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The enzymes adenosine deaminase (ADA), dipeptidyl peptidase 4 (DPP4) and
glutaminase (GL) are involved in the development of both the type 1 (T1DM) and
type 2 diabetes mellitus (T2DM). They can be considered as targets in the
prevention and/or treatment of these diseases. The autoimmune response of the
body is caused by the post-translational protein modifications, one of which is
protein citrullination, when arginine residue transforms to citrulline. This work
compares the ADA, DPP4, GL enzymes and protein citrullination in blood plasma
from T1DM, T2DM patients and relatively healthy individuals. The enzymes were
isolated and purified from the blood samples. We found that DPP4 activity was
significantly higher in the plasma of patients compared to controls, particularly in
T1DM. Currently the medicines based on DPP4 inhibitors are used in the treatment
of T2DM. Our results indicate that this treatment strategy can be recommended in
the TIDM treatment as well.
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Introduction. Diabetes mellitus (DM) is a heterogeneous group of diseases
characterized by high blood glucose level [1]. The disturbance of the functions of
islet B-cells and inadequate secretion of glucagon leads to the overproduction of
glucose by the liver and its insufficient use by peripheral tissues [2]. For a long time,
diabetes was not considered as a disease posing a big problem for world health, but
now it ranks fourth or fifth leading causes of death [3]. All forms of diabetes are
characterized by chronic hyperglycemia and the development of pathology of retinal
microvessels, renal glomeruli and peripheral nerves. Diabetes is one of the main
causes of blindness, end-stage mellitus renal disease and various neuropathies [4].
The long-term high glucose level can result in heart diseases, strokes, kidney failure,
diabetic retinopathy and reduced blood flow to limbs, leading to blindness,
amputation, etc. [5].

Generally, two main forms of DM are known: type 1 and type 2.

Type 1 diabetes (T1DM) is a polygenic disease and risk of its development is
associated with more than 50 genes [6]. T1DM accounts for 5 to 10% of all diabetics,
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but there is not any remedy, which can prevent it [7]. T1DM most commonly results
from autoimmune-mediated destruction of pancreatic B-cells leading to absolute
insulin deficiency. To survive and prevent the development of ketoacidosis, people
are forced to take exogenous insulin. T1IDM often develops in young people and is
accompanied by other autoimmune diseases [8—10].

Type 2 diabetes mellitus (T2DM) is characterized by high blood sugar, insulin
resistance, or abnormal insulin secretion [11]. It is a result of resistance of muscle,
adipose tissue and liver cells toward insulin, which leads to insufficient utilization
of sugar. The pancreas does not produce enough insulin to regulate blood sugar level.
Symptoms include increased thirst, frequent urination, and weight loss [12].

The post-translational protein modifications are considered among the main
reasons for autoimmunity development. The catalyzed by peptidyl arginine deimi-
nases (PAD) protein citrullination is one of these modifications, when the arginine
residues are transformed into citrulline. Increased PAD expression and protein citrul-
lination are involved in various pathologies such as Alzheimer’s and Parkinson’s
diseases, multiple sclerosis, psoriasis, cancer, rheumatoid arthritis, and other [13].
There are cases of co-occurrence in individuals and families of autoimmune diseases,
for instance, rheumatoid arthritis (RA) and TIDM [14]. The inhibition of PAD
resulted in the retardation of TIDM development in laboratory animals [15]. The
development of TIDM upon infection with SARS-CoV-2 was considered as a
consequence of PAD expression and increased protein citrullination [16].

The widespread in mammalian tissues multifunctional enzyme adenosine dea-
minase (ADA, EC: 3.5.4.4) is a key enzyme in the metabolism of purine nucleosides.
It catalyzes the deamination of adenosine to inosine, participates in functioning of
the immune, nervous and vascular systems [17, 18]. ADA activity increases in bio-
logical fluids in various pathologies leading to decrease of the level of its substrate,
adenosine. The assessment of the enzyme level is recognized as an ADA-test in the
diagnosis of several diseases [19]. The small molecular form of intracellular
mammalian ADA (SADA) is a catalytically active monopeptide with a molecular
mass (Mm) of 3242 kDa. Its large extracellular form (LADA, Mm > 260 kDa) is a
non-covalent complex of SADA with dipeptidyl peptidase 4 enzyme (DPP4). The
described in our works accumulation of SADA in synovial fluids at RA was a
consequence of autoimmune nature of this pathology [20], when SADA citrullina-
tion prevented its interaction with DPP4 and transformation into LADA [21, 22]. At
T2DM, the observed increase of ADA activity in blood plasma, can lead to changes
in immunity and exacerbation of the pathogenesis [23, 24].

Dipeptidyl peptidase 4 (DPP4, EC: 3.4.14.5) is a serine protease that cleaves
dipeptides from the N-terminus of polypeptides with proline or alanine in the
penultimate position. It is present in mammalian tissues in two forms, localized on
cell membranes and circulating [25]. DPP4 is involved in metabolism of peptide
hormones, cytokines, and other substrates [26], in activation and proliferation of T
cells [27]. In particular, DPP4 inactivates the incretin hormones glucagon-like
peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP), which promote glucose-
dependent insulin secretion by pancreatic B-cells [28]. DPP4 inhibitors prolong the
lifetime of these hormones, improve glucose level and the functioning of B-cells [29].
Currently, the Pharmacopoeias in many countries have recognized a number of
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DPP4 inhibitors for treatment of T2DM, many others are at the stage of preclinical
and clinical studies as potential anti-diabetics [30-32].

v-Aminobutyric acid (GABA), is the most important inhibitory neurotransmitter
of mammalian central nervous system. In diabetes, GABA displays anti-inflammatory,
immune-modulatory, trophic and antidiabetic activities stimulating proliferation of
pancreatic B-cells, synthesis and release of insulin [33]. Administration of GABA-
generating glutamine and ethanolamine-O-sulfate (EOS) to laboratory rats, reduced
streptozotocin and alloxan stimulated experimental hyperglycemia [34, 35]. The
addition of EOS, GABA and glutamine to pancreatic -cell culture increased the
release of insulin [36]. Glutaminase (Gl, EC: 3.5.1.2, glutamine hydrolase) converts
glutamine to glutamate, a precursor of GABA. In mammalians, multiple tissue-
specific forms of Gl are presented [37]. There are evidences that Gl is involved in
normalization of homeostasis at T2DM [38]. Studies have shown that glutamine
synthesis was accelerated in liver of rats with streptozotocin-induced diabetes
compared to control animals [39]. In damaged mitochondrial membranes of diabetic
rats, the Gl activity was increased by ~2.5 times, suggesting Gl involvement in
pathogenesis of diabetes.

The aim of this work was to compare the peculiarities of DPP4, ADA and Gl
enzymes activities in the blood plasma from patients diagnosed with TIDM and
T2DM and healthy individuals (Control group). The protein citrullination in blood
plasma and in the purified from plasma enzymes, was evaluated for all three groups.

Materials and Methods.

Participants. The study involved patients with TIDM (male, » = 32; female,
n = 15), at the age of three months-old to 15 years old. According to the analysis
conducted in the Department of Endocrinology of “Muratsan” University Hospital,
the absence of macrovascular disease in patients with T1DM was confirmed by the
absence of a cardiovascular abnormalities. The absence of microalbuminuria was
proved by measurement of urinary albumin/creatinine ratio. The TIDM patients
were treated with the fast acting (Humalog), long acting (Glargin), intermediate
acting (HumulinN) and regular (HumulinR) human insulin.

The T2DM patients (male, n = 18; female, n = 10), at the age of > 50 years
old were treated with different doses of Metformin and Diabeton. The study involved
5 healthy individuals (male, n = 3; female, n = 2) as a Control group.

All participants were examined early in the morning, fasted, avoiding
caffeinated beverages, cigarettes and strenuous exercise since the previous evening.

Chemicals. L-citrulline, diacetylmonoxime (DAMO), thiosemicarbazide
(TSC), substrates of ADA (adenosine), Gl (glutamine), and DPP4 (Gly-Pro-p-
nitroanilide-p-toluenesulfonate salt, Gly-Pro-pNA) were purchased from “Sigma
Aldrich Ltd” (USA). Other reagents were of the highest purity available.

Equipment. UV-Vis measurements were carried out on the Cary 60 spectro-
photometer (USA). The Bio-Rad PowerPac™ Basic equipment was used for PAGE
electrophoresis.

Purification of ADA, DPPIV and Gl. The enzymes were purified up to
electrophoretic homogenous state using gel-filtration and ion-exchange chromato-
graphy procedures, as described earlier [40, 41].
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The ADA activity was assayed by the phenol-hypochlorite colorimetric
method, evaluating the amount of ammonia, liberated in the catalyzed deamination
of adenosine, measuring the absorbance of the assay mixture at 630 nm [40]. Gl
activity was examined by the same method of evaluation of ammonia liberated in GI
catalyzed glutamine-glutamate conversion. The assay mixture in 0.5 mL of 0.08 M
K-Na phosphate buffer, pH 8.4, contained 2 mM glutamine and an aliquot of the
sample under study. Ammonium sulphate was used as a standard [40].

DPP4 activity was evaluated measuring the absorbance at 383 nm of pNA,
liberated from the enzyme substrate Gly-Pro-pNA in the catalyzed enzymatic
reaction [41].

Activities of all enzymes were expressed in international units (U/L, umol of
the reaction product per minute) or by the absorbance of the activity assay solution
at the corresponding wavelength.

Determination of Citrulline. The presence of citrulline in protein samples was
examined using the colorimetric assay based on the specific reaction of DAMO with
ureido group under highly acidic conditions according to the method of Boyde, as
described earlier [42, 43].

Polyacrylamide Gel Electrophoresis. PAGE in native conditions was
performed in Tris-glycine buffer, pH 8.3, according to the method of Davis et al.
[44]. The electrophoresis was carried out at 100—120 V, 2 A, and 25°C. The gels were
stained with 0.3% Coomassie Blue G-250 and washed with 7.5% acetic acid.

Gel-filtration Chromatography. The gel-filtration procedures on Sephadex
G-200 columns were running with 10 mM phosphate buffer, pH 7.4, containing 0.1 M
KCI at room temperature. Fractions of 2 mL were collected and the elution profile
was monitored by protein absorption at 280 nm. The free volume of the column, V,,
was estimated from the yield of dextran with a molecular mass of 2000 kDa.
Activities of the studied enzymes were assayed in all fractions.

Statistical Analyses. Statistical analyses were performed using InStat soft-
ware, version 3 for Windows (“GraphPadSoftware Inc.”, CA, USA). The unpaired
two-tailed #-test with Welch correction was applied. Results were expressed as mean
values = S.E.M.

Results.

Parameters of Blood Plasma. The study used 80 blood plasma samples, of
which the Control group included 5 samples, the number of samples from T1DM
patients was 47 and from T2DM patients was 28.

Three groups of blood plasma samples were characterized by the average
values of glucose level, protein citrullination and the activities of the enzymes under
study (Tab. 1). The number of samples, n, over which the given parameter is
averaged is indicated.

Table 1

Characteristics of the studied blood plasma (mean + standard error, n — number of samples)

Group Glucose, Citrulline, ADA, DPP4, GL,
mM; n g/L;n U/L;n U/L;n U/L;n
Control 57+0.1;5 8.0+£3.1;5 34+£0.5;5 48 £0.57;4 23+0.1;4
T1DM 164 +£2.1;25 10.0 £3.8; 10 4.1+0.5;47 121 £8.6; 9 1.9+03;5
T2DM 16.5+1.9; 12 7.5+3.4;10 3.7+0.7,28 41 +7.6; 10 32+0.7;11
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According to the presented data, high glucose level in the T1DM and T2DM
groups compared to the control was registered. It is worth to note that there was
approximately 3-fold (p < 0.01) higher DPP4 activity in T1DM group compared to
the other two groups.

Gel Filtration of Blood Plasma on Sephadex G-200,, Containing Column.
The blood plasma samples from Control (n = 5), TIDM (n=21) and T2DM (n = 15)
groups were subjected to gel-filtrations on columns filled with Sephadex G-200y,.
The applied sample volume / column volume ratio usually was approximately 1/100.
As 1s described in the section “Methods”, in collected 2 mL fractions, the absorbance
at 280 nm and the activities of the studied enzymes were measured. The obtained
data were used for creation the diagrams, which served as the basis for the
development of the separation scheme and further purification of the studied

enzymes. Fig. 1 shows an example of diagram of gel filtration on Sephadex G-200,
column of the blood plasma sample.
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Fig. 1. An example of diagram of blood plasma gel filtration on Sephadex G-200m column. Aaso —
protein absorbance (0); A3s3 — DPP4 activity (®); Asso — Gl (A) and ADA (A) activities.

Purification of Enzymes from Blood Plasma. After described gel filtration
on Sephadex G-200,, columns, the fractions of the enzymes of interest were pooled
separately for each of the studied groups. The combined fractions were used for
purification of the enzymes applying usual gel filtration and ion exchange chromato-
graphy procedures. The purified preparations of the enzymes were analyzed by
PAGE, as is described in the section “Methods”. The results are shown in Fig. 2.
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Fig. 2. Electropherograms of ADA, Gl, and DPP4 purified from the blood plasma of Control, TIDM
and T2DM groups.

Purification of Dipeptidyl Peptidase 4. To purify the DPP4 enzyme, fractions
with the ratio of the yield volume to the free volume of column (V¢/V,) from 1.1 to
1.3, corresponding to the interval of molecular mass (Mm) between 260 kDa and
210 kDa were taken. Tab. 2 shows the values of DPP4 activity after gel filtration for
T1DM, T2DM and Control groups, expressed as absorbance at 383 nm and averaged
for the n processed samples.

The average DPP4 activity for TIDM in Tab. 2 is by 2.7 times higher than in
the Control group (p < 0.01) and two times higher than in the T2DM group. These
results are in concordance with the 3-fold higher DPP4 activity in the blood plasma
of T1DM patients compared to the Control group (Tab. 1).

Table 2

The DPP4 activities in the fractions after gel filtration on G-200m
(n is the number of processed blood plasma samples)

Group n Asgs

Control 5 0.15+0.03
TIDM 13 0.41 £0.04
T2DM 10 0.21 +£0.02

The gel filtration eluates of the enzyme were collected by three indicated
groups and used for purification. The combined DPP4 fractions were subjected to
repeated procedures of ion-exchange chromatography on DE-cellulose and gel-
filtration chromatography on G-200sr columns. These procedures resulted in the
preparation of the enzyme showing two protein bands on the native slab PAGE (Fig.
2). It worth to note that the DPP4 fractions possess ADA activity, because DPP4 usually
is presented as ADA-DPP4 complex known also as the large molecular mass ADA
(LADA). The appearance of two bands in Fig. 2 electropherograms can be explained
by the heterogeneity of the obtained DPP4 sample due to the different steps of
saturation with ADA of DPP4 molecules. This is in accordance with the not shown



BALAGYOZYAN R. R., KARAPETYAN L. G., SHAROYAN S. G., etal. 275

two DPP4 activity peaks in gel-filtration diagram of purified enzyme, when the high-
molecular peak possessed significant ADA activity, but the second one did not.

Tab. 3 shows the specific activities (Aszg3/Azs0) and the level of citrullination
(As30/Azg0) of DPP4 preparations purified from the high molecular fractions of the
blood plasma for three studied groups. According to these data, the specific activities
of DPP4 in three groups do not differ significantly contrary to the enzyme activity
in the non-purified samples shown in Tabs. 1 and 2.

Table 3
Characteristics of purified DPP4 preparations
Group A3s3/Aaso As30/A2s0 As30/Ass3 As30/A2s0 Ae30/Ass3
Control 0.35(4.2) 0.13 0.37 0,29 1,1
T1DM 0.25 (0.75) 0.07 0.28 0,1 0.26
T2DM 0.2 (1.7 0.31 1.55 0,15 0.25

The citrullination per unit of DPP4 activity (As3o/Asss ratios) shows low value
in the preparation from the blood plasma of the T1IDM group. The level of
citrullination per unit of DPP4 activity in T2DM group is ~ 4-5 times higher than in
the enzyme from the Control and T1DM groups.

Tab. 3 shows also the specific ADA activities (Ae30/Azs0) in the purified DPP4
preparations. For the preparation from T1DM and T2DM groups these values are
lower than for Control group by 3 and 2 times, respectively. This finding is
confirmed by ~3.5 times lower ratios of ADA/DPP4 activities (As3o/Ass3) for DM
preparations as compared to the Control group. Hence, the saturation of the ADA
binding sites on the DPP4 molecule at diabetes is low. Taking in account the
significance of ADA-DPP4 interaction for potentiation of T-cells proliferation [45],
the hindrance of this interaction can be considered as one of possible mechanisms of
immunity diminishing at DM.

Purification of Small Molecular Isform of ADA (SADA). After gel filtration
on Sephadex G-200, column, the SADA fractions (V/V, between 2.1 and 2.4;
Mm = 45-30 kDa) of blood plasma were combined separately for each group.
The collected fractions were used for SADA purification (electropherograms shown
in Fig. 2).

Table 4
Characteristics of purified SADA preparations
Group As30/A280 As30/A280 As30/A630
Control 1.1 0.31 0.3
TIDM 1.03 4.1 3.98
T2DM 0.36 5.7 15.83

Tab. 4 shows the specific activity (As3o/Ax2go), the level of protein citrullination
(As30/Azs0) and the citrullination per unit of enzyme activity (Asso/Aszo) for the
purified SADA preparations. According to these data, the specific activity of SADA
purified from the plasma of patients with T1DM is close to the activity of the
preparation of Control group, while the preparation obtained from the blood of
T2DM group it is ~3 times less.
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Citrullination increases in the range Control < TIDM < T2DM by 13 and 18
times, respectively. Correspondingly, the levels of citrullination per unit of SADA
activity in TIDM and T2DM groups are higher than in Control group by 13 and 53
times, respectively (Tab. 4, third column).

Purification of Small Molecular Gl. According to the available scientific
publications, the isoform of Gl with the molecular mass less of 30 kDa, is poorly
studied. After gel filtration of all the blood plasma samples on Sephadex G-200n,
column (Fig. 1), the fractions with V. /V, from 2.4 to 2.6 (corresponding to Mm =
30-15 kDa) were combined separately for three groups. The obtained solutions were
subjected to usual gel-filtration and DE-cellulose ion-exchange chromatography
procedures, and the low molecular isoform of Gl was purified (electrophoregrams
are shown in Fig. 2).

Table 5

Characteristics of preparations of low molecular Gl purified from blood plasma

Group Ag30/A2so As30/Azs0 As30/As30
Control 5.2 2.8 0.54
TIDM 13.2 6.4 0.5
T2DM 23 3.1 0.13

Tab. 5 shows the characteristics of the Gl preparations purified from the blood
plasma of the studied groups. The values of specific glutaminase activity (Aezo/A2s0),
specific protein citrullination (Asso/A2s0), as well as the citrullination per unit of
enzyme activity (As3o/Ae3o) are demonstrated. According to the presented data, the
values of the specific activities of purified Gl increase in the following order: Control
< T1DM < T2DM. The level of citrullination is not consistent with this order:
Control = T2DM < T1DM. The third column shows that the level of citrullination
per unit of Gl activity for the T2DM group is by =4 times lower than for the Control
and T1DM groups. i.e. T2DM < T1DM = Control.

Discussion. In the “Introduction”, we mentioned the involvement of
citrullination in development of autoimmune processes and increased expression of
PAD and protein citrullination in several pathologies such as: Alzheimer’s and
Parkinson’s diseases, multiple sclerosis, psoriasis, oncology, rheumatoid arthritis and
experimental T1DM [13]. However, in the present study, we did not find a significant
difference in the degree of protein citrullination in the blood plasma from T1DM and
T2DM patients compared to Control (Tab. 1). According to the literature, the
autoimmune nature of TIDM in 90% of cases is caused by the presence of
autoantibodies to the components of pancreatic B-cells: insulin, glutamic acid
decarboxylase, zinc transporter 8 (ZnT8) and secretory protein IA-2 [46], which
explains our results. In the pre-symptomatic stage, TIDM is characterized by the
presence of two or more autoantibodies toward B-cells. We assume that even if
citrullination phenomenon participates in the development of autoimmunity in
T1DM, it is expressed less significantly compared to the above-mentioned causes of
autoimmunity towards autoantibodies to the components in pancreatic B-cells.
Therefore, the citrullination was not detected in our study.

The absence of a significant difference in the levels of ADA activity in the
blood plasma of the three studied groups (Tab. 1) is an expected result, since ADA
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level can be influenced by many factors of a living organism. In the purified ADA
preparations, the ratio of the citrullination degree to the ADA activity is the greatest
in the case of T2DM (Tab. 4), but not in the case of TIDM, as we expected.
Although, our previous studies demonstrated citrullination of ADA in RA, another
autoimmune disease [21].

Despite of detected protein citrullination in the blood plasma (Tab. 1) and in
the purified enzyme preparations (Tabs. 3—5), there was no indication of the presence
of citrullinated proteins in the native PAGE electropherograms. In contrary the slow
mobility of citrullinated ADA from synovial fluids of RA patients was observed in
our previous study [47].

However, in TIDM patients we observed a 3-fold increase in DPP4 activity
in both, plasma samples and after the first gel filtration on Sephadex G-200
(Tabs. 1 and 2). Increased activity of DPP4 in T1DM patients, as well as its
correlation with the TIDM pathophysiology was mentioned by other researchers
[48-50]. It is known that DPP4 inactivates the incretin hormones GLP-1 and GIP.
These hormones are secreted in intestine after a meal and promote glucose-
dependent insulin secretion by pancreatic B-cells [30-32]. DPP4 is involved in
immune cell-mediated modulation of inflammation and [-cells destruction.
Therefore, as is mentioned in the Introduction, DPP4 inhibitors prolong lifetime of
GLP-1 and GIP hormones, regulate glucose level and the functioning of B-cells by
increasing their activity [33]. DPP4 inhibitors reduce insulin dependence, improve
B-cells function and attenuate autoimmunity. The review [51] summarizes the data
on the role of DPP4 inhibitors in the potential delay of T1DM progression.

However, the medical scientific literature-underlines that the currently applied
in T2DM antidiabetic medicines based on DPP4 inhibitors are not extensively used
in TIDM.

Based on the obtained in the present work results concerning increased DPP4
activity in plasma of T1DM patients, we can certainly recommend to use the drugs
based on DPP4 inhibitors which are used in T2DM, in the treatment of T1DM
patients as well.
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XAPAKTEPUCTUKM HEKOTOPBIX ®EPMEHTOB B IIJIASME KPOBU
BOJIBHBIX JUABETOM

®depmenTs! aaeHo3nHAe3amMuHa3a (AJ{A), mumentummmentuaasza 4 (A11114)
U TJIyTaMHHA3a YYacTBYIOT B Pa3BUTUH caxapHOro nuadera 1-ro u 2-ro tumna. ITH
(hbepMEHTbI MOXKHO paccMaTpuBaTh B KadyeCTBE MHIICHEH I MPO(OUIAKTHKH /
JICYEHUS MATOJOTHH. AYyTOMMMYHHAs PEaKIlisl OpraHu3Ma BBI3BIBACTCS MMOCTTPAHC-
JSIUOHHOW MOIU(UKAIMEH OSKOB U IUTPYJIMHUPOBAHUE OEIKOB, IPU KOTOPOM
apruHuH TpaHcpopMHUpYyeTCss B IUTPYJUIMH, SBISICTCS OJTHOW W3 TakuxX Moaudu-
Karuii. B pabote cpaBHeHBl ypoBHU akTuBHOCTeH AJIA, IIIII4, rmyTtamuHasbl 1
0eNKOBOE IUTPYJUIMHUPOBAHUE B TIa3Me KPOBH OTHOCHTENHHO 3OPOBBIX JIHUI] U
OONBHBIX caxapHBIM nuaderoM 1-ro u 2-ro tuna. depMeHTH U3 00pa3IoB KPOBU
OYHILIEHBI JIO 3JEKTPOHOpETUIECKO TOMOTEHHOCTH. B miazme OONBHBIX 3aperucT-
pupoBaHo moBbIiIcHUe akTUBHOCTH JII1[14, Gojee BbIpaKEHHOE IIPH CaxapHOM
muabete 1-ro tumna. IlonydeHHbBIE pe3ynbTaThI MO3BOJIIOT PEKOMEHIOBATh HCIIONb-
30BaHME JUIS JIeWeHUs caxapHoro nuabera 1-ro Tuma wHruOupyrommx 1114
JIEKApCTBEHHBIX NpENapaToB, NPUMEHSEMbIX B JICUCHUU caxapHoro auadera 2-ro
THUTIA.
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