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Abstract—The review presents modern ideas about peripheral microhemodynamics, approaches to the ana-
lysis of skin blood f low oscillations and their diagnostic significance. Disorders of skin microhemodynamics
in type 2 diabetes mellitus (DM) and the possibility of their interpretation from the standpoint of external
and internal interactions between systems of skin blood flow regulation, based on a comparison of couplings
in normal and pathological conditions, including models of pathologies on animals, are considered. The fac-
tors and mechanisms of vasomotor regulation, among them receptors and signaling events in endothelial
and smooth muscle cells considered as models of microvessels are discussed. Attention was drawn to the dis-
turbance of Ca2+-dependent regulation of coupling between vascular cells and NO-dependent regulation
of vasodilation in diabetes mellitus. The main mechanisms of insulin resistance in type 2 DM are considered
to be a defect in the number of insulin receptors and impaired signal transduction from the receptor to
phosphatidylinositol-3-kinase and downstream targets. Reactive oxygen species plays an important role in
vascular dysfunction in hyperglycemia. It is assumed that the considered molecular and cellular mechanisms
of microhemodynamics regulation are involved in the formation of skin blood f low oscillations. Parameters
of skin blood microcirculation can be used as diagnostic and prognostic markers for assessing the state of the
body.
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STUDY OF PERIPHERAL HEMODYNAMICS 
AND ANALYSIS OF SKIN BLOOD FLOW 

OSCILLATIONS
Currently, there are a large number of invasive and

non-invasive techniques for the study of peripheral
hemodynamics. Among the non-invasive techniques,
video capillaroscopy, photoplethysmography (FPG),
laser Doppler flowmetry (LDF), as well as laser Doppler
imaging and laser contrast imaging of speckles have
been widely used [1–8]. The state of microvascular
bed of skin and mucous membranes reflects both as
the organ-specific features of blood flow well as
changes occurring in microvascular system of the
whole organism [9–12]. Changes in skin microvascular
system correlate with shifts in central hemodynamics,
which makes it possible to use the parameters of blood
microcirculation in skin as diagnostic and prognostic

markers to assess the health and general physical state
of an organism [4, 11–14].

Peripheral blood flow is known not to be stable, but
is subjected to temporal and spatial oscillations,
reflecting the most important characteristic features
of microcirculation: variability and adaptability to
constantly changing hemodynamic conditionsр and to
the need of tissues for blood perfusion [15, 16]. There-
fore, in recent years, the main subject of microcircula-
tion research has become mechanisms of its lability,
since exactly the rhythmic oscillations of blood flow
carry information about the state of peripheral micro-
hemodynamics regulation systems.

Several non-overlapping frequency intervals of
blood flow oscillations are considered to be identified in
the frequency range from 0.005 to 2 Hz in skin micro-
vascular bed in human [17]. There are characteristic
frequency borders for each of the intervals, in which
oscillations reflect the influence of heart rate, move-
ment of thorax, myogenic activity of vascular smooth
muscle cells, neurogenic regulation of vascular activity
and endothelial vasomotor activity. In this case, low-
frequency blood flow oscillations are the most inter-

Abbrevations: LDF; laser Doppler f lowmetry, PPG; photopleth-
ysmography; DM; diabetes mellitus, WPC; wavelet phase
coherence; ROS; reactive oxygen species, TRP; Transient
Receptor Potential; SOC; store-dependent calcium channel
(Store Operated Channel); eNOS, endothelial NO synthase;
NOX, NADPH Oxidase.
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esting in the frequency range from 0.005 to 0.2 Hz,
reflecting the influence of local regulatory processes
of different origin: related to the activity of smooth
muscle cells of vessel walls (0.06–0.2 Hz, the range of
myogenic rhythm) [18, 19], neurogenic control
(0.02–0.06 Hz, the range of neurogenic rhythm) [20]
and endothelial activity (0.005–0.02 Hz, the range of
endothelial rhythm) [17, 21].

Registration of skin blood flow oscillations with
LDF methodology and further amplitude-frequency
analysis of obtained LDF signals makes it possible to
study myogenic, neurogenic and endothelial systems
of skin microvasculature regulation both at rest and
during functional tests (occlusion, thermal and iono-
phoretic tests). Functional tests are used to assess the
state of peripheral blood f low regulation systems and
identify their adaptive reserves to conditions of short-
term ischemia [22–25], to change of skin temperature
[4, 22, 26–29], in response to vasoactive substances
(acetylcholine, nitroprusside, calcium blockers) [4, 11,
30–33] and to assess pathological changes in socially
significant diseases including diabetes mellitus [34].

SKIN MICROHEMODYNAMIC 
DISTURBANCES IN TYPE 2 

DIABETES MELLITUS
Type 2 diabetes mellitus (T2DM) is a chronic meta-

bolic disease, manifested by impaired carbohydrate
metabolism with the development of hyperglycemia
due to insulin resistance, secretory dysfunction of
beta-cells, and lipid metabolism disorders. This form
covers individuals with relative (rather than absolute)
insulin deficiency and peripheral insulin resistance.
Although the specific etiology is unknown, there is no
autoimmune destruction of beta-cells and there are no
other known causes of diabetes in patients. Most
patients with T2DM are overweight or obese [35]. One
of the main causes of complications and mortality in
T2DM patients is the development of macro- and
microvascular disorders [36, 37]. Diabetes is accom-
panied by the progression of cardiovascular diseases
and macrovascular complications such as atheroscle-
rosis, coronary heart disease, and peripheral arterial
disease, also it is a factor aggravating the course of
coronavirus disease (COVID-19) [38–44].

The most commonly diagnosed complications in dia-
betic patients are associated with microcirculation disor-
ders, which leads to foot ulcers, retinopathy, neuropathy,
diabetic dermopathy and weakened wound healing
[40, 41, 45]. These diabetes-related microvascular
dysfunctions can ultimately lead to more severe com-
plications. It indicates the need to identify microvas-
cular dysfunctions both at an early stage of the disease,
when pathological changes are still reversible, and at
later stages to prevent the aggravation of the disease
course and select an adequate treatment correction.
Earlier the role of microvascular changes in diabetes
pathogenesis was shown in relation to metabolism [46,
47], NO effect [48], changes in peripheral microvas-
cularization [49], skin neurovascular dysfunction [50],
microvascular dysfunction [51–54], and venous dis-
tension [55]. Microvascular disorders in diabetes
occur in various organs, including kidneys, eyes and
skin. Skin is the most available and convenient object
to non-invasive research of microvascular distur-
bances. Disturbances of skin microvascular function
were already shown by LDF method at an early stage
of the disease [56]. Changes in blood flow and vascu-
lar properties were revealed in pre-diabetic and dia-
betic patients [57–62]. Local skin heating (thermal
test) is one of the most frequently used and convenient
functional tests for assessing the reactivity of skin
microvessels in T2DM patients. It allows assessing the
role of various mechanisms involved in the regulation
of vasodilation and to reveal changes in adaptive capa-
bilities of microvascular bed in diabetes [26, 40, 63–
68]. However, in most studies of skin microhemody-
namics by LDF method, only integral parameters
characterizing skin blood perfusion were analyzed,
and little attention was paid to the spectral composi-
tion of signals, allowing assessing regulatory systems of
blood flow and its adaptive capabilities. In addition,
the data obtained by different authors are sometimes
contradictory. Spectral analysis of LDF signals
recorded on the leg (ankle) showed that the relative
spectral power in frequency intervals of endothelial,
neurogenic, and myogenic activity was significantly
lower in diabetic patients vs healthy subjects even at
rest [69]. Whereas other authors found an increase in
skin blood perfusion as well as a decrease in the ampli-
tudes of blood flow oscillations in frequency ranges of
endothelial and neurogenic activity in T1DM and
T2DM patients vs healthy volunteers at rest [34].
Local heating also led to a decrease in the vasodilator
response and the amplitudes of spectral components
in endothelial and neurogenic intervals [34]. On the
contrary, in another study there was an initial lower
microvascular perfusion and a greater vasodilator
reserve with local heating in patients with diabetes
compared to the same in examinees from the control
group [29]. Thus, despite the variety of studies in the
field of microcirculation in patients with diabetes, it is
difficult to compare the data of various studies with
each other, as well as our own data with the results
obtained by other authors. The reasons may be as fol-
lows: (1) most studies did not indicate the type of dia-
betes, or studies were carried out with a mixed group
of patients with T1DM and T2DM, without dividing
into types; (2) in most studies with LDF method the
researchers evaluated only the integral parameters of
skin blood flow without spectral analysis, which does
not allow assessing changes in the functioning of regu-
latory systems of microhemodynamics in pathology;
(3) registration of microcirculation parameters was
conducted in different skin areas; (4) often the analysis
of results was incorrect due to the formation of groups,
when control group consisted of young aged healthy
BIOPHYSICS  Vol. 67  No. 4  2022
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volunteers (up to 35 yr old), while the average age of
patients with diabetes was more than 50 yr; (5) the
temperature, rate and duration of local heating varied
greatly during heat test by different research groups.
These reasons explain the inconsistency of the study
results of skin microcirculation in human. The solu-
tion to the problem can be the correct planning and
standardization of experimental protocols for the pur-
pose of reproducibility and the possibility of comparing
the results obtained by different groups.

EXTERNAL AND INTERNAL COUPLINGS 
BETWEEN THE REGULATORY SYSTEMS 

OF SKIN BLOOD FLOW IN NORM, 
IN HYPERGLYCEMIA, 

AND DIABETES MELLITUS
Currently, a number of studies are aimed at finding

and assessing the external and internal couplings
between the systems of skin blood flow regulation. The
evaluation of external couplings both between regula-
tory systems and interactions between the processes of
skin blood flow regulation in different parts of micro-
vascular bed is performed using the wavelet phase
coherence (WPC) function [70, 71], group WPC
(gWPC) [72], or nonlinear modeling and Bayesian
method [73, 74].

In low-frequency spectral range (neurogenic and
myogenic intervals), the change in WPC between
oscillations of temperature and skin blood flow was
shown in healthy volunteers in response to cold stress
[70, 75]. We revealed high reliable median WPC values
for contralateral forearm skin blood flow in cardiac,
respiratory and myogenic intervals in healthy volun-
teers at rest [71]. A change in external couplings
between processes of skin hemodynamics regulation
of upper and lower extremities was demonstrated in
healthy volunteers under orthostasis [72]. In healthy
subjects, orthostasis increased gWPC between skin blood
flow oscillations on the foot and heart rate variability
(HRV) or respiration, as well as between skin blood
flow oscillations on the forearm and foot at a respira-
tory rate (~0.3 Hz).

Change in external couplings between the pro-
cesses of peripheral microcirculation regulation are
observed with age and under pathologies. In type 1 DM
patients a weakening of phase interactions between
respiratory activity and peripheral pulse was found,
reconstructed using the multi-Gaussian modeling
algorithm from experimental LDF signals [29]. The
study of interactions between HRV, respiration, and
skin microcirculation in healthy young and elderly
volunteers and elderly patients with essential hyper-
tension revealed the difference in WPC between the
groups. The direction and functional dependence of
the strength of couplings on the frequency of spectral
components of registered signals was revealed: the
strength of external couplings between regulatory sys-
tems of skin microhemodynamics decreased in aging,
BIOPHYSICS  Vol. 67  No. 4  2022
and practically disappeared in patients with hyperten-
sion disease at a frequency of 0.1 Hz [76].

The activity of heart and respiratory excursions
determine the central mechanism of skin microhemo-
dynamics regulation which causes high-frequency oscil-
lations (cardio- and respiratory rhythms). They are
formed due to passive changes in blood pressure in
microvessels during respiration and cardiac output,
which leads to elastic stretching of vessel walls, including
their muscle components. Passive stretching of
smooth muscle cells promotes to increase in calcium
concentration in the cytosol ([Ca2+]i) [77, 78]. Change
in heart activity is characterized by oscillations of heart
rate variability. These oscillations are formed by the
autonomic and central nervous system, the activity of
baro- and chemoreceptors, respiratory and endocrine
regulation [79, 80]. It is known that the baroreflex and
the direct interaction between the parasympathetic
and sympathetic systems of regulation determine the
proportions of low-frequency and high-frequency
components in the spectrum of HRV oscillations
characterizing the sympatho-vagal balance [81]. Dis-
turbances of the sympatho-vagal balance can occur
under pathologies: due to decreased baroreflex activity
in patients with hypertension disease [82], due to
autonomic neuropathy in type 2 DM patients [50, 83–
85]. Targets of endothelial and neurogenic regulation
are smooth muscle cells of microvessels [6, 13, 86–
89]. There is also an interaction between endothelial
cells and peripheral neurons via NO, calcitonin gene-
related peptide (CGRP) and other mediators [86, 87,
90]. Moreover, smooth muscle cells have their own
spontaneous activity, which determines the myogenic
regulation of peripheral blood flow.

Analysis of literature showed that internal cou-
plings were not earlier investigated, while external
couplings were fragmentarily investigated in healthy
volunteers, and they remain unstudied in type 2 DM
patients. We have assessed for the first time the inter-
nal couplings characterizing the interaction between
regulatory processes occurring in one part of microcir-
culatory bed in a small tissue volume [91]. Overlap-
ping areas of adjacent frequencies with medium and
strong internal couplings were found that character-
ized the interactions between regulatory mechanisms
of skin blood flow: the central ones (respiratory and
cardiac) and local (endothelial, neurogenic and myo-
genic). It was revealed that the number of internal cou-
plings increased with age, both between local and
between local and central mechanisms of regulation.
We assume that changes caused by pathological disor-
ders in the mechanisms described above will lead to a
change in the number and strength of external and
internal couplings between the processes regulating
skin perfusion. The formation of ideas about the inter-
nal and external couplings between the processes of
regulation of microcirculatory blood flow can provide
a basis for their consideration as the reliable non-inva-
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sive biomarkers of functional state of cardiovascular
system under pathological changes in a human organ-
ism.

INVESTIGATION OF MICROCIRCULATION 
DISORDERS IN ANIMALS ON MODELS 

OF PATHOLOGIES (DIABETES 
MELLITUS AS AN EXAMPLE)

Currently, most of microcirculation studies using
LDF are conducted with the participation of volun-
teers and patients with pathologies. However, such
studies have a number of ethical and methodological
limitations, so it becomes necessary to conduct research
involving physiological and pathological models on ani-
mals. The studies of skin blood flow in laboratory ani-
mals, according to appropriate ethical protocols, allow
confirming experimentally the hypotheses, verification
of which is impossible in the studies with participation of
volunteers. To date, there are investigations devoted to
the study of skin microcirculation in animals, mainly
rats. Particularly, the features of peripheral microhe-
modynamics in rats were studied under different con-
ditions (aging, stress, acute and chronic hypoxia,
hypothermia, ischemia/reperfusion syndrome) and
on T2DM model [92–104]. A significant number of
studies was aimed at investigation of the effect of phys-
iologically active compounds and pharmacological sub-
stances on the processes occurring in skin microvascular
bed in animals [105–110]. It should be noted that
microcirculation changes under stimuli were esti-
mated only by the total skin perfusion in most animal
studies. There are only single studies of rhythmic com-
ponents of peripheral skin microhemodynamics [102,
111]. This is probably a consequence of the fact that
the need to immobilize the animal for measurements
and functional tests using traditional methods of anes-
thesia can lead to changes in mechanisms of skin
hemodynamics regulation. The use of combined
injection-gas anesthesia “Zoletil–nitrous oxide”
made it possible to adequately assess the parameters of
microcirculation of animals in conditions close to nor-
mal sleep ones [112, 113]. Nowadays, the increase in
the incidence of diabetes mellitus, mainly T2DM,
which is dangerous with chronic complications, dic-
tates the need for extensive research to find effective
measures for its prevention and treatment [114].
Experimental models on animals that are the most
sensitive to DM development using adequate methods
of its induction will partially solve this problem. There
are many ways to create animal models of diabetes, for
example, using anti-insulin serum or antagonists of
insulin receptor, pancreatectomy, glucose infusion,
beta-cell cytotoxic agents and viruses; as well as diabe-
togenic nutritional and hormonal factors [115–117].
However, most of the currently used experimental
models of diabetes (surgical, chemical, endocrine,
immune, genetic) are not suitable for studying type
2 DM, since they are associated with or cause a signif-
icant destruction of beta-cells in the Langerhans islets
of pancreas, which is type 1 DM characteristic.

The pathophysiology of type 2 DM is mainly based
on a decrease in tissue sensitivity to insulin, which fur-
ther leads to a decrease in insulin secretion. These pro-
cesses cause hyperglycemia with subsequent damage
to various organs. The creation of an animal model of
type 2 DM, similar in etiology and course to type
2 DM in human, is difficult, but very important, as it
will help to understand the complex pathophysiology
of the disease, as well as give new ideas for research
related to therapeutic procedures [118]. Analysis of
modern literature showed that rodents (mainly mice)
and minipigs are the most suitable animals for type
2 DM modeling. The following approaches are used:
mono- or polygenic obesity, high-fat diet, non-obesity
model and genetically induced model [115, 116].
In most of these models, obesity is provoked, which
reflects the state of people in whom obesity is one of
the main causes of type 2 DM [119]. In experimental
type 2 DM models rodents were used: genetically modi-
fied animals (C57BL/KsJYLeprdb/+ mice, db/db mice,
New Zealand Obese mice, TALLYHO/Jng mice, Obese
Zucker Diabetic Fatty rats (OZDF), inbred and out-
bred rodent lines (C57BL/6 and BALB/c mice, Wistar
rats) [115, 116, 120–126]. Since in the etiology of type
2 DM (as well as obesity) in human, excessive caloric
intake is of primary importance, diet-induced models
in various animal species seem to be the most adequate.
The diet has a significant impact on the development of
pathology. Thus, for the development of obesity and
type 2 DM in C57BL/6 mice, a high-fat diet, includ-
ing up to 60% fat, is required, and a faster and more
pronounced effect is achieved when a large amount of
sucrose or fructose is added to the diet [127, 128].
A diet with a high fructose content (35–60% kcal relied
to fructose) was used to induce insulin resistance in
Wistar rats [124, 129]. For the induction of type 2 DM
in mini-pigs, it was also recommended a high-fat diet
with addition of a large amount of sucrose [130].

Thus, the models induced by diets are the closest in
etiology and development mechanisms to type 2 DM in
human, among which high-fat and high-carbohydrate
diets are the most effective. Some authors recommend
additional using small, individually calculated doses of
streptozotocin to accelerate the development of diet
induced type 2 DM, so as not to completely destroy
beta-cells of the pancreas, as it is the case with type 1
DM [104, 116, 131]. However, streptozotocin injection
is an additional stress factor and can lead to increased
severity and development of later progressive stages of
the disease [132]. Besides, such models are extremely
time-consuming and require constant monitoring of
metabolic parameters in animals.

The main criteria for DM development and the effec-
tiveness of the therapeutic and preventive measures used
are the content of glucose, insulin and glycosylated
hemoglobin in blood plasma, the number of beta-cells
BIOPHYSICS  Vol. 67  No. 4  2022
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in the pancreatic islets, the result of a glucose toler-
ance test, the index of insulin resistance, as well as the
results of histology and histochemistry of the pancreas
and other organs [35].

FACTORS AND MECHANISMS
OF VASOMOTOR REGULATION

Endogenous and exogenous vasoactive agents act
on blood vessels, causing vasoconstriction or vasodila-
tation. Many factors are vasoactive: hormones, pep-
tides, lipid metabolism products, proteases, extracel-
lular vesicles, low molecular weight substances (for
example, nitrogen oxide – NO, hydrogen peroxide –
H2O2), internal and external environmental factors
(temperature, shear stress, pressure, pH, partial pres-
sure of oxygen or CO2). Their action is mediated by the
activation of certain receptors, signaling pathways or
by the effect on intracellular components in endothe-
lial and smooth muscle cells [4, 13, 133–139].

Ion channels and membrane receptors participate
in the regulation of vasoactivity: large-conductance
Ca2+-activated K+-channel, voltage-dependent
K+-channel, mechanosensitive ion channels, recep-
tors–ion channels (purine, isoforms of transient
receptor potential channel, nicotinic acetylcholine
receptors), receptors coupled to heterotrimeric GTP-
binding proteins (adrenoceptors, adenosine, sero-
tonin, vasopressin, endothelin receptors and other),
receptors–tyrosine kinases (insulin receptor, Tie1-2,
growth factor receptors) [140–142], receptor-type
protein tyrosine phosphatases [143–145]. The follow-
ing signal transduction sequences can serve as exam-
ples of principle schemes of intracellular and intercel-
lular communication components activation in the
action of vasoactive factors: (1) phospholipase A2 →
cytochrome P450 → eicosanoids → large-conduc-
tance Ca2+-activated K+-channel, the activation of
which leads to hyperpolarization of the membrane of
smooth muscle cells and subsequent relaxation of the
vessel (for example, in shear stress); (2) endothelial
NO-synthase → NO release → smooth muscle cells →
soluble guanylate cyclase → cGMP → protein kinase
G → change of Ca2+ concentration in the cytosol →
large-conductance Ca2+-activated K+-channel; (3)
oxidases (NADPH-oxidase, xanthine oxidase and
others) → reactive oxygen species (ROS) → decreased
NO and/or increased hydrogen peroxide levels. The
given schemes can be detailed by transduction of sig-
nals from certain receptors of vasoactive agents,
involved in the formation of external or internal cou-
plings, to intracellular effector molecules. Each of the
activation schemes is not complete and rather conven-
tional, since it is a generalization of the results
obtained in studies of blood vessels from different
organs and under functional tests in human or ani-
mals, while it is known that blood flow regulation in
microvascular bed is species and tissue specific [146–
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148]. In some cases, inhibitors and activators of cer-
tain signaling components were applied by iontopho-
retic method, in which agents can influence surround-
ing tissues [13, 149]. In addition, the schemes include
some results obtained on large vessels therefore their
application to microvascular bed requires further
research. It should be noted that modern views do not
explain mechanisms of the formation of oscillations in
peripheral blood flow, which characterize the state of
microvascular bed more fully and significantly change
in pathologies including T2DM [150–153].

СHANGING Сa2+-DEPENDENT 
REGULATION OF COUPLING BETWEEN 

ENDOTHELIAL AND MUSCLE VASCULAR 
CELLS IN DIABETES MELLITUS

The main regulatory mechanisms of smooth mus-
cle contractility are considered changes of membrane
potential and Ca2+-metabolism. NO, Ca2+, metabo-
lites of arachidonic acid, ROS, and redox and poten-
tial sensitivity of regulatory partners should be espe-
cially noted among regulatory factors. Ca2+-signaling
in endothelial and smooth muscle cells of microvessels
needs to be clarified in norm and in T2DM. So, the
above-mentioned large-conductance Ca2+-activated
K+-channel, included in endothelial-muscle com-
munication, was studied mainly on large vessels in
human or animals [135, 154, 155]. The following play-
ers are involved in calcium metabolism in endothelial
cells of different tissues: inositol 1,4,5-trisphosphate
receptors responsible for Ca2+-release from the endo-
plasmic reticulum, isoforms of transient receptor
potential channel, members of the ORAI family of cal-
cium channels, store-operated calcium channels
(SOC), endothelial T-type voltage gated calcium chan-
nels, endoplasmic reticulum Ca2+-ATPase 2a (SER-
CA2a), plasma membrane Ca2+-ATPases (PMCA1 and
PMCA4), Na+/Ca2+-exchanger [156–161]. In smooth
muscle and endothelial cells as well as in microvascu-
lar pericytes, ion channels make an important in the
regulation of cell-cell interactions and microvascular
function by generating intracellular Ca2+ and mem-
brane potential signals [162–164]. Ca2+-homeostasis
and mechanisms of regulation of Ca2+ concentration
in the cytosol of blood vessel endotheliocytes may be
altered in DM. Thus, in the aorta endothelium of the
OZDF (Obese Zucker Diabetic Fatty) rats, a decreased
SOC-dependent Ca2+ entry was revealed, whereas no
differences were found in the pool of Ca2+ released
from the endoplasmic reticulum in response to inosi-
tol-1,4,5-triphosphate [165]. It has been shown that
channels with transient receptor potential (channels of
the TRP family: TRPC, canonical; TRPV, vaniloid;
TRPM, melastatin; TRPML, mucolipin) are involved
in changes and vascular dysfunction in diabetes and
obesity or are potentially associated with vascular dys-
function [166]. Hyperglycemia and diabetes decrease
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the expression of channels of the vanilloid receptor
TRPV4 and their functional activity in endothelial
cells of retinal microvessels [167]. A decrease in the
expression of Ca2+-sensitive receptor on endothelial
and smooth muscle cells of the aorta in obese mice
with T2DM was shown, which may be involved in the
development of diabetic vasculopathy [168]. Changes in
the activity of voltage-dependent channels of cardio-
myocytes, observed in diabetic cardiomyopathy
accompanying T2DM, lead to changes in heart rate
and heart contractile function [169]. We expect that
the consequence will be a change in the profile of heart
rate variability, which will affect the spectral charac-
teristics as well as the external and internal couplings.
Besides, Ca2+-dependent mechanisms of NADPH
oxidase activation are impaired in T2DM that associ-
ated with impaired actin polymerization and Ca2+

transport [170, 171]. There is an increase in the base-
line level of [Ca2+]i and a decrease in the peak of
Ca2+responses to stimuli in neutrophils of T2DM
patients [172]. It is assumed that this is due to impair-
ments of either the Ca2+ entry, or its release from intracel-
lular stores, or both processes. The mentioned distur-
bances of Ca2+ regulation in T2DM were studied mainly
on the cells of large vessels. It remains unknown how
Ca2+ regulation is involved in the formation of rhyth-
mic processes in microvasculature.

NO-DEPENDENT REGULATION
OF VASODILATION AND ITS 

ABNORMALITIES IN DIABETES MELLITUS
NO is one of the universal transmitters involved in

blood vessel vasodilation. It is produced from L-arginine
by NO-synthases (NOS) in the presence of cofactors,
including tetrahydrobiopterin, FAD, CaMK and others
[173]. The activity of endothelial NOS (eNOS) is regu-
lated at the transcriptional, post-transcriptional and
post-translational levels [90, 174]. One of the main
mechanisms of eNOS post-translational modification is
phosphorylation, which can be carried out by protein
kinase C, protein kinase B, Ca2+/calmodulin-dependent
protein kinase, protein kinase A, PI3K/protein kinase B,
AMP-activated protein kinase initiated through recep-
tors–tyrosine kinases, G-protein coupled receptors or by
shear stress [135, 174]. The activation of eNOS can
occurs in Ca2+-dependent or Ca2+-independent manner,
for example, by Ca2+/calmodulin-dependent protein
kinase or shear stress, respectively [173]. Ca2+-dependent
NO release initiated by arachidonic acid was shown in
cultivated endothelial cells of human cerebral microves-
sels [175].

The role of signal components mentioned above
has been studied fragmentarily in microvasculature
oscillatory processes. So, in spontaneously hyperten-
sive rats at the age of 8 to 18 weeks, spectral analysis
using wavelet transform revealed a significant decrease
in the amplitudes of pancreatic microcirculation oscil-
lations in the endothelial range, which can be partially
explained by an increase in plasma levels of
nitrite/nitrate, endothelin-1, malonic dialdehyde and
interleukin-6 and a decrease in the level of superoxide
dismutase in the blood [176]. A comprehensive study
of the spectral characteristics of murine skin micro-
hemodynamics oscillations and oscillations of Ca2+

and NO concentrations in the cytoplasm of cultured
murine microvascular endotheliocytes showed the
presence of low-frequency oscillations of both Ca2+

and NO concentrations in the frequency interval coin-
ciding with the interval of NO-independent endothe-
lial activity of skin microcirculation [177]. In smooth
muscle cells NO can initiate a cGMP-dependent
decrease of the frequency of agonist-induced Ca2+

oscillations due to a decrease of Ca2+ mobilization
from intracellular stores [178]. Thus, oscillatory inter-
cellular signals from endothelial cells can interact with
oscillations in smooth muscle cells. It is assumed that
such an interaction of oscillators may be reflected on
a change of strength of external and internal couplings
in microvascular bed.

In T2DM, eNOS regulation is impaired at least
due to two factors: insulin resistance and hyperglyce-
mia. Insulin plays an important role in the functioning
of microvessels, increasing the expression of eNOS
and vascular endothelial growth factor VGEF genes in
endothelial cells, increasing the density of the capil-
lary network and enhancing NO-mediated vasodilata-
tion [4]. Insulin resistance is usually defined as
a decrease in insulin sensitivity or the response rate to the
metabolic action of insulin. In the different cells of healthy
organism, binding of insulin to the insulin receptor causes
its autophosphorylation on tyrosine residues and subse-
quent phosphorylation of the insulin receptor substrate-1
(IRS-1) then activating the Ca2+-independent signaling
pathway phosphatidylinositol-3-kinase/phosphoinositide-
dependent kinase-1/protein kinase B. Further events are
activation of eNOS in endothelial cells, translocation of
the glucose transporter GLUT4 into the plasma mem-
brane, regulation of glycogen, protein and lipid synthesis,
and glucose consumption [179–181]. There are features
of the insulin action, regulation of glucose transport and
metabolism in cells of different tissues. It should be noted
that phosphatidylinositol-3-kinase/protein kinase B sig-
naling pathway provides vasodilation and pleiotropic
effects of insulin on metabolism in the endothelium.
Insulin activates the production of endothelin-1, adhe-
sion molecules (VCAM-1 and E-selectin) through sig-
naling pathway Sos/Ras/Raf/MAPK (Sos, adapter pro-
tein (Son of sevenless), Ras, small GTPase from proto-
oncogene family Ras (Retrovirus associated DNA
sequences), Raf, serin/threonine protein kinase of the
proto-oncogene family Raf (Rapidly accelerated
fibrosarcoma), MAPK, mitogen activated protein
kinase), which leads to vasoconstriction, regulates
gene expression, cell proliferation and growth [179–
181]. Hypertension and vascular dysfunction were
BIOPHYSICS  Vol. 67  No. 4  2022
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observed in mice on a high-fat diet, not as a result of
defective signaling from the insulin receptor via pro-
tein kinase B, but due to a decrease in the level of
eNOS phosphorylation mediated by free fatty acids.

Endothelial insulin resistance is usually accompa-
nied by suppression of phosphatidylinositol-3-
kinase/NO signaling pathway and enhancement or
preservation of the intact MAPK/endothelin-1 sig-
naling [182, 183]. So, in the endothelial cells of subcu-
taneous microvessels obtained from small biopsies of
T2DM patients, increased levels of ERK1/2 phos-
phorylation and endothelin-1 mRNA expression were
revealed, at that the excessive MAPK (ERK1/2) acti-
vation in patients can be explained by the action of
endothelin-1 [184].

PATHOPHYSIOLOGICAL FACTORS
OF INSULIN RESISTANCE DEVELOPMENT

It is believed that the reasons of the development of
insulin resistance are: lipotoxicity, glucose toxicity,
inflammatory status, mitochondrial dysfunction,
endoplasmic reticulum stress, hyperinsulinemia in the
early stages of type 2 DM, and in some cases
a decrease in the expression of insulin receptor or
mutations [185–188]. The main mechanisms of insu-
lin resistance in different tissues include a defect in the
insulin receptor number and a disturbance of signal
transduction from the receptor to PI3K and down-
stream targets [189]. In addition, the cause may be a
disturbance in phosphorylation of insulin receptor and
signaling components due to the activation of Ser/Thr
protein kinases [190]. “Diabetogenic” factors, espe-
cially free fatty acids, inflammatory cytokines, ROS,
hyperinsulinemia, increase excessively the activity of
various serine protein kinases regulating glucose
homeostasis, including c-Jun N-terminal kinase, pro-
tein kinase C isoforms, Rho-associated kinase [188,
191, 192]. However, insulin resistance was shown to be a
heterogeneous pathological sign that occurs for various
reasons in different tissues, but the primary mecha-
nism of this effect includes a single pathway of insulin
resistance [193]. This mechanism remains poorly
understood in microvessels, and its role in establishing
external and internal couplings between the systems of
skin blood flow regulation has not been studied.
Whereas vascular complications are the main reason of
morbidity and mortality in patients with DM, while
microvascular complications, such as neuropathy,
nephropathy and retinopathy, contribute to a signifi-
cant decrease in the quality of life in type 2 DM [183].
Blood vessels suffer both from progressive damage of
the sympathetic and parasympathetic ganglia, and
from direct damage of endothelial cells. The latter is
the result of a decrease in NO bioavailability due to the
damaging effect of hyperglycemia on eNOS, or on
TRPV-4 type calcium channels, or a decrease in the
bioavailability of L-arginine, the substrate of eNOS.
Oxidative stress resulting from excessive ROS produc-
BIOPHYSICS  Vol. 67  No. 4  2022
tion by both endothelial and circulating immune cells
is also considered as the reason. The resulting peroxy-
nitrite serves as an additional damage factor.

THE ROLE OF REACTIVE OXYGEN
SPECIES IN VASCULAR DYSFUNCTION

IN HYPERGLYCEMIA
Sources of ROS in endothelial cells are NADPH

oxidases, mitochondrial respiratory chain, NOS,
xanthine oxidases, peroxidases, cyclooxygenases,
and lipoxygenases [194–196]. NADPH oxidase
which catalyzes the production of superoxide anion
radical, a precursor of other ROS, is a main player.
In normal conditions, superoxide anion radical and
hydrogen peroxide, product of its dismutation, regu-
late endothelium-dependent relaxation and contrac-
tility of smooth muscles of blood vessel. In patholo-
gies, the increased expression and activity of NADPH
oxidase lead to decrease of NO level, weakening endo-
thelial functions, and a significant increase of contrac-
tility [196]. The inclusion of a generalized NADPH
oxidase (NOX) image in signaling schemes requires
clarification, since NOX1, NOX2, NOX4, and NOX5
(supplied with Ca2+ binding sites) isoforms with a high
degree of homology, which differ in activation mecha-
nisms, are currently defined in the endothelium [196–
201]. For example, cytoplasmic components do not
participate in NOX4 activation, it has a high constitu-
tive activity and provides the basal ROS production in
vessels, and NOX5 is absent in rodents. The active
NOX2-based NADPH oxidase complex includes the
membrane subunit p22phox and the cytoplasmic sub-
units p47phox, p67phox, p40phox, and the small
GTP-binding protein Rac1. Polymorphonuclear neu-
trophil granulocytes (neutrophils) produce superoxide
radicals most intensively when NOX2 activated. Also
they generate secondary oxidants due to the activity of
myeloperoxidase. In DM, neutrophils, the most
numerous and extremely reactive population of blood
cells, play a significant role in the disturbance of the
redox balance leading to oxidative stress [202].

Oxidative stress plays an important role in the
development of type 2 DM: ROS level in the blood is
an important pathogenetic factor contributing to vas-
cular endothelial and smooth muscle cell dysfunction
[42]. The formation of ROS that modify the state of
blood vessels in various organs is the result of the acti-
vity of many enzymes and biochemical pathways both
in the cells themselves and in blood cells. The main
sources of ROS in hyperglycemia and diabetes are glu-
cose autoxidation, the polyol pathway of glucose metab-
olism, the formation of advanced glycation end prod-
ucts, NADPH oxidases, mitochondrial electron trans-
port chain, uncoupled eNOS activity, and xanthine
oxidase [203–205]. Potentiation of the endogenous
antioxidant system and the use of therapeutic drugs
that decrease ROS level can improve the state of the
vascular system in hyperglycemia [206]. In particular,
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Fig. 1. The scheme of couplings in the regulation of skin blood f low oscillations in humans and animals. White arrows indicate
changes in the activity of enzymes or the number of metabolites in type 2 diabetes mellitus; black arrows indicate the direction of
transduction of the regulatory signal.
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betaine, which promotes the production of glutathi-
one, inhibits pathological neovascularization of the
cornea of the eye [207]. Metformin also has a benefi-
cial effect on the state of blood vessels. It has multiple
therapeutic effects in type 2 diabetes. In particular, as
an antioxidant it directly captures the hydroxyl radical,
enhancing the activity of glutathione reductase, cata-
lase and superoxide dismutase and suppressing
NADPH oxidase activity [208]. NADPH oxidase is
a target of hyperglycemia, which causes disorders in
the mechanisms of enzyme activation associated with
phagocytosis and the state of intracellular signaling
systems, including those dependent on Ca2+ [171].
The direct oxidation of sulfhydryl side chains is the
main mechanism of protein modification by ROS.
The targets are channels, receptor proteins, small
G-proteins, enzymes. So, H2O2 activates TRP chan-
nels in the cultivated endothelial cells of human and
mouse pulmonary microvessels [209]. Besides, in
hyperglycemia condition in type 2 diabetes, DNA
damage and gene transcription changes are observed
against the background of increased ROS levels and
metabolic depletion of antioxidant reserves. The com-
plex relationship between metabolism and epigenetic
changes can provide a conceptual basis for under-
standing how pathological stimuli operate the deve-
lopment of complications in type 2 DM [210]. Studies
of the ROS role in the type 2 DM etiology is promising
to a large extent for the development of pharma-
ceutical agents based on NOX inhibitors [211]. The
interaction of signaling pathways, including the cal-
cium metabolism activation and ROS production can
be realized in synergy of calcium responses to vasoac-
tive agents in endothelial cells [212]. In addition, ROS
generated in vascular smooth muscle cells with parti-
cipation of NOX4 and NOX5 can create feedback
[196, 213, 214].

CONCLUSIONS

Type 2 diabetes mellitus is accompanied by the
development of macro- and microvascular complica-
tions [36, 37]. Hyperglycemia, a key feature of diabe-
tes, is considered to be the main mechanism that crea-
tes conditions for the occurrence of microvascular dis-
orders which are the main cause of the development of
retinopathy, nephropathy, diabetic cardiomyopathy
and peripheral neuropathy. Mechanisms contributing
to the development of diabetic microangiopathy
include oxidative stress, impaired regulation of vascu-
lar regeneration and vascular cell functions (endothe-
lial, smooth muscle and stromal cells, pericytes), as
well as immune cells interacting with the endothelium.
Endothelial dysfunction in DM is characterized by a
weakening of endothelium-dependent vasodilation
and a relative predominance of vasoconstriction,
hypercoagulation and an increase in vascular wall per-
meability. All these circumstances lead to blood flow
disturbances in microvascular system and the develop-
BIOPHYSICS  Vol. 67  No. 4  2022
ment of diabetic complications. Therefore, the search
for effective markers of the functional state of
microvessels for early diagnosis of vascular disorders is
currently relevant. Analysis of the characteristic fre-
quency modes of skin microcirculatory blood flow
oscillations, formed under the influence of the ner-
vous system, lungs, heart and vascular endothelium
(Fig. 1), can make a significant contribution to solving
this problem. Sympatho-vagal balance with the par-
ticipation of endogenous vasoactive agents determines
the central and local mechanisms of skin blood flow
regulation and affects the interrelationships of regula-
tory systems. But, the couplings between integral
characteristics of microcirculatory blood flow and
processes of their regulation, including characteristic
oscillatory modes of concentrations of extracellular and
intracellular signaling mediators (Ca2+, NO, ROS, and
others), remain poorly investigated both in normal
and in pathologies. The components of the main sig-
naling pathways in endothelial cells under the regula-
tory influence of blood leukocytes make contribution
to the change in the balance of external and internal
couplings between the processes of skin microhemo-
dynamics regulation in norm and type 2 DM. Though
signaling in endothelial cells themselves and in their
interaction with smooth muscle cells has been studied
in some detail, it is noteworthy that the schemes of sig-
naling events were constructed with the inclusion of
results obtained mainly on large vessels. However,
great care is required to extrapolate patterns obtained
on endothelial cells of macrovessels to microvessels of
various tissues and organs. The limitation is imposed
by the fact that, despite the common mesodermal ori-
gin of the vessels, they have phenotypic, structural and
functional heterogeneity [215–218], and the expres-
sion of genes and their products may differ in cells
adapted to cultivation and in native endothelial cells
due to different local microenvironment and epigene-
tic modification [159, 217, 218]. Besides, there is no
unambiguous understanding of the correspondence of
molecular and cellular mechanisms to the integral
parameters of microcirculatory blood flow. Compre-
hensive studies are needed on the whole organism and
on cultured cells to create a basis for understanding the
molecular and cellular mechanisms of regulation of
rhythmic processes of blood flow in skin microvascu-
lar bed in human, as well as to assess the role of intra-
cellular targets of vasoactive impacts in the formation
of peripheral blood flow oscillations and its modula-
tion in type 2 DM. The development of ideas about
internal and external couplings between the processes
of regulation of microcirculatory blood flow can give
basis for their consideration as reliable non-invasive
biomarkers of the functional state of the cardiovascu-
lar system in pathological changes in the human body.
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