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Modern research shows that patients with diabetes mellitus have an increased risk of cancer. PI3K/
Akt/mTOR/p70S6K1 signaling pathway plays an important role in the pathogenesis of cancer and diabetes.
The aim of this study was to determine the state of PI3K/Akt/mTORC1/p70S6K signaling cascade activity in
peripheral mononuclear blood cells (PBMC) of patients with type 2 diabetes (T2D) relatively to the insulin
and insulin-like growth factor (IGF-1) concentrations in blood plasma. Enzyme-linked immunosorbent assay
was used to examine the levels of insulin and IGF-1 in blood plasma as well as the content of phosphoryla-
ted forms of Akt (Ser473), PRAS40 (Thr246), and p70S6K (Thr389) in PMBC. It was shown that in the blood
plasma of patients with T2D, the levels of insulin and IGF-1 were increased. Phosphorylation and activation
of Akt by the mTORC? protein kinase complex was not observed. At the same time, the relative degree of phos-
phorylation of mTORCI inhibitor, PRAS40, and its substrate, p70S6K, was higher in PMBC of T2D patients in
comparison with control values. These data suggest that phosphoinositide-dependent protein kinase 1 (PDK1)
and, possibly, mitogen-activated protein kinase (MAPK) could mediate the effects of IGF-1 on Akt activation
under type 2 diabetes.

Keywords: peripheral blood mononuclear cells, Akt, PRAS40, p70S6K, insulin, insulin-like growth factor,
type 2 diabetes (T2D).

ecent research and clinical findings suggest
R an increased risk of cancer of certain types

in patients with type 2 diabetes (T2D) [1].
The mechanisms of the association between these
pathologies are recognized as the effects of ER-
stress, obesity, hyperinsulinemia, hyperglycemia,
cytokine imbalance, and oxidative stress [2].

The signaling cascade PI3K/Akt/mTOR/
p70S6K mediates the effects of insulin and insu-
lin-like growth factor (IGF-1) in mammalian cells.
Functional disturbances of this cascade lead to se-
vere chronic diseases such as insulin resistance,
T2D and cancer. Protein kinase Akt is a key effec-
tor kinase of this cascade, which enhances insulin-
dependent translocation of GLUT-4 and glucose

transport, activates mTORC1 (mammalian target
of rapamycin complex 1) and p70S6K (ribosomal
protein S6 kinase). Akt is activated by the upstream
phosphoinositide-dependent protein kinasel (PDK1)
via Thr308-phosphorylation and additionally by
mTORC2-dependent phosphorylation on Ser473,
which is necessary for its maximum activation [3, 4].
PRAS40 is a 40 kDa proline-rich Akt substrate.
Phosphorylation of PRAS40 leads to its dissociation
from regulatory-associated protein of mTOR (Rap-
tor) in the mTORC1-complex that promotes mTOR
activation. mTOR controls cell growth and homeo-
stasis, including protein synthesis, lipogenesis, glu-
cose metabolism, autophagy, lysosome biogenesis,
proliferation and survival, in response to external
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signals such as levels of amino acids, glucose, en-
ergy, oxygen and growth factors. The substrate of
MTORC1 is p70S6K protein kinase, which controls
protein synthesis, ribosome biogenesis, cell cycle,
and apoptosis [3]. The PI3K/Akt signaling pathway
plays an important role in the activation of mac-
rophages and lymphocytes, secretion of cytokines,
and in the initiation of inflammatory processes in
these cells [5].

The peripheral blood mononuclear cells
(PBMC), which mainly consist of lymphocytes
(up to 40% of the total amount of leukocytes) and
monocytes/macrophages (~ 11%), are involved in
the pathogenesis of diabetes and its complications.
The activity of protein kinases of PI3K/Akt/mTOR/
p70S6K signaling pathway in these cells may reflect
the changes of its activation, polarization and cy-
tokine secretion in patients with T2D [6].

The aim of the work was to determine the con-
centrations of insulin and IGF-1 in blood in associa-
tion with the activity of PI3K/Akt/mTORC1/p70S6K
cascade kinases in peripheral blood mononuclear
cells of patients with type 2 diabetes.

Materials and Methods

The study was conducted in accordance with
the guidelines of the Declaration of Helsinki (1975)
and its revised version of 1983. All patients signed
the informed consent to conduct further diagnostic
and research studies with biomaterials.

26 patients were examined. Patients were
divided into groups: | — healthy (control group)
(n = 12), Il — patients with T2D (n = 14). Patients
were grouped accordingly to age and BMI.

Immediately after collection, blood was centri-
fuged using Histopaque 1077 Sigma (USA). The ob-
tained white blood cells were washed and frozen at
-80°C. The cells were lysed in a buffer for extraction
from kits, containing protease and phosphatase in-
hibitors. Studies were conducted in triplets. The con-

Table 1. Characteristics participants of the study

centration of protein in lysates was determined using
the Novagen kit “BCA protein assay kit” (USA).

Insulin and IGF-1 levels were determined by
enzyme-linked immunosorbent assay (ELISA)
using the automatic analyzer Stat fax 303+ (USA)
and diagnostic kits Insulin ELISA, EIA-2935 and
IGF-1 600 ELISA, ETA-4140 (DRG, Germany). The
amounts of phosphorylated Akt1/2/3 (p-Ser473),
p70S6K1 (p-Thr389) and PRAS40 (p-Thr246) were
determined using a microplate reader of “Bio-tek
Instruments” company (USA) at a wavelength of
450 nm with the diagnostic ELISA kits (85-86046,
85-86053, KHOO0421, respectivel (Invitrogen, USA).
T2D compensation was assessed by determining the
level of HbAlc using ion-exchange chromatography
and BIO-RAD D-10 analyzer, the BIO-RAD (USA)
reagents.

The data obtained were analyzed using Statis-
tica 12.0 (StatSoft Inc., USA). The data are presented
in the tables as M £ SD. To compare the data be-
tween experimental groups, one-way ANOVA and
Student’s t-test were used. Values of P < 0.05 were
considered as significant.

Results and Discussion

The study included people over 55 years of age.
The duration of diabetes in patients of group 2 was
up to 10 years, without significant gender difference.
The HbAILc level in patients of group Il was more
than 7.5%, also without gender difference (Table 1).

Significantly higher levels of IGF-1 and, espe-
cially, insulin were observed in patients with T2D,
compared to the control group (Table 2). Increased
insulin levels in patients with diabetes confirm con-
dition of hyperinsulinemia, which is associated with
obesity, insulin resistance and T2D. The level of
IGF-1 is connected with blood insulin content, be-
cause hyperinsulinemia increases the bioavailability
of IGF-1 by reducing the content of IGF-1-binding
globulin-1 [6]. Insulin also increases the expression

Group | (control), n =12

Group I, (patients with T2D), n = 14

Indicators Men (n = 6) \ Women (n = 6) Men (n = 8) \ Women (n = 6)
Age, (years) 58.21 + 1.64 61.0 + 3.18 60.14 + 2.74 58.30£1.28
BMI, (kg/m?) 3112+2.34 31.22+1.23 3242 +1.25 3119 + 1.47
Duration of DM, (years) - - 8.42 +4.23 921 +312
HbAlc, (%) 5.65 £ 0.65 597 £0.41 7.84 £ 1.12* 8.33 £ 1.38*

Note: *the difference from the relevant control group is significant (P < 0.05)
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Table 2. The concentrations of insulin, IGF-1 in the blood and amount of phosphorylated Akt (p-Ser473),
PRAS40 (p-Thr246) and p70S6K1 (p-Thr389) in PBMC of patients with T2D

Indicators

Group 1, (control) Group 1, (patients

n=12 with T2D), n =14
Insulin, (mIU/ml) 7.72 £0.58 24.38 + 1.99*
IGF-1, (hg/ml) 141.60 £ 6.86 175.54 + 5.46*
Phospho-Akt (Ser473), (conv.units/mg prot.) 0.009 £ 0.003 0.009 + 0.005
Phospho-PRAS40, (units/mg ) 1.16 £ 0.02 171 £0.07*
Phospho-p70S6K, (conv.units/mg prot.) 0.012 + 0.001 0.017 + 0.003*

Note: *the difference in comparison with control group is significant (P < 0.05); conv. units/mg prot. - conventional unit/

mg of protein

of IGF-1 in the liver followed by activation of IGF-1
receptor and stimulation of cell growth. In addition,
hyperinsulinemia activates growth hormone recep-
tor in the liver that causes increased secretion of
growth hormone, which further stimulates the IGF-1
synthesis and proliferative processes [7].

Among patients of group Il, 4 received met-
formin monotherapy, 10 received combination thera-
py with metformin and sulfonylurea derivatives.

To evaluate the interplay between insulin and
IGF-1 levels with the activity state of PI3K/PDK1/
Akt/mTOR/p70S6K cascade in the blood cells, Akt
activation via phosphorylation at the Ser473 residue
mediated by mTORC2 complex was studied. There
were no significant changes of phospho-Akt amount
in patients with diabetes compared to control group
(P > 0.05). However, we observed significant (~1.5
times) increase in the content of phosphorylated
PRAS40 and p70S6K in patients with T2D (Table 2)
that indicates the higher level of activity of insulin-
dependent Akt/mTOR/p70S6K signaling under T2D.

The effects of insulin and IGF-1 in the cell are
transduced through the insulin receptor substrate
(IRS1), PIBK/PDK1/Akt/mTOR/p70S6K, and Ras/
MAPK signaling cascades. Ligand-induced activa-
tion of IGF-1 receptor (IGF-1R) leads to associa-
tion with adaptor proteins complex Shc/Gab-1 that
results in increased expression of genes involved in
the control of cell proliferation. A distinctive feature
of insulin receptor (IR) activation is enhanced IRS-
1-phosphorylation associated with induction of genes
involved in the control of metabolic pathways [7]. In
addition, there are data that IGF-1 can activate the
mTOR through MAPK [8].

Insulin and IGF-1 activate phosphoinositide-
3-kinase (PI3K) and PDK-1, with further activation
of Akt [9]. Akt is a key enzyme in the IRS/PI3K/

PDK1/Akt/mTOR/p70S6K signaling pathway, which
controls the activity of transcription factors, cell cy-
cle regulators, apoptosis and cell survival [10, 11].
There is tight relationship between PDK1, Akt and
the mTOR complexes through the two sites of phos-
phorylation - Thr308 and Ser473. Energy charge,
the ratio of ATP/AMP concentration, can also de-
termine the active and inactive state of Akt and
the sites of phosphorylation. The high ATP/AMP
ratio activates mTORCL1 and energy-consuming
synthetic processes. Under nutrient-deprived condi-
tions, active FoxO (forkhead box protein O) enhan-
ces expression of Rictor, thus promoting mTORC2
activity [12]. There are increasing evidences that
selective mTORC1 inhibition can elicit increased
phosphorylation of Akt at Ser473 and thus attenuates
the signal effects on tumor cell proliferation [13, 14].

It is known that in patients with T2D, mTORC1
and p70S6K activities are increased, that lead to
phosphorylation of IRS-1, disruption of the insu-
lin signaling pathway and, as a result, to insulin
resistance [7, 15]. Increasing content of phospho-
rylated PRAS40 and p70S6K confirms the activa-
tion of the PI3K/Akt/mTORCL signaling pathway
in patients with T2D perhaps as a consequence of
hyperinsulinemia. Phosphorylation of Aktl-1 sub-
strate - PRAS40 regulates mTOR1 activity [16, 17].
PRAS40 binds Raptor, preventing the mTORC1
kinase from interaction with its substrates, and
p70S6K, in particular. Phosphorylation of PRAS40
causes its sequestration from the mTORC1 com-
plex and, thus, activation of the latter. Activated
mTORCL1 phosphorylates the hydrophobic motif of
its downstream substrate p70S6K1 in order to initi-
ate translation [18, 19]. Ribosomal protein S6 kinase
is also involved in the PI3K-pathway and regulates
protein synthesis and biogenesis of ribosomes [20].
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We observed significant increase of p70S6K1-phos-
phorylation in PBMC of patients with diabetes. To-
gether, these data indicate the activation of the Akt/
mMTOR/p70S6K kinases of the insulin cascade. It is
known that p70S6K1 phosphorylates Rictor to inhib-
it mTORC2 [21, 22] that may affect the Akt Serd73
phosphorylation.

Thus, despite the absence of Akt activation
by mTORC?2, the activation of the final kinases of
Akt/mTORC1/p70S6K1 cascade in blood cells was
observed. Obviously, the Akt and the downstream
kinases are activated through Akt phosphorylation
on Thr308 by PDK1. Apparently, one can talk about
the reciprocal interdependence of phosphorylation
and activation of Akt. That is why, the activation of
kinase, depending on the cellular context, does not
occur according to the scheme Thr308 and Ser473,
but - Thr308 or Ser473. It is also possible that the
MAPK signaling pathway, mediating the effects of
IGF-1, can be also involved in the insulin cascade
activation.

PBMC, are involved in the pathogenesis of can-
cer, diabetes, atherosclerosis and other serious dis-
eases. It was suggested that peripheral blood mono-
cytes might be more important in the development
of insulin resistance than skeletal muscle or adipose
tissue [23]. Therefore, the study of signaling mecha-
nisms in these cells and their disfunctions may be
important for the diagnosis and prognosis of the de-
velopment of diabetes and other chronic diseases.

Conclusions

1. The PI3K/Akt signaling cascade in PBMC of
patients with type 2 diabetes is functionally active.
Insulin signaling is not impaired. The activity of the
PI3K/AKT/mTOR/p70S6K1 cascade in the blood
cells of patients with T2D is significantly higher than
in the control group that is probably due to high lev-
els of insulin and IGF-1 in the blood.

2. mTORC?2 seemingly is not involved in en-
hancing Akt/mTORC1/p70S6K1 activation in PBMC
of patients with T2D. Phosphorylation of PRAS40
and p70S6K1 indicates mTORCL1 activation. Ac-
tivation of Akt and mTORCL in PBMC of patients
with T2D can be via insulin-mediated PDK1 or IGF-
1-mediated MAPK cascade.
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KACKAJZIY PI3K/Akt/mTOR/p70S6K 1

B MOHOHYKJIEAPHUX KJIITHHAX
MEPUPEPUYHOI KPOBI MAIIICHTIB
3 IYKPOBUM JIABETOM 2-ro TUITY
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HoBiTHI IOCHIIKEHHS IOBEJIM ITiIBUILCHUN
PU3HMK paKy y XBOPHUX Ha LyKpoBui niader. Cur-
HaipHUH nuIax PI3K/Akt/mTOR/p70S6K1 Bimirpae
BaXJIMBY pOJIb y MaToreHe3i paky Ta miadery. Me-
TOI0 LbOTO JOCHIJKEHHsSI OyJ0 BH3HAYCHHS CTa-
Hy akTUBHOCTI KiHa3 kackamy PI3K/Akt/mTOR/
p70S6K1 y mepudepuyHUX MOHOHYKJIICAPHUX
kiritnHax kpoBi (PBMC) mamientiB i3 miabetom
2-ro tuny (T2D) BigHOCHO KOHIIEHTpAIlii iHCYTiHY
Ta iHCynmiHOMOAiOHOTO (hakTopa pocty (IGF-1)
y TmaasMi  KpoBi. MeTomoM  iMyHOEH3MMHOTO
aHaJizy JIOCIiJKyBalu piBeHb iHCyniHy Ta IGF-1
y Iuasmi KpoBi, a Takox BMIcT Qochopuiopa-
Hux ¢opm Akt (Serd73), PRAS40 (Thr246) ta
p70S6K (Thr389) y PBMC. Iloka3aHo, 1o B mia3mi
kpoBi xBopux Ha T2D pisens incyniny ta IGF-1
nigBunryBaBcs. DocdopriryBaHHS Ta aKTUBAIisd
Akt-xomruiekcom MpoTeTHKiHA3U mTORC2
HE crocTepirainuch. Y TOH JX€ Yac BiJIHOCHUH
piBeHb QochopunyBanns inridiropa  mTORCI,
PRAS40 Ta iforo cyberpary, p70S6K OyB BUIIIM
y PBMC xBopux Ha T2D TOpiBHSHO 3 KOHTPOIIb-
HUMH 3HadYeHHAMH. Lli maHi cBig4ate mpo Te, 110
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¢dochoinozutuazanexna nporeinkinaza 1 (PDKI1)
i, MOXJHBO, MITOICHAKTHBOBaHA IPOTEIHKIHA3A
(MAPK) moxyTb onocepeakoByBaTu epextn [GF-1
oo aktuailii Akt 3a niadety 2-ro THiy.

Knwouosi ciaoBa: MOHOHYKJIeapHi
KIiTHHE TnepudepuuHoi kposi, Akt, PRAS40,
p70S6K, iHcyniH, iHCYyTiHONOAIOHUH aKTOp pOCTY,
LYKPOBUH 1ia0eT 2-To TUITY.
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