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INTRODUCTION

Noopept (ethyl ester of N-phenylacetyl-L-prolylgly-
cine) was designed as a drug at State Zakusov Institute 
of Pharmacology. The synthesis of the drug is based 
on the original hypothesis of peptide design, accord-
ing to which structures similar to known psychotropic 
agents are reproduced using appropriate amino acids 
[1]. The non-peptide prototype of Noopept is the noot-
ropic drug Piracetam. The pharmacological activity of 
the new compound turned out to be generally similar 
to the activity of Piracetam; but, it manifestes itself at 
doses 1,000 times lower than those for Piracetam [2, 3]. 
Moreover, Noopept has more pronounced anxiolytic [4] 
and neuroprotective properties [5–7].

A clinical study of Noopept (registration number 
015770) confirmed the nootropic effects established 

experimentally. In patients with mild cognitive impair-
ment of cerebrovascular and post-traumatic origin, 
the drug decreased cognitive impairment, showed an 
anxiolytic effect, and vegetostabilizing activity (www.
noopept.ru).

The mechanism of Noopept action has been studied 
since its synthesis. It has been established that the drug 
increases the expression of NGF and BDNF in the hip-
pocampus [8], exhibits choline-positive properties at 
behavioral and neuronal levels [9], reduces oxidative 
stress and enhances the activity of antioxidant sys-
tems [7, 10], and represses kinases pSAPK/JNK and 
pERK1 induced by stress [11]. However, the study of 
the primary interactions of Noopept with more than 
100 known receptors conducted according to our pro-
tocol by the CEREP company (France) did not lead to 
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the expected identification of the primary targets. At 
the same time, the wide range of the neurochemical 
and pharmacological effects of Noopept prompted the 
further search for its targets.

In order to obtain more exhaustive information on 
the targets of Noopept, we analyzed in vitro the in-
fluence of the drug on the DNA-binding activity of 
pharmacologically significant biological targets, the 
transcription factors (TF) CREB, NFAT, NF-κB, p53, 
STAT1, GAS, VDR, HSF1, and HIF-1. Having identi-
fied the selective influence of Noopept on HIF-1, we 
examined the effect of the drug on the activity of this 
transcription factor under conditions mimicking the 
hypoxia in vitro.

EXPERIMENTAL

Cell culturing

A HEK 293 cell line (human embryonic kidney cells; 
Russian Collection of Cell Cultures, Institute of Cytol-
ogy, RAS, St. Petersburg) was used in the study. The 
cells were cultured at 37°C, 5% CO

2
 in DMEM medium 

(Biolot, Russia) with 10% fetal bovine serum (Sigma, 
USA), 2 mM L-glutamine, 50 µg/ml gentamycin sul-
fate, and 2.5 µg/ml amphotericin B (PanEco, Russia).

The influence of Noopept on the DNA-binding activ-
ity of transcription factors was examined using lucif-
erase reporter constructs containing binding sites for 
CREB, NFAT, NF-κB, p53, STAT1, GAS, VDR, HSF1, 
and HIF-1 according to [12].

For transfection, HEK293 cells were seeded 
(4 × 103 cells/per well) in 96-well plates in 100 µl of a 
DMEM medium containing 10% fetal bovine serum 
and 2 mM L-glutamine without an antibiotic. Reporter 
vector constructs containing binding sites for the tran-
scription factors CREB, NFAT, NF-κB, p53, STAT1, 
GAS, VDR, HSF1, and HIF-1 were obtained on the 
basis of the pTL-Luc plasmid vector (Panomics, USA; 
carries the Photinus pyralis luciferase gene) [13]. The 
HEK293 cells were transiently transfected with the 
constructs using the Lipofectamine 2000 reagent (In-
vitrogen, USA) according to the manufacturer’s rec-
ommendations. The medium was replaced with a me-
dium containing an antibiotic (DMEM, 10% fetal bovine 
serum, 2 mM L-glutamine, 50 µg/ml gentamicin sul-
fate) 6 hours after transfection, and the studied drugs 
(Noopept 10 µM; Piracetam, 1 mM) were added after 
18 h. The cells were incubated in the presence of either 
Noopept or Piracetam for another 24 hours. Lucifer-
ase activity in cell lysates was determined using a Dual 
Luciferase Reporter Assay System (Promega, USA) on 
the plate reader 2300 EnSpire® Multimode Plate Read-
er (Perkin Elmer, USA). Co-transfection with plasmid 
pRL-TK (Promega, USA) encoding the Renilla renifor-

mis luciferase gene was used as an internal control for 
transfection. The values of the P. pyralis luminescence 
were normalized to the luminescence of R. reniformis 
in each measurement.

Experimental simulation of hypoxia was per-
formed using CoCl

2
, as pharmacological inducer of 

hypoxia, causing stabilization of HIF-1 [14]. The lu-
ciferase construct for the analysis of HIF-1 activity 
contains four copies of a consensus sequence 5’-AC-
GTG-3’, an HIF-1 protein-binding site (HIF-1-Luc 
construct). The cells transfected with the plasmid 
vector HIF-1-Luc were preincubated with Noopept 
for 8 hours (final concentrations 1, 10, and 100 µM; 
double administration every 4 hours), then the hy-
poxia inductor CoCl

2
 was added at a working con-

centration of 50 µM, and combined incubation with 
Noopept and CoCl

2
 proceeded for an additional 16 

hours. After that, luciferase activity was determined 
as described above.

Statistical analysis

The arithmetic mean of the values obtained for two re-
peats in each experiment in a series of three independ-
ent experiments and the standard error of the mean 
value were calculated using the Statistica 6.1 software 
(StatSoft Inc., USA). Experimental groups were com-
pared using a paired Student’s t-test for dependent 
samples.

Molecular docking

The three-dimensional structure of the target pro-
tein prolyl hydroxylase 2 (PHD2; hypoxia-inducible 
factor-L-proline, 2-oxoglutarate: oxygen oxidoreduc-
tase, [1.14.11.29]; PDB code: 2G19) in a complex with 
the native inhibitor (ZINC code: 24800213; IC

50
 1.4 µM) 

was used for construction and validation of the docking 
model [15, 16]. Noopept and its D-enantiomer (ZINC 
codes: 1542824 and 3812682, respectively), Noopept 
metabolite L-N-phenylacetyl-proline (ZINC code: 
76075), and stereoisomers of the previously described 
[31] prolyl hydroxylase inhibitor (PA2L and PA2D) 
(Table) were considered as ligands. The geometrical 
parameters of the majority of the molecules were ex-
tracted from the ZINC database [17] or modeled using 
the ChemCraft v1.7 software [18] and optimized by the 
HF/6-311G(d,p) method on the GAUSSIAN 09 C.01 
software [19]. Preparation of target and ligand struc-
tures for docking, as well as docking, was performed 
using the LeadIT 2.1.8 software [20]. All quantum 
chemical calculations were performed on a cluster su-
percomputer at the Ufa Institute of Chemistry, RAS. 

The surrounding area of the native inhibitor (ZINC: 
24800213) with adjacent amino acid residues is 6.5 Å 
and contains Arg383, Tyr310, Tyr303 and Fe2+. Analysis 
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of the 2G19 enzyme active center showed that Arg383 
and Tyr329 form hydrogen bonds with the carboxyl 
group of the ZINC 24800213 native inhibitor; Tyr310 
and Tyr303 form a π–π electron interaction with the 
aromatic rings of the ligand. The amino acid residues 
Trp389, Trp258, Met299, and Ile256 form a hydropho-
bic pocket (Fig. 1). All water molecules were removed 
from the active center during preparation of the en-
zyme structure for the docking procedure. Re-docking 
of the native ligand into the PHD2 enzyme active site 
accurately reproduces the mode of binding between 
the ligand and enzyme that has been determined crys-
tallographically. The root-mean-square deviation is 
0.44 Å. The subprogram FlexX [21] allows to perform 
the procedure of ligand docking (Table) and estimate 
the energy of binding between the ligand and receptor 
in the active site. The number of docking decisions can 
be large enough, and the choice of an optimal solution 
is based on the minimum value of the binding energy 

in combination with a minimum root-mean-square de-
viation (RMSD) value when the ligand is in the binding 
site. Next, the selected position is subjected to further 
calculation: assessment of the affinity energy between 
the ligand and binding site (∆G

HYDE
, kJ/mol) and evalu-

ation of ligand effectiveness [22, 23]. A detailed algo-
rithm of the calculation is described in [22]. It is noted 
that it is optimal to use two successive stages of the se-
lection of the leader compound among the ligands.

RESULTS AND DISCUSSION

The data presented in Fig. 2A indicate that incubation 
with Noopept at a concentration of 10 µM for 24 hours 
enhances the DNA-binding activity of HIF-1 by 43% 
and does not caused any statistically significant chang-
es in the DNA-binding activity of the factors CREB, 
NFAT, NF-κB, p53, STAT1, GAS, VDR, and HSF1. As 
follows from the data presented in Fig. 3, Noopept at 
concentrations of 10 and 100 µM increases the level of 

In silico estimation of the energies of interaction between ligand and receptor 

Ligand code Ligand structure ∆G
FlexX

,
kJ/mol1 RMSD2 ∆G

HYDE
,

kJ/mol 3 LE4

ZINC24800213 -31.8 0.42 -63 0.79 (H)

ZINC1542824_L -17.0 0.48 -44 0.45
(HA)

ZINC3812682_D -17.5 1.10 -42 0.42
(HA)

ZINC76075_L -24.1 0.47 -38 0.53
(H)

PA2_L -27.2 0.55 -49 0.55
(H)

PA2_D -28.2 0.73 -41 0.47
(HA)

1∆G
FlexX

 – free binding energy, kJ/mol.
2RMSD – root-mean square deviation of ligand position in active site.
3∆G

HYDE
 – affinity energy between ligand and binding site, kJ/mol.

4LE – ligand efficiency (LE = |∆G
HYDE

|/N [22, 23], where N – number of heavy, i.e. not hydrogen atoms), where ligand 
efficiency can be evaluated as H – high efficiency, HA – higher than average efficiency [22].
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luciferase induction. It was shown that Piracetam at 
either an equimolar (10 µM, data not shown) or higher 
concentration (1 µM) does not cause statistically signifi-
cant changes in the DNA-binding activity of the stud-
ied transcription factors (Fig. 2B).

The next stage of the study included the analysis 
of the influence of Noopept on the DNA-binding ac-
tivity of HIF-1 in the presence of a pharmacological 
mimetic of hypoxia CoCl

2
. In full accordance with the 

well known data conserning CoCl
2
 action, an increase 

in HIF-1 activity was observed. Addition of Noopept 
at concentrations of 10 and 100 µM resulted in a fur-
ther increase in HIF-1-dependent luciferase activity 
(Fig. 3). Thus, it has been established for the first time 
that Noopept is able to increase both the basal activity 

of HIF-1 and the activity induced by a pharmacological 
mimetic of hypoxia in vitro.

The factor induced by hypoxia (HIF-1) is a heterodi-
mer composed of two subunits: a HIF-1α subunit sen-
sitive to oxygen and constitutively expressed HIF-1β. 
Hypoxia promotes an increase in the HIF-1α level, its 
dimeriation with HIF-1β, mobilization of coactiva-
tors (p300/CBP), and binding of this complex to HRE 
(hypoxia-response element) in the regulatory regions 
of target genes. In normoxic conditions, oxygen-de-
pendent hydroxylation of proline residues in the HIF-
1α molecule by prolyl hydroxylases is necessary for 
binding by the component of ubiquitin-protein ligase 
E3, von Hippel-Lindau (VHL) protein. Ubiquitinated 
HIF-1α becomes a target for degradation by 26S pro-
teasomes. The asparagine residue at the C-terminal 
transactivation domain (C-TAD) of HIF-1α is hydrox-
ylated by asparagin hydroxylase (FIH1, factor inhibit-
ing HIF-1) in the presence of oxygen, thereby block-
ing its interaction with the transcriptional coactivator 
p300/CBP. Thus, PHD and FIH inactivate HIF-1α in 
normoxia, suppressing HIF-1-dependent expression 
of the target genes. PHD and FIH activity decreases 
under conditions of hypoxia, leading to a decrease in 
HIF-1α degradation and transcriptional activation of 
its dependent genes [24]. It has been shown [25] that 
HIF-1 activates a total of up to 100 genes. Figure 4 
presents the main targets of HIF-1, which include the 
genes involved in angiogenesis through activation of 
the vascular endothelial growth factor, enhanced syn-
thesis of erythropoietin, activation of the systems of 
glucose transport through membranes, cytoprotection 
by neurotrophic factors, normalization of cell cycle and 

Fig. 1. Analysis of the active site of prolyl hydroxylase 
enzyme 2. A – active center occupied by “native” ligand. 
B – interaction between inhibitor and amino acid residues 
of the enzyme (docking solution)
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Fig. 2. Effect of Noopept, 10 µM (A), and piracetam, 1 mM (B), on the basal DNA-binding activity of the transcriptional 
factors NF-κB, NFAT, STAT1, HIF-1, p53, CREB, GAS, VDR, and HSF1 in vitro. The statistical significance of the differ-
ences was assessed using a paired Student’s t-test for dependent samples (n = 3, *p < 0.05)
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metabolism at the mitochondrial level, as well as the 
activity of antioxidant enzymes: superoxide dismutase 
and catalase. The combination of these effects allows 
the implementation of an adaptive response to hypoxic 
exposure. Alongside with this, HIF-1 affects the state 
of many neurotransmitter systems: it activates the pro-
tein responsible for control of GABA receptors (GAB-
ARBP) [26] and increases tyrosine hydroxylase activity 
[27]. The close relation between HIF-1 and cholinergic 
receptors has been described [28].

As shown in our study, Noopept causes a concentra-
tion-dependent increase in the basal DNA-binding ac-
tivity of HIF-1. Upon stabilization of HIF-1 with CoCl

2
, 

a chemical inducer of this transcription factor [29, 30], 
Noopept provides an additional increase in the HIF-1 
DNA-binding activity. The effect on HIF-1 is specific 
for Noopept: the classical nootropic drug Piracetam 
does not affect the activity of this transcription factor. 
Noopept enhances the DNA-binding activity of HIF-1 
alone, while the activity of other transcription factors 
(CREB, NFAT, NF-κB, p53, STAT1, GAS, VDR and 
HSF1) is not increased. Since prolyl hydroxylase is di-
rectly involved in HIF-1 deactivation, and proline ana-
logs are described as effective inhibitors of this enzyme 
[31], it can be assumed that the increase in the DNA-
binding activity of HIF-1 by Noopept is associated with 
the inhibition of this enzyme.

The comparison of the structures of prolyl hydroxy-
lase inhibitors presented by Ma et al. [31] with that of 
Noopept and its metabolites suggests a similarity be-
tween the PA2 (benzyloxycarbonyl-Pro) compound 
and an N-terminal fragment of the Noopept molecule, 
N-phenylacetyl-Pro (Table) [32, 33]. It should be noted 

that the range of concentrations at which PA2 inhibits 
prolyl hydroxylase (K

i 
= 2.38 µM, EC

50
 = 3.17 µM) [31] 

is close to the level of effective concentrations for Noo-
pept identified in the present study.

According to the results of the molecular docking, 
Noopept and L-isomer of N-phenylacetyl-Pro binds to 
the active site of prolyl hydroxylase at a level of effi-
ciency comparable with that of RA2L L-isomer (Table). 
The qualitative effectiveness of the ligand is estimated 
as high. L- stereoisomer of N-phenylacetyl-Pro forms 
hydrogen bonds with Arg383 and Tyr329 in the active 
site of the enzyme, and the PA2L molecule is coordi-
nated by oxygens around the Fe atom (Fig. 5). It should 
be underlined that the pharmacologically inactive D-
isomer of Noopept has a lower binding energy. Thus, 
it can be assumed that Noopept and its metabolite, L-
isomer of N- phenylacetyl-Pro, may bind to the active 
site of prolyl hydroxylase 2 and, probably, inhibit its 
enzymatic activity. Apparently, the final conclusion re-
quires further experimental study of the effect of Noo-
pept and its metabolite on the activity of prolyl hydrox-
ylase. Possible interaction of Noopept with asparagine 
hydroxylase also requires additional studies.

Returning to the question of the interaction between 
Noopept and HIF-1 while lacking that for Piracetam, it 
should be noted that Noopept is designed as a dipeptide 
analogue of Piracetam. However, the effective doses of 
Noopept are three times lower than that of Piracetam 
[2]. The new drug and its non-peptide prototype dem-
onstrate different spectrum of pharmacological activ-
ity. Thus, Noopept facilitated all phases of information 
processing, while Piracetam influenced mainly initial 
phases [1]. Noopept exhibited pronounced neuroprotec-

Fig. 3. The effect of Noo-
pept on the basal and 
induced activity of HIF-1. 
“Control” group – values of 
the basal activity of HIF-1 in 
unstimulated cells; “CoCl

2
” 

group – HIF-1 activity values 
in CoCl

2
-stimulated cells. 

The data are presented as 
arithmetic mean ± standard 
error of the mean (n = 3; 
*p < 0.05 with respect to 
“control” group; #p < 0.05 
with respect to “CoCl

2
” 

group)
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tive properties, whereas in Piracetam they, depending 
on the estimated parameter, were mild [7, 34] or absent 
[35]. From a pharmacological position, such differences 
must be based on the specificity of the mechanism of 
action, which includes the effect of Noopept interaction 
with HIF-1 identified by us.

Regardless of the details of this interaction, it is im-
portant that this Pro-containing dipeptide enhances 
HIF-1 activity. It is known that activation of the HIF 
system is now regarded as one of the main mechanisms 
of neuroprotection during hypoxia, cerebral ischemia, 
and neurodegenerative diseases [24, 36]. During many 

years of study, these states have been defined as phar-
macological targets for Noopept action on a broad spec-
trum of relevant experimental models.

Following the ability of Noopept to increase animal 
survival in hyperbaric hypoxia [37] detected at the 
beginning of the study of this dipeptide, it has been 
shown that it reduces the volume of ischemic brain 
damage in circulatory hypoxia models: for example, 
cortical photochemically induced thrombosis [6] and 
ligation of the middle artery [5]. The ability of Noopept 
to attenuate the severity of oxidative stress was estab-
lished in neuronal cultures of various types: granular 

Cytoprotection by 
neurotrophins

Erythropoiesis

Angiogenesis

Activation  
of glucose  

transporters

Energy metabolism  
in mitochondria

Activation  
of antioxidant 

enzymes

Hypoxia-induced factor 
(HIF-1)

Fig. 4. Hypoxia-induced factor HIF-1 and its targets. Modified according to [24]

Fig. 5. Results of molec-
ular docking: location of 
ligands in the active site 
of prolyl hydroxylase (hy-
drogen bonds are shown 
in dashed line)

76075 PA2_L
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cerebellar cells [35], cortical neuron culture of aborted 
fetuses with diagnosed Down syndrome [7], PC12 cul-
ture [38], SH-SY5Y culture [39], and in vivo experi-
ments on brain tissue and rat plasma [40]. The ability 
to enhance superoxide dismutase and catalase activity 
was shown both in the experiment [10] and in clinical 
conditions [34].

The ability of Noopept not only to eliminate the mani-
festations of cognitive deficit [41], but to exert also a 
neuroprotective effect was shown in models of Alzheim-
er’s disease: it attenuated the disturbance of oxidative 
processes and calcium homeostasis, enhanced neurogen-
esis, prevented the tau protein aggregation caused by a 
fragment of β-amyloid

25-35 
[ 38], and eliminated NGF and 

BDNF deficit caused by diabetogenic toxin streptozoto-
cin administration into brain ventricles [42]. Noopept is 
capable of reducing the cytotoxic effect of aggregated 
α-synuclein in a cell model of Parkinson’s disease [39]. 
All these numerous effects can be explained by the acti-
vation of the HIF-1 transcription factor.

In the past years, we have shown that Noopept has 
an antidiabetic effect on the streptozotocin model of 
diabetes [43]. This fact was interpreted by us as a re-
sult of the multifactorial metabolic action of the drug: 
attenuation of the deficit in the antioxidant systems 
and neurotrophic factors and increased production of 
pro-inflammatory cytokines typical of diabetes [44]. 
The results obtained in the present study have drawn 
our attention to the data on the role of HIF-1 in the de-
velopment of pathological processes in diabetes melli-
tus. For instance, the ability of insulin to disrupt HIF-1 
formation and the role of this factor deficiency in the 
development of diabetes type 1 and 2 and its complica-
tions have been reported [45]. The impaired function 
of the glucose transport system GLUT1 and GLUT3 
through cellular barriers observed in HIF-1 deficiency 
promotes the development of insulin resistance in both 

Alzheimer’s disease and diabetes mellitus [46]. The 
involvement of HIF-1 in the expression of incretins, 
important factors of pancreatic β-cell cytoprotection, 
has been proved [47]. A summary of these data allows 
to suggest that the HIF-1-positive effect of Noopept 
participates in the realization of its anti-diabetic effect, 
including the newly identified one by us ability to in-
crease the level of incretin, a glucagon-like peptide-1 
(GLP-1) [44].

CONCLUSION

The data obtained on the ability of the effective noo-
tropic and neuroprotective drug Noopept to cause an 
increase in the DNA-binding activity of HIF-1 allow 
one to advance a novel interpretation of the wide spec-
trum of its action: namely, assume that the HIF-1-posi-
tive effect of the drug can be considered as the primary 
mechanism of its action. Clarification of the molecular 
mechanisms underlying the HIF-1-positive action of 
Noopept certainly requires further investigation; but 
the presence of this effect definitely has a significant 
value, since it allows one to explain almost all known 
to date effects of Noopept and, probably, the effects of 
other biologically active Pro-Gly peptides. These data 
provide additional evidence for current concepts of the 
importance of the components of the HIF-1-dependent 
signaling pathway and the compensation processes ac-
tivated by this transcription factor in the mechanisms 
of neuroprotection. 
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