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ABSTRACT

BACKGROUND: Limiting or temporally stopping breastfeeding can lead to the development of metabolic syndrome in
adulthood, which requires the development of approaches for its prevention and correction. One such approach is treat-
ment with metformin or intranasal insulin. Since the targets of these agents differ and may complement each other,
it has been suggested that their combined use could be effective.

AIM: To study the effect of a four-week co-administration of metformin (orally, 120 mg/kg/day) and intranasal insulin
(1.2 1U/kg/day) in male rats with metabolic syndrome, induced by breastfeeding disruption on postnatal days 19-21,
on their metabolic and hormonal parameters.

MATERIALS AND METHODS: The study treatment was compared with monotherapy using the same drugs.

RESULTS: It was found that adult male rats with disrupted breastfeeding developed obesity, dyslipidemia, hyperlepti-
nemia, impaired glucose tolerance, and a reduction in the number of B-cells and the area of pancreatic islets, which are
characteristic of metabolic syndrome. Long-term treatment with metformin and its combination with intranasal insulin
partially or fully normalized body weight, abdominal fat, and metabolic and hormonal parameters, with the restorative
effect of combination treatment on such parameters as body weight, fat mass, glucose tolerance, and blood glycated
hemoglobin levels being more pronounced than with metformin alone.

CONCLUSIONS: The results of the study support the use of a combination of metformin and intranasal insulin to normal-
ize metabolic and hormonal parameters in metabolic syndrome induced by breastfeeding disruption in early days of life.
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AHHOTALNA

AxtyanbHocTb. OrpaHnyeHne Unu KpaTKOCPOYHOe MpeKpalleHue rPyAHOr0 BCKAapMIMBAHUS MOXET MPUBOAUTL K Pa3BUTMIO
MeTabonIMyecKoro CMHAPOMa BO B3pOC/IOM BO3pacTe, YTo TpebyeT pa3paboTku NoaxofoB Ans ero npefoTBPALLEHNS U Kop-
peKumn. OHUM U3 HUX SBNSIETCA NleyeHne MeTQOPMUHOM WM MHTpaHa3anbHO BBOAMMBIM MHCYNUHOM. [10CKOMbKY MULLEHM
3TUX NpenapaToB PasfMyaloTCsA U OHWM MOTYT B3aMMOAO0MNONHATL ApYr Apyra, To 6bino BbicKa3aHo nNpeanonoxexue o6 addek-
TMBHOCTM UX KOMOMHMPOBAHHOTO UCMOJIb30BaHMS.

Lienb — u3yyeHue BNMAHMS YeTblpexHeeNbHOro COBMECTHOrO BBeAeHUS MeTdopMuHa (nepopanbHo, B fo3e 120 Mr/Kr x cyT)
W MHTPaHa3anbHO BBOAMMOTO MHCYMHA (B fo3e 1,2 ME/Kr x cyT) camuaMm KpbiC ¢ MeTabosIMieckuM CUHAPOMOM, 06ycnoBneH-
HbIM MpepbiBaHWEM TPYAHOr0 BCKapMnMBaHuA B 19-21-1 AHM NocTHaTanbHOTO pasBuUTUS, Ha UX MeTabonmMyeckue U ropMo-
HaslbHble MOKa3aTenu.

Matepuanbl U MeToAbl. ViccnenoBaHue NpoBOAMAM B CPaBHEHUM C MOHOTEpaNMet TEMU e npenapaTamu.

Pe3ynbTathl. YcTaHoBAEHO, YTO Y B3POCTbIX CAMLOB KPbIC C HApYLLEHWeM rpyHOro BCKapMIMBaHWs pa3BMBaloTCS 03KMPEHMe,
AUCIMMULEMUS U TUNEPNIENTUHEMUSA, HApYLLAETCA TONEPaHTHOCTb K NIHOKO3e, CHUKAIOTCS YACIO B-KNETOK M MNoLasb NaH-
KpeaTnyecK1x 0CTPOBKOB, YTO XapaKTepHO Ans MeTabonyeckoro cuHapoma. [InutenbHoe neyeHune ¢ NoMoLLb MeTGopMUHa
M ero KoMbMHaLMM C UHTpaHa3anbHO BBOAWUMBIM MHCYNMHOM YacTMYHO MM MOJIHOCTBIO HOPManM30Baio Maccy Tena u ab-
LOMUHANBHOMO XU1pa, MeTabonMyeckue U ropMoHasbHbIe NMOKa3aTeNn, NpuYeM BOCCTaHABAMBAIOLLMIA 3PHEKT KOMOUHMpO-
BaHHOW Tepanuu B OTHOLLIEHUM TaKWUX MOKa3aTesien, Kak Macca TeJla M KMPOBOW TKaHW, TONIEPaHTHOCTb K T1l0K03€ U YpOBeHb
[MIMKMPOBAHHOIO reMorniobuHa B KpoBw, bbin 6osiee BbIpaXeH, YeM TaKOBOW MOHOTEpanuM MeTGOPMUHOM.

3akuioyeHmne. Pe3ynbrathl MCCNe[0BaHNSA CBUAETENbCTBYIOT B M0JIb3y NEPCMEKTUBHOCTA NPUMEHEHUs KOMBUHaLMn MeTdop-
MWHa W MHTpaHa3anbHO BBOAMMOIO MHCYIMHA 1 HOPManM3aLmuy MeTabosMyecKux U ropMOHaNbHbIX HapyLLEHWiA Npy MeTa-
6onmM4ecKOM CUHAPOME, BbI3BAaHHOM Ae(MULMTOM rPyAHOT0 BCKApMIIMBaHUS B paHHEM OHTOreHese.

KnioueBble cnoBa: Mer)OpMMH; MHTpaHa3aﬂbeIVI WHCYJINH; MeTabonmyeckui CUHOPOM; TunepienTUHeMuUd; rniuKo30Tosie-
PaHTHOCTb; rpyAHOEe BCKapMJInBaHUeE.
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SCIENTIFIC REVIEWS

BACKGROUND

Eating disorders in early childhood, including insuf-
ficient or, on the contrary, excessive food intake, as well
as replacement of breast milk with artificial formula,
causes functional changes in the formation of endocrine
and other body systems, which in adulthood can lead
to metabolic and hormonal disorders, including obesity
and metabolic syndrome (MS). Accordingly, one of the
most important tasks of modern medicine is to study the
mechanisms of development of metabolic, hormonal and
endocrine dysfunctions caused by nutritional disorders at
an early age, as well as the search for effective ways to
correct them in adulthood.

A suitable model to investigate the relationship
between early postnatal eating disorder and delayed
metabolic and hormonal disorders is the cessation of
breastfeeding in rats from Days 19 to 21 of postnatal
development by bromocriptine- or methylglyoxal-induced
suppression of lactation in lactating females [1, 2]. As a
result, mature animals develop obesity and some signs
of MS, as demonstrated previously both by us [3, 4] and
other authors [1, 2].

One of the reasons for metabolic and hormonal disor-
ders in adulthood caused by the cessation of breastfeed-
ing is impaired insulin signaling in the brain, which can
be at least partially remedied by administering intranasal
insulin (INI) to rats, immediately after a fasting period in
the early postnatal period [4]. However, from a practical
point of view, the use of INI therapy at an early age is
difficult to realize, especially given the absence of clear
signs of metabolic and hormonal disorders that develop
significantly later. In this regard, it is noteworthy that
INI appears to be ineffective at a later age without sig-
nificantly affecting the pattern of neonatally programmed
disorders [4]. Therefore, it is important to find effective
ways to correct already developed MS, for which metfor-
min (MF) therapy can be used, which, as we have shown,
restores a number of metabolic and hormonal param-
eters in adult male rats with restricted early breastfee-
ding [3]. There are numerous evidences of high efficacy
of MF in the clinical settings for the correction of MS
and type 2 diabetes mellitus (T2DM), making it one of
the most widely used pharmacological agents for this
purpose [5-7]. However, the use of MF has a number
of limitations due to serious side effects when using its
relatively high doses [8, 9]. Therefore, the actual task
is to reduce the dose of MF by using its combinations
with other drug products that enhance its therapeutic
effect. A combination of MF and INI may be promising.
This combination allows, on the one hand, normalizing
the body weight, improving the metabolic status and
increasing the systemic insulin sensitivity (when using
MF), and on the other hand, normalizing the activity of
the brain insulin system reduced in various forms of MS,
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thus preventing neurodegenerative processes in the
brain and improving central insulin regulation of physi-
ological functions (when using INI). To date, under ex-
perimental conditions, the combination of MF and INI has
only been used to correct abnormalities in diet-induced
DM2 [10] and contraceptive-induced MS [11], and to at-
tenuate insulin resistance (IR) induced by dexamethasone
treatment of rats [12].

The aim is to study the effect of long-term MF therapy
in combination with INI for the correction of metabolic
and hormonal parameters disturbed in adult male rats
with MS caused by short-term interruption of breastfeed-
ing, and to perform this study in comparison with MF
and INI monotherapy at the same doses and of the same
duration.

MATERIALS AND METHODS

For experiments on MS induction and its treatment
with MF and INI, male Wistar rats were used jointly and
separately and kept in standard vivarium conditions with
free access to water and dry food. All procedures were
performed in full compliance with the requirements of
the Bioethics Committee of the Institute of Evolutionary
Physiology and Biochemistry of the Russian Academy of
Sciences (Protocol No. 2-1/2023 of January 26, 2023), as
well as with the European Communities Council Directive
(1986, 86/609/EEC) and the Guide for the Care and Use of
Laboratory Animals.

The MS model induced by interruption of breastfeed-
ing in rats, denoted as the “neonatal” model, was induced
according to our previously described methodology [3, 4].
Male rats were deprived of both breastfeeding and oth-
er food sources for three days, from Days 19 to 21 of
postnatal development, followed by transfer to standard
dry food on Day 22. Breastfeeding was interrupted by
treating lactating females with bromocriptine mesylate,
which was administered daily, for 3 days, orally through
a tube, at a daily dose of 10 mg/kg. As a result, lacta-
tion ceased, and instead of breast milk, females began
to secrete colostrum, which did not contain the nutrients,
hormonal agents and micronutrients, which are contained
in breast milk and required for the full growth and de-
velopment of rats. The control group consisted of male
immature rats with normal breastfeeding regimen fed by
females receiving placebo instead of bromocriptine me-
sylate. Subsequently, male immature rats were kept on a
standard diet until six months of age, when some of the
animals began to develop signs of MS. The body weight
and postprandial blood glucose levels were assessed to
select animals with severe MS. Glucose concentration
was measured using test strips and a Life Scan glucom-
eter (Johnson & Johnson, Denmark). Animals with a body
weight that was increased by at least 8% compared to
the control rats and with a postprandial blood glucose
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level of at least 6.0 mmol/L were classified as animals
with MS, randomly assigning them to experimental
groups.

The following groups (6 rats in each group) were
formed: control (C), where animals received 0.9% so-
dium chloride instead of the drug products; untreated
MS (MS), MS with 4-week treatment with MF (orally,
120 mg/kg x day; MS-M), MS with 4-week treatment
with INI (1.2 1U/kg = day; MS-I), and MS with combined
treatment with MF and INI at the same doses (MS-MI).
For intranasal administration, insulin was dissolved at
the required concentration in 0.1 M Na-citrate buffer
(pH 4.5) and, turning the rat on its back, the solution
was injected into both nostrils (approximately 10-20 pL
into each nostril) as previously described [13]. MF was
dissolved in water and administered by gastric tube. Glu-
cose tolerance was assessed 3 days before the end of the
experiment using the intraperitoneal glucose tolerance
test (IpGTT). During IpGTT, rats were intraperitoneally in-
jected with 40% glucose solution at a total dose of 2 g/kg
and blood glucose levels were assessed for 120 min
after glucose load. Blood insulin and leptin levels were
also measured before glucose load and 120 min after it
using ELISA kits Rat Insulin ELISA (Mercodia, Sweden) and
ELISA for Leptin, Rat (Cloud-Clone Corp., USA). Blood was
withdrawn from the tail vein under local anesthesia using
3 mg/kg lidocaine solution.

Before the end of the experiment, the level of free
fatty acids was measured in rat blood (in the fasted state)
using NEFA FS kit (DiaSys, Germany), glycated hemoglo-
bin content using Multi Test HbA1c System kit (Polymer
Technology Systems, USA), triglycerides and total cho-
lesterol concentration using Triglycerides multiCare-in
and Cholesterol multiCare-in test strips (Biochemical
Systems International, Italy). Rats were then anesthetized
(chloral hydrate, 400 mg/kg, intraperitoneally), decapi-
tated, pancreatic tissue was harvested to evaluate the
morphology of pancreatic islets, and abdominal fat mass
was estimated.

Pancreatic tissue samples were fixed in formalin
(10% final concentration) dissolved in 50 mM Na-phos-
phate buffer, pH 7.4, then used for histologic analysis.
Histochemical staining of pancreatic islets with hematox-
ylin and eosin was performed using Thermo Scientific Lab
Vision Autostainer 720 (Thermo Fisher Scientific, USA).
Morphometric evaluation of images was performed using
AxioVision software (Carl Zeiss, Germany). The number of
pancreatic islets, their diameter (in microns) were esti-
mated, and the product of these parameters was used to
quantify the area of islets.

Statistical analysis was performed using the IBM
SPSS Statistics 26 program package (IBM, USA). Nor-
mality of distribution was tested using the Shapiro-Wilk
test and Levene’s test for equality of variances was used.
Intergroup comparisons were performed using one-factor
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analysis of variance with Tukey's test. Differences were
considered significant at p < 0.05. Results were present-
ed as the mean and error of the mean (M + SEM).

RESULTS

Adult male rats with the neonatal MS model had sig-
nificantly increased total body weight and abdominal fat
mass. Triglycerides and total cholesterol levels were also
elevated, and there was a trend toward higher levels of
free fatty acids, indicating signs of dyslipidemia. Accord-
ing to the IpGTT results, glucose tolerance was impaired
in the MS group, as indicated by increased glucose con-
centrations 120 min after glucose load and increased
AUC,_,,, values (integrated area under the glucose curve
in IpGTT) (Table 1, Figure 1). Along with this, there was
an increase in glycated hemoglobin in the blood and a
tendency to increased fasting glucose levels, although
the differences with controls in this case were not sig-
nificant.

In addition to metabolic disorders in rats of the MS
group, changes in hormonal parameters were noted. They
had significantly elevated basal and glucose-stimulated
levels of leptin, which is produced by white fat adipo-
cytes and regulates eating behavior and peripheral en-
ergy metabolism, evidencing the development of leptin
resistance. Rather unexpectedly, baseline insulin levels
in rats with MS did not differ from the controls, and
a significant increase was detected only 120 min after
glucose load. At the same time, the insulin resistance
index, calculated as the product of baseline insulin and
glucose concentrations, in the MS group did not differ
from the control, indicating the absence of obvious signs
of insulin resistance in this MS model (Table 2).

To elucidate possible reasons for the lack of base-
line hyperinsulinemia in rats with MS, the morphology of
pancreatic islets was examined using histologic analy-
sis. The total number of islets was reduced in the MS
group and the product of the number of islets by their
size (diameter) was reduced by 42%, allowing estimating
their total area (Table 3). The data obtained indicate that
the number of insulin-producing pancreatic cells in rats
with the neonatal model of MS is reduced, which we sug-
gest is the reason for the near-normal baseline insulin
levels.

Next, we studied the effects of four weeks of com-
bination therapy of MF (orally, 120 mg/kg x day) and
INI (1.2 1U/kg x day) on the metabolic and hormonal
disorders we identified in MS rats. The study included
comparison with monotherapy with the same drug prod-
ucts at the same doses. MF monotherapy normalized
body weight, lipid metabolism parameters (levels of
triglycerides, cholesterol and free fatty acids), restored
glucose sensitivity, which is illustrated by normaliza-
tion of blood glucose level 120 min after glucose load
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Table 1. Body weight and abdominal fat mass, lipid content, glycated hemoglobin levels, as well as AUC,_,,, values for glucose curves in
adult male rats with the “neonatal” model of metabolic syndrome and the effects of treatment with metformin, intranasal insulin, and their
combination on these parameters, M + SEM

Tabnuua 1. Macca Tena 1 abaoMnHanbHOro Xmpa, CoAepxan1e MNMAOB, MMUKMPOBAaHHOMO reMoriobuHa, a Tarke 3HadeHne AUC . Ana
FJIOKO3HbIX KPUBbIX Y B3POC/bIX CaMLIOB KPbIC C «HEOHATaNbHOM» MOJESb0 MeTaboMyecKoro CMHAPOMa W BAMAIHME Ha 3TU MOKasaTenu
neyeHnst MeTGOPMUHOM U UHTPaHA3aNbHBIM MHCYIMHOM W UX KOMbUHaumei, M + SEM

Parameter broups

Ch=6 | Msm=6) | MS-M(=6) | MsI(=6) | MsMi(n=6)
Body weight, g 4017 461+ 10* 429+9 456 +12* 412 + 10*#
Abdominal fat mass, g 6.9+04 11.0+0.7* 7.9+07 93+0.8" 7.0 £ 0.3 #
Triglycerides, mM 2.15£0.10 3.34 +0.15* 2.53 + 0.08** 2.94 + 0.09* 2.46 +0.12%#
Total cholesterol, mM 4.52 +0.09 5.66 +0.21* 4.65 + 0.19** 4.75 + 0.25** 4.62 £0.11*
Free fatty acids, mM 3.92 +0.24 4.75+0.35 4.32+0.19 4.05 +0.25 415+ 0.26
HbA1c, % 453 +0.21 5.43+0.16* 475+0.29 4.45 £ 0.06** 4.33 £0.15**
Glucose (0 min), mM 4.05+0.15 475 +0.29 4.27 +0.17 4.37 +0.29 4.23 +0.20
Glucose (120 min), mM 452 £0.17 5.73+0.22* 472 +0.18** 4.88 +0.32 423 £0.12
AUC,_,,,, C.U. 1126 70 1420 + 37* 1225 £ 52 1249 + 51 1063 + 36**#

Note. C, control; MS, untreated metabolic syndrome; MS-M, MS with 4-week metformin treatment; MS-M, MS with 4-week intranasal insulin
treatment; MS-MI, MS with combined metformin and intranasal insulin treatment; AUC,_,,,, area under the curve “glucose concentration,
mmol/l — time, min” (in arbitrary units) in the intraperitoneal glucose tolerance test. Differences with the control (*) and MS group (**),
as well as between the MS-M and MS-MI groups (*) or between the MS-l and MS-MI groups (*) are statistically significant at
p < 0.05.

lpumeyanue. C — KoHTponb; MS — MeTtabonuueckuit cuHapom 6e3 neyenus; MS-M — MS ¢ 4-HefienbHbIM fle4eHneM MeTGOPMUHOM;
MS-I — MS ¢ 4-HepenbHbIM NeyeHneM UHTPaHas3anbHbIM MHCYIMHOM; MS-MI — MS ¢ coBMecTHbIM fieueHneM MeTGOpPMUHOM W MHTpa-
Ha3anbHbIM MHCyNMHOM; AUC,_;,0 — NnoLaab nop, KpUBOiA «KOHLIEHTPaLMA FII0KO3bl, MMOMIb/Nl — BPeMS,, MitH» (B YCIIOBHbIX AVHMLAX)
B WHTpanepuTOHeanbHOM [/Il0KO30TONIePaHTHOM TecTe. Pasnuunsa ¢ KoHTponeM (*) u rpynnoi MS (**), a Takxe Mexay rpynnamm MS-M
n MS-MI (*) unu mexcay rpynnammu MS-1 n MS-MI (*) cratuetudecku sHaunmbl npu p < 0,05.

Table 2. Baseline and glucose-stimulated levels of leptin and insulin in the blood of male rats with the “neonatal” model of metabolic
syndrome and the effects of treatment with metformin, intranasal insulin, and their combination on these parameters, M + SEM

Ta6nuua 2. basoBble 1 CTUMYNMPOBaHHBIE TTIOKO30M YPOBHM NEMTUHA U MHCYNMHA B KPOBW CaMLIOB KPbIC C «HEOHATasIbHOM» MOJENbio
MeTabosIMYecKoro CUHAPOMa W BAMSIHUE Ha HUX NIeYeHNs MeTQOPMUHOM U MHTPaHa3abHbIM MHCYZIMHOM W UX KOMBUHaumeln, M + SEM

Groups
Parameter

Ch=6 | Msm=6) | MS-M(=6) | MsI(=6) | MsMi(n=6)
Insulin (0 min), ng/mL 0.51+0.07 0.48 +0.07 0.58 £ 0.09 0.39 +0.06 0.53 £0.06
Insulin (120 min), ng/mL 0.70 + 0.09 1.42 +0.18* 0.82 + 0.14** 0.88 £ 0.12** 0.80 + 0.10**
Leptin (0 min), ng/mL 1.14 +0.14 2.43 +0.21* 1.51 +0.18** 1.91+0.23* 1.37 + 0.18**
Leptin (120 min), ng/mL 1.50 £ 0.17 3.28 +0.29* 1.99 £ 0.18** 2.36 £ 0.20*** 1.74 £ 0.19**
Insulin resistance index, c.u. 2.05+0.29 2.38 £ 0.47 251 +0.43 1.70 £ 0.29 2.20+0.18

Note. Presented are the values of blood insulin and leptin concentrations before (0) and 120 minutes (120) after glucose load. Insu-
lin resistance is calculated as the product of the baseline blood glucose and insulin concentrations. C, control; MS, untreated meta-
bolic syndrome; MS-M, MS with 4-week metformin treatment; MS-I, MS with 4-week intranasal insulin treatment; MS-MI, MS with
combined metformin and intranasal insulin treatment. Differences between the C (*) and MS (**) groups are statistically significant
atp <0.05.

[lpumeyatue. TpeacTaBneHbl 3HaYEHUSI KOHLEHTPaLMIA MHCYNMHa 1 nenTiHa B Kposu o (0) u yepe3 120 muH (120) nocne rntwoKos-
HOW Harpy3ku. WHcynMHOBas pe3nCTEHTHOCTb paccyMTaHa Kak npousBefieHe 6a30BbIX KOHLIEHTPALMA TIOKO3bl M MHCYNIMHA B KPOBMW.
C — KoHTponb; MS — MeTabonnyeckuit cuHapom be3 nevennsi; MS-M — MS ¢ 4-HepenbHbIM neyeHneM MeTGopMuHOM; MS-| —
MS ¢ 4-HepienbHBIM NeYeHNeM UHTPaHa3anbHbIM MHCYAMHOM; MS-MI — MS ¢ coBMecTHbIM neyeHreM MeTGOPMUHOM M MHTPaHa3anbHbIM
WHCYNMHOM. Pasnmnumsa ¢ rpynnamm C (¥) u MS (**) ctatuctuyecku 3Haummel npu p < 0,05.
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Figure. Blood glucose concentration in male rats at 120 minutes after glucose load in the intraperitoneal glucose tolerance test.
C, control; MS, untreated metabolic syndrome; MS-M, MS with 4-week metformin treatment; MS-I, MS with 4-week intranasal insulin
treatment; MS-MI, MS with combined metformin and intranasal insulin treatment

PucyHok. KoHLEHTpauus rnioKo3bl B KPOBM CaMLIOB Kpbic B TeyeHue 120 MUH Nocne Harpysku riloKO30M B UHTPanepuUToHea bHOM
rN0K030T01epaHTHOM TecTe. C — KoHTponb; MS — MeTabonmueckuin cuHapom 6e3 neyenuns; MS-M — MS ¢ 4-HeenbHbIM fleyeHneM
MeTGOpMUHOM; MS-| — MS ¢ 4-HepenbHbIM SIeHeHUEM UHTPaHA3abHbIM UHCYIUHOM; MS-MI — MS ¢ COBMECTHbIM fleyeHneM MeT-
(OPMMHOM Y MHTpaHa3asbHbIM

Table 3. Number and diameter of pancreatic islets in the pancreas of rats with the “neonatal” model of metabolic syndrome, and the effects
of treatment with metformin, intranasal insulin, and their combination on these parameters, M + SEM

Tabnuua 3. Yucno un [MaMeTp NaHKpeaTuyeCKMUX OCTPOBKOB B I'IO}J,)KEJ'IWJ,O‘-IHOVI Xenese KpbIC C «HeoHaTanbHoOW» MOAEeNb0 MeTabonnye-
CKOro CMHapomMa v BiiMAHWE Ha 3TN NOoKa3aTesiM ie4eHna METCbOpMVIHOM M UHTPaHa3allbHbIM UHCYJINHOM N UX KoMbuHaumei, M + SEM

Group Number of islets* Diameter of islets, pm Prodbu;tthoefi:hdeiar:;r:t\sre,rxor 0'35 lets
Cin=46) 43+4 182+ 9 7.7+05
MS (n = 6) 27 £ 5** 168 + 8 43+0.6*
MS-M (n = 6) 39+3 194+9 7.4+ 0.4%
MS-1 (n = 6) 3b+4 185 + 20 59 +0.3**
MS-MI (n = 6) 38+3 197+ 9 7.5 0.4%

Note. C, control; MS, untreated metabolic syndrome; MS-M, MS with 4-week metformin treatment; MS-I, MS with 4-week intranasal
insulin treatment; MS-MI, MS with combined metformin and intranasal insulin treatment. *The number of islets is calculated for one
of the sections with the maximum area of the pancreas. Differences between the C (**) and MS () groups are statistically significant

at p < 0.05.
lpumeyanue. C — KoHTponb; MS — MeTabonuueckuin cuHapom b6e3 nedenuns; MS-M — MS ¢ 4-HefienbHbIM fle4eHUeM METGOPMUHOM;
MS-I — MS ¢ 4-HefienbHBIM IeYEHUEM MHTPaHA3abHBIM MHCYIMHOM; MS-MI — MS ¢ coBMeCTHbIM nedeHneM MeThOpPMUHOM U MHTpa-

Ha3asbHbIM MHCYNMHOM. *YMCN0 OCTPOBKOB paccyMTaHo [J1sl OAHOM0 U3 CPe30B C MaKCUMANbHOM MOLLALbI NOAXENYA0YHOI enesbl.
Paznuuma ¢ rpynnamu C (**) u MS (*) cratuctuyecku sHaummel npu p < 0,05.

and reduction of AUC,_,,, (Table 1, Figure 1). MF also
reduced baseline and glucose-stimulated leptin levels
elevated in MS, indicating increased tissue sensitivity to

MS-1 group, body and adipose tissue weight, triglyceride
and leptin levels differed significantly from the control
values. The exceptions were total cholesterol, glycated

leptin (Table 2). The total number and area of pancre-
atic islets were restored in the MS-M group (Table 3).
The baseline insulin level did not change significantly,
being close to its normal values, and the glucose-stim-
ulated insulin level (120 min after glucose load) did not
differ from that in the control group (Table 2). INI mono-
therapy had no significant effect on the evaluated meta-
bolic and hormonal parameters (Tables 1-3). Thus, in the

D0l https://daiorg/10.17816/RCF626249

hemoglobin, and insulin levels 120 min after the load,
which were significantly decreased in INI-treated com-
pared with untreated MS rats and did not differ from
the control (Tables 1, 2). The MS-I group also showed
partial recovery of the number of pancreatic islets, but
their total area, although increased by 37% compared to
the MS group, remained lower than that in the control
(Table 3).
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The combined use of MF and INI demonstrated a more
pronounced restorative effect than MF monotherapy on a
number of parameters. The MS-MI group did not differ
significantly from the C group in any of the evaluated
parameters (Tables 1-3). Thus, in contrast to MF mono-
therapy, body and abdominal fat weight, glycated hemo-
globin level and AUC,_,,, for the glucose curve in IpGTT
were significantly reduced in the MS-MI group. Moreover,
the AUC,_,,, in the MS-MI group was significantly lower
than in the MS-M group, indicating a more pronounced
restorative potential of the combination therapy with re-
spect to glucose tolerance. In terms of pancreatic islet
area recovery, combination therapy and monotherapy
with MF were comparable.

DISCUSSION

We showed that at 6-7 months of age male rats that
were subjected to a three-day interruption of breastfeed-
ing at an early age (P19-P21) showed distinct signs of
MS, including increased body weight and adipose tissue
mass, impaired glucose tolerance and insulin and leptin
responses to glucose load, increased triglyceride and to-
tal cholesterol levels, and decreased number of insulin-
producing B-cells and total pancreatic islet area. These
changes are generally consistent with the metabolic and
hormonal disorders that we and other authors previous-
ly identified in adult rats with interrupted breastfeeding
[1-4, 14, 15]. At the same time, such disorders begin
to be detected already in three-month-old animals [2]
and further aggravate, being most pronounced at
6—10 months of age [1, 3, 4].

One of the approaches to correct these disorders in
neonatal MS is the course administration of MF, which is
characterized by high efficacy in metabolic disorders, i.e.
DM2 and MS, accompanied by obesity, dyslipidemia and
impaired sensitivity to insulin and leptin [5, 7, 16]. We pre-
viously showed that 4-week MF treatment of 9-month-
old MS male rats induced by interrupted breastfeeding
resulted in recovery of a number of their metabolic and
hormonal parameters [3]. Moreover, a high daily dose
of MF (250 mg/kg) was most effective in reducing body
weight and restoring metabolic parameters, normali-
zing lipid status and leptin levels, while a relatively low
dose (125 mg/kg x day) had a positive effect on thyroid
and gonadal axis parameters but was less effective in
normalizing body weight and metabolic parameters [3].
In this regard, it should be taken into account that long-
term therapy with high doses of MF may lead to a number
of adverse effects, such as gastrointestinal dysfunction,
including microbiome changes, and lactoacidosis [8, 9, 17].
Therefore, great expectations are assigned to the devel-
opment of approaches to potentiate the restorative effect
of MF without increasing its dose, which is possible when
using combination therapy.
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We previously showed that INI is effective in a num-
ber of metabolic disorders [18], including MS caused
by restricted breastfeeding [4], which are characterized
by functional abnormalities in the brain insulin signaling
system. One of the reasons for these abnormalities is
the increased activity of negative regulators of insulin
signaling in neurons and glial cells, leading to central
insulin resistance [19-21]. Another reason is the im-
paired transport of insulin across the blood-brain bar-
rier, which reduces the efficiency of its delivery to the
brain from the circulation and is due to disturbances in
the insulin-transport mechanism and structural organiza-
tion of the blood-brain barrier [18, 19, 22]. The intranasal
administration of insulin directly to the brain normalizes
insulin signaling in the CNS and thereby ensures normal
regulation of the physiological processes dependent on it.
However, according to our data, in rats with interrupted
breastfeeding INI was effective only at an early age, pre-
venting metabolic disorders in adulthood, but was inef-
fective in treating already developed neonatal MS in adult
animals [4]. The low efficacy of INI monotherapy in adult
animals with neonatal MS was confirmed in the present
study.

The studied combination therapy with MF and INI was
superior to MF monotherapy in a number of parameters,
as indicated by the following data. Combination therapy
led to recovery of the full range of evaluated metabolic
and hormonal parameters, which changed in the condi-
tions of neonatal MS. These parameters were not only
significantly different from those in MS rats, but also did
not differ from those in the control group. The AUC,_,,,
demonstrating glucose tolerance was significantly lower
in the combination treatment group than in the MF mono-
therapy group, indicating that the restorative effect of
the combination of MF and INI on glucose homeostasis
was more effective compared with MF therapy. This was
also demonstrated by more pronounced decrease in gly-
cated hemoglobin in the MS-MI group. Moreover, in con-
trast to MF monotherapy, combination therapy resulted
in significant reductions in body weight and abdominal
fat mass, which we suggest is due to the anorexigenic
effect of INI.

Previously, we obtained data on the effectiveness of
combined administration of MF and INI in the treatment of
male rats with DM2 induced by high-fat diet and low-dose
streptozotocin [10]. However, DM2 differs significantly
from the neonatal MS both in pathogenesis and in the
nature and severity of metabolic and hormonal disorders.
There are studies of the effectiveness of combined use of
MF and INI for treatment of female rats with a MS model
caused by long-term administration of oral contracep-
tives, i.e. ethinylestradiol and levonorgestrel [11], as well
as male rats with insulin resistance and hyperglycemia
induced by dexamethasone, although this model of meta-
bolic disorders by etiology and pathogenesis has little

295



296

OP/MHATIBHBIE MCCIEIOBAHMA

in common with MS and is not accompanied by obesi-
ty [12]. Treatment of MS induced by contraceptive treat-
ment, administered for one week with a medium dose
of MF (150 mg/kg x day) and a quite high dose of INI
(2 IU/rat x day), reduced glucose and glycated hemoglo-
bin levels, normalized lipid levels, catalase, a marker
of oxidative stress, and expression of tumor necro-
sis factor-a, an inflammation marker. Together, these
and our data indicate the prospects for the combined
use of MF and INI for the treatment of various forms
of MS and DM2 in terms of etiology and pathogenesis,
including for the treatment of MS, in the pathogenesis
of which eating disorders in early ontogenesis play
the key role.

The INI-induced potentiation of the restorative effect
of MF on metabolic and hormonal disorders is due to the
complementarity of the effects and targets of MF and
INI. MF easily penetrates into brain tissue through the
blood-brain barrier and improves metabolic processes
both in the brain (by acting on neurons) and in the pe-
riphery (through central mechanisms). This is largely due
to its restorative effect on carbohydrate and lipid me-
tabolism disturbed in MS and DM2, as well as on the
nervous system functions not only in experimental condi-
tions, but also in the clinical settings [23-26]. The main
mechanisms of action of MF in the brain are activation
of AMP-activated protein kinase, a key energy sensor of
cells [27], as well as normalization of reactive oxygen
species production and activity of pro-inflammatory and
apoptotic factors elevated in DM2, MS and associated
neurodegenerative diseases [28-30].

There is evidence that the metabolism-restoring
antioxidant and anti-inflammatory effects of MF lead
to increased tissue sensitivity to insulin and leptin not
only in the periphery but also in the brain [31-33].
As a consequence, the stimulating effect of INI on the
brain insulin system under MF treatment is increased,
and this accounts for the more pronounced effect of
INI under combination therapy on neuronal survival and
functional activity, as well as on peripheral metabolism.
This, in turn, contributes to a more effective effect of MF
on target tissues, including the brain. Here the mecha-
nism of potentiating effect of insulin on leptin signaling
pathways in the CNS, and vice versa, the effect of leptin
on insulin signaling [34-36] is reproduced, first demon-
strated twenty years ago [37, 38]. In this regard, it is
noteworthy that a number of authors suggest the use of
co-administration of leptin and insulin in patients with
forms of diabetes and other metabolic disorders that are
characterized by reduced leptin levels [36, 39].

CONCLUSION

Thus, it was shown for the first time that adult male
rats with interrupted breastfeeding develop metabolic
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and hormonal disorders characteristic of MS, as well
as reduced pancreatic islet area. Their long-term treat-
ment with MF and its combination with INI partially or
completely restores these parameters, with combination
therapy being superior to MF monotherapy in terms of the
effectiveness of restoring a number of parameters (body
weight and adipose tissue mass, glycated hemoglobin lev-
el, glucose tolerance assessed by IpGTT). This is in favor
of the prospect of using the combination of MF and INI to
normalize metabolic and hormonal disorders in MS devel-
oped due to breastfeeding deficiency in early ontogenesis.
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