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The aim of this study was to evaluate changes in the level of erythrocyte metabolism under conditions of hypoxia in patients with
traumatic disease in polytrauma depending on the components of intensive care (IC).

Materials and methods. A prospective study was carried out in 88 patients suffering from polytrauma in the period from 2015 to
2017. All the patients were divided into 2 groups, comparable by severity of trauma and condition. A special feature of the examined
patients was the staged surgical correction in all cases according to the Damage Control concept.

Patients from the Control group received an intensive care according to the standard local clinical protocol in polytrauma. Patients
randomized to the FDP group were treated with infusion of D-fructose-1,6-diphosphate sodium hydrate in addition to the standard
care. Hemodynamic parameters and cellular metabolism indicators were monitored: on admission to the operating room, after
24 hours, on day 3, 5 and 14.

Results. The signs of hypovolemia were equally severe in both groups on admission to the operating room. The FDP group
demonstrated more rapid stabilization of hemodynamics and improved myocardial contractility at the 3 day of IC.

The monitoring of acid-base balance and carbohydrate metabolism showed the presence of compensated metabolic acidosis
and energy deficiency. High indexes of lactate/pyruvate indicated a sharp imbalance in the ratio of aerobic/anaerobic metabolic
processes. The analysis of ATP dynamics displayed impaired mitochondrial ATP production and inhibition of the glycolytic pathway
of energy release.

Conclusions. Complementary systemic inflammatory response with the elevation of lactate level by the 5" day occurred in patients
with traumatic disease who underwent staged surgical correction. Optimization of intensive care resulted in a faster restoration
of the balance between aerobic and anaerobic metabolic processes, an increase in the level of ATP and the rate of 2,3-DPG
production in erythrocytes contributing to adequate oxygen supply to the tissues, supporting cellular respiration and preventing
the development of oxidative tissue damage, as well as helped to maintain compensatory mechanisms and reduce cellular hypoxia
ensuring adequate metabolism of vital organs.

MoKa3HMKHU KAITMHHOTO MeTaboAai3my B yMoBax Finokcii
Nnpy TpaBMaTUYHiK XBOPOO6i 3aAeXXHO Bia CXeMU iHTEHCUBHOI Tepanii

M. C. MatBeeHKo, 0. B. BonkoBa, |. B. Beno3bopos, K. €. LamyH, 0. B. Ps6os, B. O. MpoHiH

MeTa po60TH — OLIHUTY 3MiHW PiBHA METaboMNi3My epUTPOLIMTIB B yMOBaxX PO3BUTKY FMOKCIi y XBOPWX Ha TpaBMaTu4Hy XBOpoby
npu NoniTpaBMi 3anexHo Bif cknagy iHTeHcuBHOT Tepanii (IT).

Marepianu Ta Mmetoau. 3gificHunm NpocnekTMBHe JocnimkeHHs 88 navjieHTis i3 nonitpaemoto (2015-2017 pp.). XBopyx noginunu
Ha 2 rpynu, 3icTaBHi 3a TSKKICTIO cTaHy. OcobnmBicTio navieHTiB Byro Te, WO B yCix BUNaaKax XipypriYHy KOPEKLLito, 3a KOHLENLiieto
Damage Control, BukoHyBanu noetanHo. MavieHTy KoHTponbHOI rpynu (K) oTpuMyBany TpaguLiiiHy iHTEHCMBHY Tepanito, XBOpUM
rpynu FDP gopatkoBo npuaHadamm iHdyaii D-copykTo3o-1,6-andocdar Hatpiesoi coni rigparty. [ocnimkysani napameTpy reMo-
[LMHaMIKW, NOKa3HWUKW KITITUHHOTO MeTaboniaMy Ha Yac HaaXOMKEHHS, Yepe3 24 roauHu, Ha 3, 5, 14 noby.

Pesynitatu. MauieHT 060X rpyn nig Yac HaaXomKeHHs Manu O4HAKOBO BUpaxeHi 03Haku rinosonemii. Y xsopux rpynu FDP
crocTepiranu weuawy crabinisalito NokasHUKIB reMoguHaMiki Ta MoMiNLWeHHsi CKOPOYyBanbHOI 30aTHOCTI Miokapaa Ha tni IT
(yxe Ha 3 poby).

MOHITOPUHT KCOTHO-MY)XHOTO CTaHy i ByrieBOAHOr0 0OMiIHY Noka3aB HasiBHICTb KOMMEHCOBaHOMO MeTaboniyHoro aumaoay, Aedi-
uMTY eHeprii. BUCOKi 3Ha4eHHS! iHOeKCy nakTaT/nipyBaT CBig4MnM Npo piskuii gucbanaHc CniBBiAHOLLEHHS aepOBHWX/aHaepOBHNX
meTaboniyHux npouecis. Y pesynbrati aHanidy guHamiky ATO BU3HAUMMW NOPYLLEHHS MITOXOHAPIanbHOro B1pobneHHs AT Ta
iHriBYBaHHS MMIKOMITUYHOTO LNSXY 3BiNIbHEHHS EHEPTil.

BucHoBKM. Y XBOpYX Ha TpaBMaTu4Hy XBOpoOy B pasi XipypriYHOi KopeKLiii noeTanHo BigbyBaeTbCs AOAATKOBA aKTVBI3aLls peaKLii
CMCTEMHOI 3anarnbHoi BiZMoBiAi, L0 CynpOBOMKYETLCS MiABULLEHHAM piBHS NakTaty Ao 5 aobu. Ontumisalis iHTeHCMBHOI Tepanil
npw3Bena Ao LWBMALLIOTO BiJHOBNEHHS PiBHOBAr Mix aepobHUMM Ta aHaepobHUMM METab0MYHMMM MPoLIECaMM, MiABULLEHHS! PIBHSI
ATO®, wewuakocTi yTBOpeHHs 2,3-A0 B eputpouynTtax, TO6TO cnpusina NOBHOLHHOMY 3a6e3MneYeHHI0 TKaHWH KUCHEM, MiATpUML
KNiTUHHOTO AVxaHHS Ta 3anobirana po3BUTKOBI OKUCHOTO MOLIKOZKEHHS TKaHWH, crpusina NigTPUML KOMNEHCATOPHIUX MEXaHi3miB
i 3MEHLLEHHIO TiMNOKCii.
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MNokasareAu KneTOuHOro MeTaboAnama B YCAOBUAX TMNOKCUU
npu TpaBMaTMlIECKOﬁ 60Ae3HM B 3aBUCUMOCTH OT CXeMbl MHTEHCUBHOM Tepanuu

M. C. MatBeeHko, 0. B. BonkoBa, W. B. Benosépos, K. 3. LLlamyH, A. B. Psi6os, B. A. MpoHuH

Llenb paGoTbl — OLEHNTb M3MEHEHMUS YPOBHS MeTabonnama SpuTPOLIMTOB B YCTOBHSIX Pa3BUTHS TUMOKCKM Y GONMbHBIX TpaBMa-
TUYeCcKor 60Mne3HbIo Npu NONUTPaBMeE B 3aBMCUMOCTU OT COCTaBa MHTEHCMBHOM Tepanum (UT).

Marepuansi n meTtoabl. [poBeaeHo NpocnekTBHOe uccneposaHue 88 nauneHToB ¢ nonuTpasmon B nepuog 2015-2017 rr.
BonbHbIX nogenuni Ha 2 rpynbl, CONOCTAaBUMBIE MO TSHKECTU COCTOSIHNS. OCOBEHHOCTBIO NALMEHTOB ObINO TO, YTO BO BCEX CMy-
Yasix XMpYpriyeckyto KoppekLyto, cornacHo koHuenumm Damage Control, BbINONHANM NO3TanHo. BonbHble KOHTPOMNBHON rpynnbI
(K) nonyyanu TpagmumMOHHYI0 MHTEHCUBHYHO Tepanuio, naumeHTam rpynnel FDP gononHWTenbHO HasHavanu nHdy3aumn D-pyk-
T030-1,6-audbocar HaTpreBoii conu ruapata. Mayvanu napameTpbl reMogMHaMUKL, NoKasaTenu KNeTo4Horo metabonuama B
MOMEHT NOCTyNneHus:, Yepesa 24 yaca, Ha 3, 5,14 cyTku.

Pesynbrarhbl. [auneHTb 06eyx rpynn npy NoCTYNNEHNN UMENW OAMHAKOBO BbIPaXXEHHbIE NpU3Haku rvnosonemun. B rpynne FDP
Habnioganu 6onee GbICTPYto CTabKUNM3aLMIO NOKa3aTene reMoauHaMIKM 1 YNyyLLIEHe COKpaTUTENbHON CNOCOBHOCTM M1oKapaa
Ha (poHe NPOBEAEHWST MHTEHCUBHOI Tepanuu (yxe Ha 3 cyTki1). MOHUTOPUHI KMCMOTHO-LLEMNOYHOMO COCTOSIHWS U YINEBOAHOMO
obMeHa nokasarn Hanuuue KOMNEeHCUPOBaAHHOMO METabonMYeckoro aumaosa, aeduunta sHeprum. Beicokue 3HaueHust Haekca
nakTat/nupyBsat CBUAETENLCTBOBANM O Pe3koM AuchbanaHce COOTHOLLEHNS adpOBHbIX/aHaapOBHbIX METabONNYECKVX NPOLECCOB.
B pesynbrare aHanusa guHamukm AT® oTMeYeHbl HapyLLEHUS MUTOXOHAPWaNbHO BbIpaboTkn AT 1 MHTMGMPOBaHNS FIKONK-
TUYECKOro NyTW 0CBODOXIEHUS SHEPTUN.

BbIBoAbI. Y NaLMeHToB ¢ TpaBMaTYeckon 6one3Hbio B Cryyae XMpypruyeckoi KoppekLmMm nosTanHo NPOMCXOANT AOMONHUTEMb-
Has! aKTUBM3aLWS peaKLMI CUCTEMHOTO BOCTIANMTENBHOMO OTBETA, YTO COMPOBOXAAETCS MOBLILIEHNEM YPOBHS akTaTa o 5 AHs.
OnTUMM3aLMs MHTEHCKUBHOI Tepanum crocobcTeoBana bonee ObICTPOMY BOCCTAHOBIEHWIO PABHOBECUS MEXAY a3pOOHbIMM U
aHaapObHbLIMW METaboNMYECKMI MPOLIECCaMM, NOBBILLIEHUIO YpoBHS AT 1 ckopocTy 06pasoBanms 2,3-Ad0 B aputpoLumTax, To ecTb
0bycroBna nonHoLieHHoe obecreyeHne TkaHel KMCIOPOAOM, NOAAEPKaHNE KIETOYHOrO AbIXaHWs ¥ NPeAoTBpaLLeHe PasBUTUs
OKVCIUTENBHOTO MOBPEXAEHMS TKaHew, CnocobCcTBOBaNa noaAepaHuio KOMNEHCATOPHBIX MEXaHW3MOB 1 YMEHbBLLIEHHO TUMOKCUN.

Hypoxia is a condition characterized by a decrease in
the level of providing the body with molecular oxygen
(O,) or associated with a problem of gas utilization during
the implementation of intracellular acid-base reactions [1,2].

Respiratory, circulatory, hemic and tissue hypoxia lead
to a disruption of the processes of oxidative phosphoryla-
tion, the development of cellular hypoergosis, activation of
the anaerobic pathway of energy supply, disorders of normal
tissue metabolism [3]. At the cellular level, these shifts are
realized in the destruction of cell membranes due to the ef-
fect of reactive oxygen species at a level that overwhelms
the human antioxidative defense system. Activation of lipid
peroxidation is developing very rapidly and occurs mainly
in mitochondria of cells in the region of maximum damage
[1,4]. In addition, signs of oxygen deficiency may be due
to tissue and organ ischemia. However, under ischemic
conditions, pathogenetic mechanisms of their formation
are manifested not only by a decrease in oxygen tension
in biological tissues affected, but largely due to inadequate
delivery of energy substrates, primarily glucose [5]. In this
connection, ischemia has to be regarded as more serious
and dangerous phenomenon, since it underlies much faster
reduction in cellular energy potential. At the same time, there
is a decrease in the concentration of ATP, ADP, an increase
in the concentration of AMP and inorganic phosphate in
cells. It is known that ATP serves as a universal donor
of energy for the vast majority of anabolic reactions, it is
involved in the catabolism of carbohydrates, lipids and
proteins and necessary to maintain the structural integ-
rity of membranes, active transport of ions and other vital
processes. Therefore, it becomes clear that any decrease
in the ATP level entails disruption of a huge number of
interdependent biochemical processes [6,7].

Currently, a universal mechanism of adaptation to
hypoxia is the activation of anaerobic oxidation of glucose
in erythrocytes and increase in 2,3-diphosphoglycerate

Zaporozhye medical journal. Volume 23. No. 6, November — December 2021

(2,3-DPG) level (allosteric regulator of hemoglobin affinity for
0,). The following rule is very important to ensure adequate
energy exchange under hypoxia. A higher concentration
of 2,3-DPG in erythrocytes leads to easier hemoglobin-O,
unloading to peripheral tissues. Amelioration of hypoxia
was associated with activation of redox reactions and ATP
synthesis in mitochondria [8].

Hypoxia is the key link in the pathogenesis of systemic
inflammatory response syndrome, multiple organ failure
syndrome (MOFS) and traumatic disease (TD). This is
the result of impaired oxygen delivery to the tissues, in-
creased energy consumption, hypoperfusion and ischemia
[3,9]. Blood loss is the cause of reduced delivery of oxygen
and substrates to cells. This reverses the body metabo-
lism into an anaerobic pathway, which in its turn leads to
a decrease in ATP synthesis and indirectly reduces heat
production. At the molecular level, blood loss activates bio-
chemical cascades of inflammation and apoptosis, leading
to cellular damage and death [10-12].

Great efforts are being made in clinical and experimen-
tal studies to find ways to protect cells and tissues from
harmful factors and to facilitate metabolic recovery after
their exposure [13]. Numerous studies have shown that
the administration of antioxidants and antihypoxants along
with fluids led to a gradual increase in the survival rate of
patients. This is due to a significant reduction in oxidative
stress, inflammatory response intensity and normalization
of homeostasis [14,15].

Thus, interest in the study of a conventional glycolytic
intermediate, fructose-1,6-diphosphate (FDP), has in-
creased recently due to confirmation of its beneficial effects.
The various studies in vitro and in vivo evidence that FDP
causes cell and tissue protection in a variety of harmful
conditions and it may play a direct role in the regulation
of many metabolic pathways. Moreover, recent literature
describes protective effects of FDP against different harmful
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Table 1. General characteristics of the patients involved in the study, M £ SD

Test charactrsi, ns Control 0 =32 oppssy s e |

Mean age, years 352+£127
Body weight, kg 73.84 £ 11.86
t,, °C 35.77£0.17
Blood loss, % CBV 35.21£4.50
GCS, point 135+0.5
APACHE-II, point 15.25+2.70
ISS, point 26.8+4.1
PTS, point 199+6.4
RTS, point 5.971+0.852
Scale of the Department of Military Surgery, condition at admission, point 213133
TRISS, point 0.829 + 0.098

39.4£127 t=1.48 0.14
73.15+8.95 t=0.22 0.83
35.79+0.19 t=1.03 0.31
35.35+4.90 t=0.1 0.92
135405 W = 864 0.79
15.84 +2.60 t=0.85 0.39
299+45 t=1.56 0.12
20.7£35 t=0.62 0.54
5.787+0.783 W =2847.5 0.67
222+28 W=7125 0.1
0.814 +0.096 £0.62 0.54

tco: core body temperature; CBV: circulating blood volume; GCS: Glasgow Coma Scale; APACHE-II: Acute Physiology and Chronic Health Evaluation Score; ISS: Injury Severity Score;

PTS: Polytrauma score, Hannover; RTS: Revised Trauma Score; TRISS: Trauma and Injury Severity Score.
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factors on other tissues, such as brain, kidney, intestine,
liver, heart and bone [13,16].

Although the protective properties of FDP have been
extensively described in the current literature, the use of this
substance in the complex treatment of traumatic disease
has not been studied and remains open and relevant.

Aim
The aim of this study was to evaluate changes in the level
of erythrocyte metabolism under conditions of hypoxia in

patients with traumatic disease (TD) in polytrauma depen-
ding on the components of intensive care (IC).

Materials and methods

A prospective study of 88 patients (64 males and 24
females) suffering from polytrauma was carried out in
the period from 2015 to 2017. All the patients were divided
into 2 groups, comparable by severity of trauma and con-
dition (Table 1).

Patients from the Control group received an intensive
care according to the standard clinical protocol in poly-
trauma (Ministry of Health Care of Ukraine, Order No. 34,
January 15, 2014). Patients randomized to the FDP group
were treated with infusion of D-fructose-1,6-diphosphate
sodium hydrate 150 mg/kg in addition to standard care. It
was administered intravenously at a rate of 10 ml per minute
over 10 days from the time of admission to the operating
room [17]. The patients were randomized into the study
groups using a random-number table. A special feature of
the examined patients was the staged surgical correction
in all cases according to the Damage Control concept.
The volume of blood loss was assessed using Moore’s
formula [18]. Hemodynamic parameters were determined
according to the method of integral rheography, developed
by Kubicek and were processed on a DX-Reo complex by
“DX-Complex” (Ukraine) [19]. Agas analyzer OPTI CCA-TS
produced by “OPTI-Medical” was used to assess pulmonary
gas exchange function and acid-base balance.

Indicators of cellular metabolism were monitored: at
admission to the operating room, after 24 hours, on days
3,5and 14. The serum lactate level, whole blood pyruvate
in the patients was performed by enzymatic photometric
method [20]. The concentration of 2,3-diphosphoglyceric
acid in erythrocyte suspension and ATP in erythrocytes was

determined by spectrophotometric method [21]. All studies
were conducted in accordance with the Council of Europe
Convention on the Protection of Human Rights and Human
Dignity in Connection with the Application of Biology and
Medicine: Convention on Human Rights and Biomedicine
(ETS No. 164) of 04.04.1997; the Helsinki Declaration of
World Health Association (2008) and were approved by
the Commission on Ethics and Bioethics of the School of
Medicine V. N. Karazin Kharkiv National University. Awritten
informed consent was obtained from each study participant
or his legal representative, and all measures were taken to
preserve patient anonymity.

Statistical processing of the results obtained was per-
formed using the software IBM SPSS Statistics Premium
Faculty Pack 20.0 and IBM SPSS Statistics Author Pack
20.0 (License No. 5725-A54). When comparing the results,
depending on the normality of sample distribution, the Stu-
dent t-test or the non-parametric Wilcoxon W-criterion were
used to identify the significances.

Results

The signs of hypovolemia were equally severe in both
groups on admission to the operating room. It was a result
of massive blood loss. All patients had hypotension (mean
arterial pressure (MAP) was less than 65 mmHg) [22],
tachycardia (heart rate (HR) exceeded 100 bpm), decrease
in cardiac stroke index (CSI) (below 30 mi/m?) and cardiac
index (Cl) (less than 2.5 I/min/m?) [23] and a compensatory
increase in total systemic vascular resistance (SVR) (Table
2). Further follow-up showed gradual stabilization of hemo-
dynamics and improvements in myocardial contractility on
the IC in both groups. A significant increase in MAP was
observed as compared to the initial level (Control group by
40 %, FDP group by 58 %), cardiac stroke volume (CSV)
(Control by 28 %, FDP by 44 %), CI (Control by 21 %,
FDP by 57 %) on the 3rd day of hospital stay. In this case,
the FDP group had significantly higher rates of hemodyna-
mic parameter increase than the Control group. After the 5%
day, both groups showed total hemodynamic compensation.
Therefore, modified IC had an apparently positive effect on
patients with TD at polytrauma.

The monitoring of acid-base balance showed com-
pensated metabolic acidosis in both groups of injured at
the time of admission (Control group: pH = 7.29 + 0.02,
BE = -1.9 £ 0.3 mmol/l, pCO, = 35.2 + 1.3 mmHg;
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Table 2. Hemodynamic changes in acute and early periods of traumatic disease in polytrauma, M + SD

ngox unts Joroup __Jonaamisson | ater 24 hours L onaay3 On iy o day 14

MAP, mm Hg Control 60.0+4.8
FDP 624143
Hart Rate, bpm Control 126.0+£5.2
FDP 119.0+4.2
CVP,mmH,0 Control 74+42
FDP 82+48
CSV, ml Control 423+6.2
FDP 436+4.2
Cl, I/min/m? Control 2.30+0.21
FDP 210+0.34
CSlI, ml/m? Control 252+32
FDP 247+32
SVR, dyn-s-cm™® Control 1584 + 128
FDP 1626 £187

64.1£56 84.4£5.0 94347
79.7 £9.45* 97.8+3.7 100.2£5.3
114.0£53 1047 £7.6 96.7+5.2
105.0 + 3.4 98.7 £5.2* 91.8+54
180+73 424+45 482+54
221£5.7* 49.5+52 474£6.3
421£37 54232 60.4 3.6
54.8 £3.2 61.9£3.2" 63.7+£4.2
2.50£0.14 30£03 30£06
290 +£0.47* 33+0.3* 32+08
252+23 30.0+29 348+4.2
281+£12 34.2+55* 36.9+6.1
1737 £ 163 1497 + 112 1205 + 87
1754 + 111 1236 + 121* 1087 £ 79"

101.2+£4.8
101.1+£4.4
88.4+38
80.8+4.1
654+33
71.2+341
65.3+3.6
65.1+£3.5
3.0£04
3.0+02
376+4.2
389+25
1095 + 84
1018 £ 65

*: significance of differences between groups, P < 0.05.

Table 3. Dynamics of homeostasis indicators in the acute and early periods of traumatic disease in polytrauma, M + SD

mm At 2 howrs __on ay 3 O iy o iy 14

7.29+0.02
FDP 7.3110.01
BE, mmol/l K -1.9+0.3
FDP 211041
pCO,, mmHg K 352+13
FDP 348+15
Glucose, mmol/l K 78+33
FDP 79+23
Lactate, mmol/l K 3.62+0.11
FDP 3.56+0.16

7.32+0.01 7.32+0.02 7.39+0.02
7.34+0.01 7.39+0.02 743+0.01*
-3.7+0.1 34102 2101
-3.1+0.2* -1.7£0.2* -16+0.2
341+11 36.3+0.9 37.1+1.2
36.2+1.2 37.0£1.1 36.8+0.8
88+12 73112 56£08
7709 53+0.8* 41+£04*
4.22+£0.34 3.97+0.38 2.20£0.63
435%0.22 3.19+0.27* 2241025

7.44 £0.02
7.45+0.02
-1.310.1
-1.0£0.1
354+12
35.8+0.9
43+04
44105
1.89+0.71
1.90+0.38

*: significance of differences between groups, P < 0.05.

FDP group: pH = 7.31 £ 0.01, BE = -2.1 £ 0.1 mmolll,
pCO, = 34.8 £ 1.5 mmHg in venous blood). The normaliza-
tion of pH and base excess in the FDP group occurred as
early as on the 3" day, whereas in the Control group —only
on the 5" day (Table 3).

The compensatory mechanisms require increased
energy expenditure in critical conditions. But the main
pathogenic pathway related to centralization of blood circu-
lation is energy deficiency in cells. This occurs as a result
of metabolic switching to less energy efficient anaerobic
pathway. This was confirmed by hyperglycemia of up to
7.8 £ 3.3 mmol/l in the Control group and 7.9 £ 2.3 mmol/lin
FDP group (Fig. 1), as well as an increase in the lactate level
to 3.62 + 0.11 mmol/l and 3.56 + 0.26 mmol/l, respectively,
at the time of admission to the operating room. Increased
lactate level is a consequence of hypoperfusion caused by
MAP reduction in patients with traumatic shock, increased
level of catecholamines in response to injures, impaired
oxidative phosphorylation and a balance between anaerobic
and aerobic metabolism [24,25].

The analysis of anaerobic metabolism revealed in-
creased level of pyruvate (Control group — 108.8 + 22.2
mmol/l, FDP group - 117.1 + 18.0 mmol/l) and lactate (Con-
trol group 3.62 £ 0.11 mmol/l, FDP group 3.56 £ 0.16 mmol /1)
in both groups at the time of admission to the operating
room. In the next stages of the study, the pyruvate level
tended to gradually increase, probably due to the conversion
to lactate in conditions of oxygen deficit, and then gradually
normalized to the 14" day in patients of both groups. And

Zaporozhye medical journal. Volume 23. No. 6, November — December 2021

initially high index of lactate/pyruvate additionally pointed to
a sharp imbalance in the ratio between aerobic/anaerobic
metabolic processes (Fig. 2,3, Table 3).

The lactate level continued to increase after 24 hours
indicating the further suppression of aerobic energy pro-
duction pathway. The part of aerobic energy production
increased early on the 3 day. Moreover, in the FDP group
patients who additionally received D-fructose-1,6-diphos-
phate sodium salt hydrate, the lactate level decreased
significantly greater and faster than in the Control group
(Control group — 3.97 + 0.38 mmol/l, FDP group -
3.19 £ 0.27 mmol/l, P < 0.05) (Table 3). That was causally
linked to the development of traumatic disease and potential
body reaction in the systemic inflammatory response at
the stage of additional surgery. The delayed surgery was
performed in the Control group patients in the period of
4.7 £ 1.3 days, and in the FDP group patients — 4.5 + 1.1
days.

Hypoperfusion and hypoxia lead to cellular dysfunction
and a shift in the nature of metabolism toward the anaero-
bic pathway. In turn, glycolysis results in the development
of lactic acidosis. The fluctuations in the concentration of
main ischemia and hypoxia markers (lactate and pyruvate)
reflect the delivery and consumption of the major energy
substrate (glucose). It means adequate metabolism of vital
organs [24,26].

The data analysis showed a decrease in ATP levels
in both groups (Control group — 0.76 + 0.12 ymol/ml and
FDP group — 0.78 + 0.15 pmol/ml). Moreover, within 24
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hours after the onset of hypoxia, the concentration of ATP
continued to decrease. It was the evidence of impaired
mitochondrial ATP production and inhibition of the glycolytic
pathway of energy release. The systemic administration of
D-fructose-1,6-diphosphate sodium salt hydrate to FDP
patients increased energy potential and restored it by the 5%
day of TD indicating its pronounced energy-stabilizing prop-
erties (Fig. 4). Fructose-1,6-diphosphate is an endogenous
high-energy intermediate metabolite of the glycolytic path-
way. A potential advantage of using exogenously adminis-
tered D-fructose-1,6-diphosphate as the primary substrate
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Fig. 1. Dynamics of glucose levels in patients of the studied groups.

Fig. 2. Dynamics of pyruvate levels in patients of the studied groups.

Fig. 3. Dynamics of the lactate/pyruvate index in patients of the studied groups.
Fig. 4. Dynamics of ATP levels in patients of the studied groups.

Fig. 5. Dynamics of 2,3-DPG levels in patients of the studied groups.

is that one molecule of glucose produces two molecules
of ATP under anaerobic conditions. But one molecule of
fructose-1,6-diphosphate, which is metabolized in the same
conditions, produces four molecules of ATP since fruc-
tose-1,6-diphosphate does not require phosphorylation [27].

The analysis of the data obtained in the study also
showed a significant increase in red blood cell 2,3-DPG in
the patients of both groups even at admission to the opera-
ting room (up to 16.3 £ 1.3 mmol/l — the Control group,
15.9 + 1.2 mmol/l - FDP group), which was more than 3
times higher than the normative values, and suggested
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continuing effect of hypoxia. In our opinion, these changes
indicated an increase in the reserve capacity of the oxygen
transport system and were compensatory. By the end of
the 1% day, a significant increase in 2,3-DPG was observed
in both groups (25.7 + 2.1 mmol/l — Control group and
31.1 £ 2.2 mmol/l - FDP group, P < 0.001). Thereafter, on
the 34 day of IC, 2,3-DPG level was 29.8 + 2.2 mmol/l in
the FDP group patients, which was 82 % higher than the ini-
tial level and significantly (P < 0.001) exceeded the level of
this indicator in the Control group — 23.1 + 2.2 mmol/l. The
gradual decrease to normal values occurred from the 5™ to
the 14" day (Fig. 5). We assumed that the data obtained
were indicative of a higher level of erythrocyte availability for
oxygen donation by reducing the affinity in FDP group. This
was due to the uninterrupted functioning of the compensa-
tory mechanisms in the absence of phosphate deficiency
and it had been confirmed [28].

Discussion

Intravenously administered FDP is capable of being ac-
tively transported into cells and acting as an alternative
source of energy. It increases the production of ATP in
conditions where phosphofructokinase is inhibited (e. g.
by lactate) and preserves its own macroergic cell phos-
phates for pre-phosphorylation of hexoses. The relative
ATP production by anaerobic glycolysis is greater for FDP
than glucose [29,30].

Fructose-1,6-diphosphate is a substrate for the 2,3-di-
phosphoglyceric acid (2,3-DPG) formation. The concen-
tration of 2,3-DPG in the red blood cells of adults is a
functional value that varies depending on the body’s oxygen
demand. The maintenance of DPG in erythrocytes can
decline or increase rapidly enough upon changes of an
oxygen delivery mode [15,31].

Analyzing the clinical effects of FDP, several authors
noted that it may restore inhibited glycolytic activity in
the ischemic myocardium by regulating the effect on the gly-
colytic pathway, and also be a substrate for this pathway.
Other researchers have shown that FDP reduces the area
of tissue ischemia in experimental cerebral and myocar-
dial infarction and improves hemodynamics after cardiac
bypass [30]. Some data have demonstrated the absence
of hypotensive effect of FDP that allows using it in patients
with shock conditions and unstable hemodynamics [15]. In
our study, FDP group has shown more rapid stabilization of
hemodynamics and improvement of myocardial contractility
in the course of IC on the 3¢ day.

The results obtained after examination of polytrauma
patients with TD indicated changes in cellular metabolic
processes. The parameters tested were directly involved
in the cellular oxygen metabolism. The violation of oxygen
delivery to cells was a consequence of changes in systemic
circulation that accompanied acute blood loss.

The maintenance of red blood cells energy metabolism
is essential to prevent complications at the perioperative
period in polytrauma patients. Evaluation of clinical efficacy
of D-fructose-1,6-diphosphate sodium salt hydrate showed
increasing proportion of aerobic energy production pathway
as evidenced by a significantly (P < 0.001) lower lactate
levels by 20 % on the 3" day, corresponding to the data of
previous publications [6,8]. More rapid recovery of ATP from
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the 1¢ to the 5" day (P < 0.001) was found by analyzing
the energy potential performance of erythrocytes. The in-
crease in the reserve compensatory capacity of the oxygen
transport system due to the increase in 2,3-DPG occurred
at the end of the 1% day by 21 %. Therefore, the increased
2,3-DPG amount could have a positive effect on the pro-
cesses of oxyhemoglobin dissociation under conditions of
anaerobic metabolism in massive hemotransfusions with a
relative reduction in functionally active form of 2,3-DPG [15].
Thus, the administration of the proposed therapy with
the use of D-fructose-1,6-diphosphate sodium salt hydrate
had a positive effect on the parameters of homeostasis.

Conclusions

1. The increased lactate levels were found due to
the complementary development of systemic inflammatory
response by the 5" day at the stage of additional surgery in
patient with traumatic disease.

2. The analysis of the results showed that the opti-
mization of intensive care led to the faster restoration of
the balance between aerobic and anaerobic metabolic
processes, increase in the level of ATP and the rate of 2,3-
DPG production in erythrocytes contributing to adequate
oxygen supply to the tissues, supporting cellular respiration
and preventing the development of oxidative tissue damage,
as well as helped to maintain compensatory mechanisms
and reduce cellular hypoxia ensuring adequate metabolism
of vital organs.

3. Given this, the monitoring of cellular metabolism
indicators might provide additional diagnostic information
and allow the detection of trends in implicit pathological
changes and the treatment quality assessment.

Perspectives of further research on this problem
are presented in the study on relationships between mor-
phological changes of red blood cells and indicators of
cellular metabolism. Further studies on the effects of D-fruc-
tose-1,6-diphosphate sodium salt hydrate are needed.
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