
http://www.scirp.org/journal/jbise J. Biomedical Science and Engineering, 
2018, Vol. 11, (No. 5), pp: 100-107 

 

 

https://doi.org/10.4236/jbise.2018.115009 100 J. Biomedical Science and Engineering 
 

 

Dimeric Dipeptide Mimetics of NGF and BDNF Are 
Promising Agents for Post-Stroke Therapy  

Polina Povarnina1, Tatyana A. Gudasheva1, Sergey B. Seredenin2  

1Department of Medicinal Chemistry, Federal State Budgetary Institution “Research Zakusov Institute of  
Pharmacology”, Moscow, Russia; 2Department of Pharmacogenetics, Federal State Budgetary Institution “Research 
Zakusov Institute of Pharmacology”, Moscow, Russia 

Correspondence to: Tatyana A. Gudasheva,  
Keywords: NGF, BDNF, Dimeric Dipeptide Mimetics, Stroke 
Received: April 18, 2018       Accepted: May 28, 2018       Published: May 31, 2018 

Copyright © 2018 by authors and Scientific Research Publishing Inc. 
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/ 

  
 
 

ABSTRACT 
The dimeric dipeptide mimetics of the brain derived neurotrophic factor (BDNF) loops 1 and 4 
and nerve growth factor (NGF) loop 4 were designed and synthesized at the Zakusov Research 
Institute of Pharmacology. There are respectively bis-(N-monosuccinyl-L-methionyl-L-serine) 
heptamethylenediamide (GSB-214), bis-(N-monosuccinyl-L-seryl-L-lysine) hexamethyle-
nediamide (GSB-106) and bis-(N-monosuccinyl-L-glutamyl-L-lysine) hexamethylenedia-
mide (GK-2). All of the obtained compounds activated a corresponding specific NGF or 
BDNF tyrosine kinase receptor (TrkA or TrkB), but had different postreceptor signaling 
patterns. GSB-106 activated the ERK and AKT, whereas GSB-214 and GK-2 only activated 
the AKT kinase. Here we report a comparative analysis of neuroprotective activity of these 
dipeptides in a model of ischemic stroke induced by transient middle cerebral artery occlu-
sion (MCAO). The all three dimeric dipeptides showed a statistically significant decrease of 
infarct volumes with the treatment beginning 4 hour after surgery. In the experiment with 
BDNF mimetics, GSB-106 reduced this volume by 66% and GSB-214 by 26%. NGF GK-2 
reduced the cerebral infarct volume by 45%. Thus, BDNF mimetic, which activated both the 
ERK and AKT, and NGF mimetic, which selectively activated PI3K/AKT, showed high 
neuroprotective efficacy. In addition, we studied neuroprotective effects of GK-2 at the be-
ginning of the treatment 6, 8 and 24 hours after reperfusion. The neuroprotective effect of 
GK-2 persisted in all these conditions. The effectiveness of GK-2 at a delayed start of ad-
ministration suggests that the dipeptide has neuroregenerative properties. The results ob-
tained suggest a potential role for the dimeric dipeptide NGF and BDNF mimetics as the-
rapeutic agents useful in the treatment of a stroke. 
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1. INTRODUCTION 
The role of neurotrophins NGF (nerve growth factor) and BDNF (brain derived neurotrophic factor) 

in the structural integrity of the nervous system makes them attractive candidates as therapeutic agents for 
a number of neurodegenerative disorders. There is a growing body of evidence indicating the role of NGF 
and BDNF in recovery after a stroke. The both neurotrophins have been reported to reduce infarct vo-
lumes and improve neurological outcomes in animal models of cerebral ischemia [1-5]. The mechanisms 
of the neuroprotective and neurorestorative capability of NGF and BDNF include antioxidant and an-
ti-apoptotic effects, modulation of local inflammatory processes and promotion of neurogenesis [1, 6-11]. 
However, clinical use of neurotrophins is limited because of the difficulties in protein delivery to the cen-
tral nervous system and undesirable side effects due to pleiotropic functions. The design of small, proteo-
lytically stable compounds that exert defined biological activities via the selective activation of neurotro-
phins signaling might provide a useful approach for the development of therapeutic agents. 

NGF and BDNF exert their main biological actions through TrkA and TrkB receptors respectively. 
Binding neurotrophin with Trk tyrosine kinase receptors leads to the activation of various intracellular 
signaling pathways, including the PI3K/AKT and MAPK/ERK, which are the most critical for the biologi-
cal effects of these regulatory proteins. 

The working hypothesis formed by Gudasheva T.A. et al. [12] goes that by interacting with the same 
receptor multiple neurotrophin hairpin loops can activate various intracellular signaling cascades and are 
therefore responsible for an array of neurotrophin effects. Within the framework of this hypothesis, a 
number of dimeric dipeptide mimetics of NGF and BDNF loops were designed and synthesized in the 
V.V. Zakusov institute of pharmacology (Ru Patent №2410392, 2010; US Patent US 9683014 B2, 2017; CN 
Patent CN 102365294 B, 2016) [12, 13]. The beta-turn sequences of NGF or BDNF hairpin loops were 
chosen as the basis of the design because they are most likely to interact with the receptor due to their ac-
cessibility.  

Here we report a comparative analysis of neuroprotective activity of the three most active in vitro com-
pounds in a model of ischemic stroke, induced by transient middle cerebral artery occlusion (MCAO) in rats. 
These are the mimetics of BDNF loops 1 and 4, respectively bis-(N-monosuccinyl-L-methionyl-L-serine) 
heptamethylenediamide (GSB-214) and bis-(N-monosuccinyl-L-seryl-L-lysine) hexamethylenediamide 
(GSB-106), and the mimetic of NGF loop 4, bis(N-succinyl-Lglutamyl-L-lysine) hexamethylenediamide 
(GK-2). Previously it was shown by the western blot analysis that all the obtained dipeptides activated a 
corresponding specific NGF or BDNF tyrosine kinase receptor (TrkA or TrkB) but these dipeptides had 
different postreceptor signaling patterns [14, 15]. GSB-106 increased the levels of ERK and AKT kinase 
phosphorylation, whereas GSB-214 and GK-2 only increased the level of AKT phosphorylation. Struc-
tures and patterns of signaling pathways activation of these NGF and BDNF mimetics are presented in 
Table 1 and in Figure 1. 
 

 
Figure 1. Chemical structures of the NGF (GK-2) and BDNF (GSB-106, GSB-214) mimetics. 
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Table 1. Structures and patterns of signaling pathways activation of dimeric dipeptide NGF and 
BDNF mimetics. 

Laboratory 
code 

Chemical name Basis of design 

Protein  
kinases activation 

Trk  
neurotrophin 

receptor 
Akt Erk 

GK-2 
bis-(N-monosuccinyl-L-glutamyl-L-ly

sine)hexamethylenediamide 

Central fragment of  
NGF loop 4 beta-turn: 

-Glu94-Lys95- 
TrkA + − 

GSB-106 
bis-(N-monosuccinyl-L-seryl- 

L-lysine) hexamethylenediamide 

Central fragment of  
BDNF loop 4 beta-turn: 

-Ser94-Lys95- 
TrkB + + 

GSB-214 
bis-(N-monosuccinyl-L-methionyl- 
L-serine) heptamethylenediamide 

Central fragment of  
BDNF loop 1 beta-turn: 

-Met31-Ser32- 
TrkB + − 

2. METHODS 
A rat model of transient middle cerebral artery occlusion was established using the intraluminal su-

ture method [16]. The study was carried out in accordance with the requirements of Directive 2010/63/EU 
of the European Parliament and with the Order of the Ministry of Health Care and Social Development of 
the Russian Federation N˚ 708n of 23.08.2010 “Approval of the Rules of Good Laboratory Practice”. All 
the experiments were approved by the Institutional Animal Care and Use Committee of Zakusov Institute 
of Pharmacology (Moscow). 

The rats were anesthetized with an ip injection of nembutal (60 mg/kg). The right common carotid 
artery, internal carotid artery, and external carotid artery were surgically exposed. A nylon suture with a 
silicon-coated tip was inserted from the external carotid artery into the internal carotid artery and then to 
the circle of Willis to occlude the origin of the middle cerebral artery. In 1 h after MCAO, the suture was 
carefully removed to induce reperfusion. The rats receiving MCAO that did not have any neurological 
deficits when awakening were excluded. The remaining animals were randomly divided into treated and 
untreated (MCAO) groups with at least six animals in each. GSB-106, GSB-214 or GK-2 (dissolved in dis-
tilled water) were administered ip at doses of 0.1, 0.1 and 1 mg/kg respectively, daily 4 h after MCAO for 7 
days. These doses were chosen as the most pharmacologically active based on preliminary in vivo studies 
[13, 17]. The MCAO group was treated with distilled water in the same regime. The mimetics of BDNF 
and NGF mimetic were studied in the two independent experiments in outbred rats. In addition, we stu-
died neuroprotective effects of GK-2 with the treatment beginning 6, 8 and 24 hours after reperfusion. 
There were three independent experiments in Wistar rats. The cerebral infarct volumes were measured 
with 2,3,5-triphenyltetrazolium chloride (TTC) staining 21 days after MCAO in the experiment with 
GSB-106 and GSB-214 and 7 days after MCAO in the experiments with GK-2.  

3. RESULTS AND DISCUSSION 
All the three dimeric dipeptides showed statistically significant decrease of infarct volumes with the 

treatment beginning 4 hour after surgery. In the experiment with BDNF mimetics [15], the median infarct 
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volume in MCAO group was 268 mm3 (Figure 2, Table 2). GSB-106 reduced this volume to 90 mm3 (p = 
0.01) and GSB-214 to 194 mm3 (p = 0.02). In the experiment with NGF mimetic the median infarct vo-
lume in the MCAO group was 255 mm3. GK-2 reduced the cerebral infarct volume to 141 mm3 by ap-
proximately 45% (p = 0.03) (Figure 2, Table 2). 

Thus, BDNF mimetic GSB-106, which activated both the PI3K/AKT and MAPK/ERK cascades, and 
NGF mimetic GK-2, which selectively activated PI3K/AKT, showed high neuroprotective efficacy. BDNF 
mimetic GSB-214, which selectively activated PI3K/AKT signaling, showed low efficiency.  

It is widely known that PI3K/AKT and MAPK/ERK pathways are two major intracellular signaling 
networks activated by growth factors responsible for the cell survival [18]. It has been reported that NGF 
mediated neuroprotective signaling is most likely to depend on PI3K/AKT rather than MAPK/ERK path-
way [19-21]. The results obtained in the current study indicate that selective activation of PI3K/AKT by 
NGF mimetic is sufficient for the manifestation of neuroprotective activity in vivo. The lack of the MAP  
 

  
Figure 2. Dimeric dipeptide mimetics of NGF and BDNF decrease infarct volume after middle 
cerebral artery occlusion in outbred rats with the treatment beginning 4 hour after surgery. Scatter 
dot plots (median with interquartile range) of cerebral infarct volumes (mm3). #-p < 0.05 vs. the 
MCAO group (Mann-Whitney U-test). *-p < 0.05, * -p = 0.01 vs. the MCAO group (Mann-Whitney 
U-test with Bonferroni’s correction). 
 
Table 2. Dimeric dipeptide mimetics of NGF and BDNF decrease infarct volume after middle 
cerebral artery occlusion in outbred rats with the treatment beginning 4 hour after surgery. 

 Group 
Cerebral infarct  

volume, mm3 
Cerebral infarct  

volume reduction, % 

Experiment 1 
MCAO 255 (210 - 345)  

MCAO + GK-2 141 (116 - 240)# 45# 

Experiment 2 

MCAO 268 (243 - 280)  

MCAO + GSB-106 90 (73 - 121)** 66** 

MCAO + GSB-214 194 (124 - 222)* 26* 

Notes: The NGF and BDNF mimetics were studied in the two independent experiments in the model of 
middle cerebral artery occlusion in rats (respectively experiment 1 and experiment 2). The data are pre-
sented as medians and interquartile ranges. #-p < 0.05 vs. the MCAO group (Mann-Whitney U-test). *-p < 
0.05, **-p = 0.01 vs. the MCAO group (Mann-Whitney U-test with Bonferroni’s correction). 
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kinase pathway activation appears to be an advantageous pharmacological property for the NGF mimetic, 
since there is evidence that this pathway of TrkA receptors is involved in the development of hyperalgesia 
[22]. It was established that GK-2 has no side effects accompanying NGF treatment namely hyperalgesia 
and weight loss whereas the activation of both the PI3K/AKT and MAPK/ERK pathways by NGF loop 1 
dimeric dipeptide mimetic generates nociceptive effects [14]. 

As for the BDNF, the majority of reports suggest that the both pathways are significant for neuronal 
survival [23-25]. Therefore, activation of both the PI3K/AKT and MAPK/ERK by BDNF mimetics led to 
more therapeutic efficacy than selective PI3K/AKT activation. Furthermore BDNF-stimulated MAPK/ERK 
pathway involved in the regulation of neurogenesis and neuroplasticity, which are the two types of cellular 
events that take part in recovery after a stroke. Previously GSB-106 was shown to stimulate hippocampal 
neurogenesis in adult stressed mice [26].  

In a series of experiments to study the neuroprotectie effects of GK-2 with the treatment beginning 
within different time after reperfusion it was determined that dipeptide had a wide “therapeutic window”. 
GK-2 significantly decreased infarct volumes (by 20% - 70%) in all the cases (Figure 3, Table 3). The 
maximum effect of GK-2 was recorded with the treatment beginning 6 and 8 h after surgery. Under these 
conditions GK-2 decreased cerebral infarct volume by 70% and 60% respectively. The neuroprotective ef-
fect of GK-2 still persisted with the 24 h therapeutic time window, although it became much less pro-
nounced (reduction of infarct volume by 18%). 
 

   
(A)                          (B)                          (C) 

Figure 3. Dimeric dipeptide NGF mimetic GK-2 reduces cerebral infarct volume after transient 
middle cerebral artery occlusion in Wistar rats at different therapeutic time windows (A-6 h, B-8 h, 
C-24 h). Scatter dot plots (median with interquartile range) of cerebral infarct volumes (mm3). *p < 
0.05 vs. the MCAO group (Mann-Whitney test), #p = 0.05 vs the MCAO group (Fisher exact test). 
 
Table 3. Dimeric dipeptide NGF mimetic GK-2 reduces cerebral infarct volume after transient 
middle cerebral artery occlusion in Wistar rats at different therapeutic time windows. 

 
Treatment  

beginning time  
after reperfusion, h 

Group 
Cerebral infarct  

volume, mm3 

Cerebral infarct 
volume  

reduction, % 

Experiment 1 6 
MCAO 696 (412 - 1163) 

70%* 
MCAO + GK-2 203 (110 - 515)* 

Experiment 2 8 
MCAO 555 (361 - 732) 

62%* 
MCAO + GK-2 214 (103 - 383)* 

Experiment 3 24 
MCAO 682 (614 - 938) 

18%# 
MCAO + GK-2 565 (305 - 871)# 
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Notes: The data are presented as medians and interquartile ranges; *p < 0.05 vs. the MCAO group 
(Mann-Whitney test), #p = 0.05 vs. the MCAO group (Fisher exact test). 

The effectiveness of GK-2 at a delayed start of administration suggests that the dipeptide has neuro-
regenerative properties. These properties may be due to the stimulation of BDNF expression. There is lite-
rature data that NGF can stimulate the expression of BDNF [27]. It was revealed that GK-2, similar to 
NGF, stimulates BDNF expression (from T. A. Antipova). 

4. CONCLUSION 
The results obtained suggest a potential role for the dimeric dipeptide NGF and BDNF mimetics as a 

therapeutic agent useful for the treatment of a stroke. 
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