in the DRGs and HIPPO by the 
treatment of NP. In turn, the increase of mechanical and 

thermal DNP was reduced by the treatment of NP. Hence, 
the decrease of STZ-mediated DNP was confirmed by the 
current results of [Ca2+]i concentration.

The thiol redox system has an essential role on the scav-
enge of fROS in the cells of mammalian. Members of the 
thiol redox system are synthetized from cysteine [52]. The 
recent data indicated that some TRP channels, including the 
TRPV1 are activated via the oxidation of cysteine groups in 
the channel proteins by the excessive generation of fROS 
[53, 54]. The antioxidants such as GSH, R-GSH, GSHPx, 
and α-lipoic acid are members of the thiol-cysteine redox 
system [13, 50, 52]. Hence, the treatment of antioxidants 
or supporting the antioxidants in body decreases the gen-
erations of Int-fROS and Mito-fROS [13, 50] (Fig. 11). In 
the current study, the STZ-mediated decrease of the GSH, 
R-GSH, and GSHPx levels were increased in the DRGs and 
HIPPO by the treatment of NP, although the levels of lipid 
peroxidation, Int-fROS, and Mito-fROS were decreased by 
the treatment. Synergically, the TRPV1 activity was also 
decreased by the treatment of NP. It seems that the NP treat-
ment inhibited the STZ-mediated TRPV1 activation via sup-
porting the GSH redox system.

The accumulation of [Ca2+]i concentration via the 
activation of TRPV1 induces the increase of MMP in 
the mitochondria [7, 55]. In turn, it induces apopto-
sis and cell death via the activation of CASP-3 and 
CASP-9 in the DRGs and HIPPO [13, 50]. As a cogni-
tive enhancer, NP has proven neuroprotective properties 
on cell viability, ROS level, and mitochondrial function 
in neurons [26, 32, 33]. The results of Ostravskaya et al. 
[33–35] indicated that the treatment of NP increased the 
neurotrophic factors in neurons, and NP acted antiapop-
totic effect with the prevention of DM-induced atypical 
DNA comet formation. Although there are studies on 
apoptosis in normal HIPPO, there is no report of NP on 
the levels of cell death, apoptosis, CASP-3, and CASP-9 
in the DRGs and diabetic HIPPO till today [21, 25]. 
In the analyses of microplate reader and Western blot, 
we have determined the protective role of NP on the 
STZ-mediated increase of cell death in the DRGs and 
HIPPO. The determined neuroprotective effect of NP is 
not only important for homeostatic and cognitive brain 
impairments but also for peripheric neural activity in 
the chronic diabetic process.

The oxygen metabolism rate of the brain and eryth-
rocytes are high, although they have low antioxidant 
levels. In addition, the STZ-mediated oxidative stress 
has a main injury action on the liver and kidney in rats 
[36]. The fat-soluble antioxidant vitamins, vitamin E 
and β-carotene, are scavengers of several radicals such 
as hydroxyl radical and singlet oxygen radical [56]. The 
decreases of vitamin E and β-carotene concentrations 

Fig. 8   The STZ-mediated increases of mitochondrial fROS genera-
tion (Mito-fROS) and Int-fROS (DCF) were reduced in the DRGs 
by the treatments of NP and AMG. (Mean ± SD and n = 25–30). 
The DRGs were stained with 150 nM MitoTracker Red CM-H2Xros 
and 5  µM DCFH-DA (a and b) for measurements of Mito-fROS 
and DCF, respectively. The florescence intensities in the images of 
LSM800 microscope (20 × objective) were calculated by using the 
ZEN program. The data of Mito-fROS (c) and DCF (d) are presented 
as arbitrary units (a.u.) by columns. (*p ≤ 0.05 vs the groups of con-
trol (Ctr) and NP. **p ≤ 0.05 vs the group of STZ)

◂
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Fig. 9   STZ-mediated the 
increase of cytosolic free Zn2+ 
([Zn2+]i) concentration was 
decreased in the DRGs by the 
treatments of NP and AMG, 
although GSH concentration 
was increased by the treatments. 
(Mean ± SD and n = 25). The 
DRGs were stained with 1 mM 
RhodZin3-AM and Thiol-
Tracker™ Violet for assaying 
the concentration of [Zn2+]i 
and GSH, respectively. The 
DRGs were also incubated by 
the blocker of [Zn2+]i (1 µM, 
TPEN). The RhodZin3-AM-
TPEN and GSH images were 
indicated in Figs. 9a and b, 
respectively. Fluorescence 
intensities as a.u. of the 
RhodZin3-AM (a), TPEN (a), 
and GSH (c) are presented by 
columns. The samples in the 
groups of the Ctr, NP, STZ, 
STZ + NP, and STZ + AMG 
were analyzed by the LSM800 
(Objective: 20 × . Scala bar: 
5 µm). (*p ≤ 0.05 vs the groups 
of control (Ctr) and NP. 
**p ≤ 0.05 vs the group of STZ)
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Table 1   Effects of Noopept 
(NP) on the levels of lipid 
peroxidation (MDA), reduced 
glutathione (R-GSH) levels, 
glutathione peroxidase 
(GSHPx), and antioxidant 
vitamin in the brain, 
erythrocyte, liver, kidney, and 
plasma in the diabetes (STZ)-
induced rats (mean ± SD)

a p ≤ 0.05 vs control (Ctr) and NP groups
b p ≤ 0.05 vs STZ group

Values Control
(n = 9)

NP
(n = 9)

STZ
(n = 9)

STZ + NP
(n = 9)

MDA (µM/g pr) Brain 12.46 ± 1.09 11.84 ± 0.58 14.38 ± 1.38a 12.56 ± 1.41b

Erythrocyte 16.90 ± 1.48 16.40 ± 0.88 19.50 ± 1.87a 17.40 ± 1.36b

Kidney 14.50 ± 1.05 13.20 ± 0.90 17.40 ± 1.26a 14.80 ± 1.45b

Liver 19.50 ± 1.46 18.50 ± 1.24 25.90 ± 1.71a 20.90 ± 1.91b

R-GSH (µM/g pr) Brain 10.97 ± 0.39 11.43 ± 0.43 9.34 ± 0.25a 10.63 ± 0.83b

Erythrocyte 18.80 ± 1.08 19.10 ± 0.81 16.60 ± 1.50a 18.00 ± 0.47b

Kidney 11.60 ± 1.00 11.80 ± 0.42 9.88 ± 0.69a 11.30 ± 1.16b

Liver 17.60 ± 1.77 18.50 ± 1.27 15.50 ± 1.26a 17.30 ± 0.59b

GSHPx (µM/g pr) Brain 21.20 ± 1.90 22.40 ± 1.42 16.60 ± 2.38a 20.50 ± 1.12b

Erythrocyte 27.40 ± 1.27 28.20 ± 1.86 21.00 ± 2.47a 25.60 ± 1.92b

Kidney 22.50 ± 1.62 23.20 ± 1.15 17.00 ± 1.39a 21.90 ± 0.88b

Liver 26.31 ± 0.95 27.43 ± 1.17 22.78 ± 1.79a 26.44 ± 2.48b

Retinol (µM/g tiss) Brain 3.66 ± 0.38 3.61 ± 0.33 3.55 ± 0.37 3.63 ± 0.33
Kidney 3.81 ± 0.68 3.96 ± 0.45 3.78 ± 0.54 3.91 ± 0.36
Liver 19.77 ± 0.88 20.40 ± 0.79 19.10 ± 0.45 19.25 ± 0.58
Plasma (µM/l) 3.02 ± 0.45 3.07 ± 0.35 3.09 ± 0.23 3.09 ± 0.36

α-Tocop (µM/g tiss) Brain 19.50 ± 0.70 20.10 ± 0.17 15.80 ± 1.59a 18.70 ± 1.24b

Kidney 16.90 ± 1.20 17.30 ± 1.51 13.20 ± 1.44a 16.80 ± 1.30b

Liver 28.70 ± 1.24 29.70 ± 1.70 23.60 ± 1.45a 27.90 ± 1.90b

Plasma (µM/l) 24.54 ± 1.61 26.30 ± 1.09 19.86 ± 1.14a 23.70 ± 1.05b

β-Car (µM/g tiss) Brain 1.30 ± 0.16 1.27 ± 0.24 1.00 ± 0.07a 1.26 ± 0.19b

Kidney 1.50 ± 0.16 1.70 ± 0.25 1.29 ± 0.10a 1.50 ± 0.14b

Liver 2.30 ± 0.36 2.48 ± 0.28 1.89 ± 0.34a 2.27 ± 0.38b

Fig. 10   STZ-mediated the 
increase of TRPV1 and apop-
totic mediator expression levels 
were attenuated by the treatment 
of NP. (Mean ± SD and n = 3). 
a The Western blot imaging 
bands. b, c, and d represent the 
mean values of TRPV1, CASP-
3, and CASP-9 in the DRGs, 
respectively. (*p ≤ 0.05 vs the 
groups of control (Ctr) and NP. 
**p ≤ 0.05 vs the group of STZ)
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were reported in the brain, erythrocyte, kidney, liver, 
and plasma. The protective role of NP has been shown 
to act as an antidiabetic by probable different mecha-
nisms, including neuroprotective and antioxidant activ-
ities [24, 25]. In the current study, the STZ-induced 
decrease of vitamin E and β-carotene in the brain, eryth-
rocyte, kidney, liver, and plasma were upregulated by 
the treatment of NP. The fROS scavenger action of NP 
induced the increase of vitamin E and β-carotene in the 
tissues.

In this research, NP has been determined to, has 
neuroprotective effect on HIPPO and DRGs, decrease 
neuropathic pain, act on TRPV1 channels and poten-
tially regulate diabetes-induced impairment of intra-
cellular Ca2+ homeostasis. As the result, NP-mediated 
protective effects against STZ-induced adverse periph-
eral and HIPPO oxidative neurotoxicity and periph-
eral pain. These effects might attribute to the potent 

antioxidant property of NP, and these findings specify 
NP to be a candidate agent that may be effective in the 
prevention and management of diabetes and diabetic 
neuropathy.
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Fig. 11   The possible protective action of noopept (NP) on the 
molecular pathways of oxidative stress, apoptosis, and neuropathic 
pain via the inhibition of TRPV1 in dorsal root ganglion (DRG) and 
hippocampus (HIPPO) of rats with diabetes. The well-known ago-
nist and antagonist of TRPV1 are capsaicin (CAP) and AMG9810 
(AMG). The increase of free Ca2+ and Zn2+ in the cytosol of DRG 
and HIPPO via the activation of TRPV1 causes the increase of mito-
chondrial membrane depolarization (ΔΨm). In turn, the increase of 
ΔΨm causes the excessive generation of free reactive oxygen species 

(fROS), and the decrease of cytosolic glutathione (GSH), reduced 
glutathione (R-GSH), glutathione peroxidase (GSHPx), β-carotene, 
and vitamin E level. The fROS and TRPV1 activation mediate exces-
sive Ca2+ influx cause apoptosis and cell death via the activations of 
caspase pathways such as caspase -3 and caspase -9 in the DRG and 
HIPPO of rats with diabetes mellitus (DM). The excessive glucose in 
the DM causes the excessive generation of fROS and TRPV1 activa-
tion. The neuropathic, oxidant, and apoptosis actions of DM are mod-
ulated by the treatment of NP. (↑) Increase. (↓) Decrease
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