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Abstract: Covalent modification of bovine testicular hyaluronidase with chondroitin sulphate led to changes in the pattern of 
glycation of native and modified enzyme in its reaction with neutral saccharides and N-acetylhexosamines. Thus, mono- and 
di-saccharides inactivated the native hyaluronidase to a greater extent than the chondroitin sulfate-modified enzyme. 
N-acetylhexosamine, on the opposite, inactivated the modified hyaluronidase to a greater extent than the native one. These properties 
made it possible to use native and modified hyaluronidase as an informative research system for in vivo measurement of the 
predominant type of saccharide agents in the circulation. The proposed approach was experimentally substantiated by obtained 
results of the study on these interactions of hyaluronidase derivatives with hyaluronan fragments and their mixture. In a model of 
post-ischemic perfusion of the rat limb, the effect of hyaluronidase derivatives and their components on restoration of the 
microcirculation were tracked using laser Doppler flowmetry. Native hyaluronidase accelerated the restoration of initial level of 
microcirculation, but modified enzyme was markedly inhibited by glycocalyx degradation products. N-acetylhexosamine was 
positioned at the reducing terminal of these products as a natural label for these glycocalyx fragments. These and other data obtained 
under various experimental conditions supported the participation of endothelial glycocalyx in microcirculation disturbances.  
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Abbreviations 

HU  native hyaluronidase 
CHS  chondroitin sulphate 
HU-CHS chondroitin sulphate-modified hyaluronidase 
HU+CHS mixture of chondroitin sulphate with hyaluronidase 
GAG  glycosaminoglycans 
BSA  bovine serum albumin 
LDF  laser Doppler flowmetry 
GLX  endothelial glycocalyx  
MCB  microcirculatory bed 

1. Introduction 

Vascular biology has been elicited the culprits and 

custodians of vessel wall function so far. Vascular 

wall injury is really involved in the pathogenesis of 

most cardiovascular diseases. In a normal blood vessel, 
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the wall is protected by a double protective layer: the 

endothelium and its glycocalyx [1, 2]. The glycocalyx 

has several functions: an inert barrier, a molecular 

sieve, a reservoir for biologically active compounds, 

and a mechanical transducer of shear stress from 

blood flow on the endothelium [3, 4]. Endothelial 

GLX (glycocalyx) is composed mainly of membrane 

(syndecans, glypicans) and soluble (perlecan, biglycan, 

etc.) proteoglycans. These proteoglycans, in turn, vary 

according to the different glycosaminoglycans 

(heparin sulfate, chondroitin sulphate, keratan 

sulphate, dermatan sulphate) bound to the 

proteoglycan skeleton [5, 6]. There is the hyaluronic 

acid also as exclusive case of nonsulphated 

glycosaminoglycan with unknown exact link to the 

cell membrane. 
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The composition of GLX is not constant, rather, it 

exists in dynamic equilibrium with the blood flowing 

past by exchanging soluble components. This process 

underlies the formation of the endothelial surface 

layer [7]. Taken together the components of GLX 

form a self-renewing three-dimensional network 

composed of various polysaccharides and protein 

derivatives [5-8]. As proposed, disruption of GLX 

caused by reactive oxygen species [3, 9], ischemia [7, 

9, 10], reperfusion [11, 12], or enzymatic action [3, 5, 

7, 9] represents an early stage of subsequent vascular 

injury [3-9]. Due to their ability to cleave GLX 

components, the glycosidases or proteases can change 

the density of the protective cover layer, which, in 

turn, affects blood flow. Acute changes in blood flow 

can have severe and even lethal consequences for the 

outcome of cardiovascular disease [13]. Yet, recovery 

of heart function after acute myocardial infarction is 

possible in some cases (25%) after achieving 

significant perfusion in the infarct-related artery and 

restoration of adequate microcirculation level and 

tissues perfusion [14-16]. Thus, significant 

improvement in macro- and micro-circulation is 

crucial for successful therapy [15, 17, 18]. 

Biochemical determination of glycocalyx share in 

vascular injury implies therapeutically the possibility 

to regulate glycocalyx state with help of biochemical 

methods and means.  

According to the commonly accepted concept, all 

blood vessels have GLX, larger vessels have thicker 

GLX layers [5]. GLX in large vessels can be 

visualized using two-photon laser scanning 

microscopy [19, 20]. It is justifiably assumed that 

GLX dysfunction can trigger the development of 

atherothrombosis [21]. GLX in large blood vessels has 

been shown to be similar to that in capillaries [22]. 

However, there are very few data on the role of GLX 

in the microcirculation and its disorders [3]. Most 

reports interpret microcirculatory defects as a result of 

vasoconstriction and/or microembolization [23] 

caused by fragments of a lysed thrombus, ruptures of 

an atherosclerotic plaque, large platelets, or platelets 

aggregated with red and white blood cells [3, 17]. The 

authors believe that the role of GLX in the 

development of microcirculatory disorders has been 

underestimated. GLX must be intimately involved in 

this pathological process, since a diminishing luminal 

diameter brings the opposing sides of the vascular 

wall very close to each other and to the clogging 

material.  

In the present study, the authors aimed at 

elucidating the role of GLX in microcirculatory 

disorders. For this purpose, the model of ischemic 

injury was used to MCB (the microcirculatory bed) in 

the rat hind limb. Subcutaneous microcirculation was 

monitored by LDF (laser Doppler Flowmetry). The 

presence of GLX components in the circulation was 

identified using hyaluronidase derivatives, BSA and 

CHS.  

2. Materials and Methods 

2.1 Materials 

Bovine testicular hyaluronidase (under commercial 

name Lidase®, EC 3.2.1.35) from “Microgen” 

(Moscow, Russia) was further purified using 

gel-chromatography (Sephadex G-100, Pharmacia, 

Sweden). The specific activity of the final enzyme 

preparation was 950-970 NFU/mg protein. 

Chondroitin sulphate-modified hyaluronidase 

(HU-CHS) was prepared as described earlier [24]. The 

specific activity of HU-CHS was 720-750 NFU/mg 

protein; 84-86% of the surface amino groups were 

modified and the preparation contained 3-6% protein 

[24, 25]. 

Other reagents: Hyaluronic acid potassium salt 

(hyaluronan) with a mean molecular mass (MM) of 

700-800 kDa prepared from human umbilical cord, 

CHS (chondroitin-4-sulphate) from bovine trachea 

(MM 30-50 kDa), BSA (bovine serum albumin), 

D-glucose, D-galactose, D-maltose, D-lactose, 

D-cellobiose, N-acetylglucosamine and N- 

acetylgalactosamine, sodium chloride—all from 
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Sigma, USA.  

Individual fragments (oligomers) of hyaluronic acid 

with the brutto-formula GlcA—[--GlcNHAc— 

GlcA--]n---GlcNHAc, where n is 0 (dimer), 1 

(tetramer), 2 (hexamer), 3 (octamer), 4 (decamer) of 

hyaluronan were kindly gifted by Prof. Keiichi 

Takagaki, Department of Biochemistry, Hirosaki 

University School of Medicine, Hirosaki, Japan [26]. 

All other reagents and chemicals were manufactured 

in the Russian Federation and were of analytical 

grade.  

2.2 Methods 

The endoglycosidase activity of HU (hyaluronidase) 

derivatives was determined using an Ostwald 

viscometer (B-434, Cannon, USA) as described in Ref. 

[27]. The time required for the test solution to flow 

through the apparatus was measured at 37 °C. The 

reagent mixture contained phosphate buffer (0.1 M, 

pH 5.5), NaCl (0.15 M), HU (0.002 mg/mL), mono- 

or disaccharides, or N-acetylhexosamines (0.2 

mg/mL), heparin (0.2 mg/mL). Prior to the 

measurement, 0.1 mL of this mixture was added to 0.9 

mL of hyaluronic acid (the substrate) to bring its final 

concentration to 0.06%, and the sample was 

transferred to the viscometer.  

The ratio of the flow time of this reaction mixture 

to the flow time of the enzyme-free solution was taken 

as the relative viscosity of the tested sample. The 

enzymatic reaction velocity was calculated from the 

slope of the reverse logarithm of the relative velocity 

plotted against the time of incubation/measurement 

[25]. The calculated values reflected the relative 

velocity of enzymatic conversion of the substrate, 

these were compared with the similar values for HU 

standards (bovine testicular HU, Sigma, USA). The 

relative specific activity of the standard (further 

purified) HU product was 950-970 NFU/mg protein, 

this value was taken as 100%. Each sample containing 

the tested HU derivatives was measured three times, 

the mean value of these measurements is reported. 

The error of method was ± 2-3%.  

HU-CHS was prepared by the previously 

developed original procedure [24]. The protein 

content of both native and modified preparations was 

determined according to Bradford [28]. The surface 

amino groups of HU were titrated with picrysulfnic 

acid [25, 29]. 

The effect of the ionic strength on HU activity was 

determined under increasing concentrations of NaCl 

(0.05, 0.1, 0.15, 0.25, 0.5, 0.75, and 1.0 M) at 37 °C. 

The reagent solution was buffered at pH 5.5 and pH 

7.5 for native and modified enzyme. The 

measurements were done in triplicate. 

To modify HU, the native enzyme was incubated 

with at least 100-fold molar excess of saccharides 

(mono- or disaccharides, N-acetylhexosamines, or 

hyaluronan fragments with the n from 0 to 4). The 

incubation was carried out in 0.05 M phosphate buffer 

(pH 5.5 or 7.5) in the presence of 0.15 M or 0.75 M 

NaCl at 37 °C. Protein was present at 0.02 mg/mL, 

N-acetylhexosamine or other saccharide at 2 mg/mL, 

and hyaluronan fragments at 0.01 mg/mL or higher. 

The addition of sodium azide at 0.05% had no effect 

on the results. During the incubation for either four 

hours or eight days, aliquots of 0.1 mL were 

withdrawn from the reaction mixture and were tested 

for their endoglycosidase activity. The addition of 

hyaluronan fragments to the buffered substrate 

solution did not change the flow time or the respective 

viscosity (within the measurement error of ± 3%), it 

decreased by no more than 3-4% of the initial value 

for the entire incubation period of four hours at pH 5.5 

and 37 °C. 

Resistance of the HU derivative to inhibition by 

heparin was assessed by the residual enzymatic 

activity measured in the presence of excess heparin 

(weight ratio HU:heparin = 1:100) [24, 25]. To the 

reaction mixture containing a standard amount of 

protein (2 μg/mL) in 0.1 M phosphate buffer (pH 5.5) 

was added 0.2 mg/mL heparin. With 2-4 min 

incubation at room temperature, the endoglycosidase 
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activity of HU derivatives was quantified using an 

Ostwald viscometer. Heparin by itself did not change 

the flow time of the buffer solution. The results 

represent the means of three measurements. 

2.3 In Vivo Experiments 

Male Wistar rats (320-400 g) were anesthetized 

with chloroform. To simulate ischemia, a hind limb 

was clamped at the knee area using a hollow plastic 

tube and a lavsan thread passed through the tube. The 

pressure on the limb was controlled by tightening or 

loosening the thread using a surgical mosquito clamp. 

Tissue perfusion was measured by LDF (Laser 

Doppler flowmetry). The single-channel LDF analyzer 

LAKK-02 (Lasma, Russia) operating in the visible red 

range (λ = 630 nm) allowed the measurement of 

microcirculation blood flow at a depth of 1 mm 

(1.0-1.5 mm3 of tissue mass). This methodology is 

advantageous as compared to others because it permits 

analysis not only of the volume/velocity parameters of 

blood micro-flow, but of the individual mechanisms 

that control this flow as well.  

The red laser detector was attached (strictly 

perpendicularly) to the surface of the crease of the 

interdigital pads of the rat left hind limb. Two infusion 

regimens were used to study the effects of the tested 

agents on microcirculation and its recovery after 

ischemia. Scheme 1: bolus injection (1 mL solution 

into the tail vein) 1 min prior to 3 h ischemia 

(systemic effect); and Scheme 2: bolus injection 5 min 

before the end of 3 h ischemia (acute effect). The 

same volume of saline was injected in the control 

group. The microcirculation level was measured 

before, after, and during the ischemic period. The 

experimental animals showing similar levels of 

post-ischemic microcirculation recovery (within 5 min) 

were grouped together (Table 1).  

2.4 Wavelet Analysis of the Experimental Data 

For the calculations, the microcirculation levels 

were noted every 60 s for the 5 min pre-ischemic 

period and every 30 s for the post-ischemic recovery 

(10 min or 20 min). These numbers were then 

expressed as the ratios of the microcirculation level at 

the given moment to the average level in the initial 

period. The selected 5 min interval is the minimum 

period required for collecting enough data for 

subsequent amplitude-frequency analysis and wavelet 

transformation [30].  

Each frequency range of the obtained spectrum was 

analyzed separately, which made it possible to 

distinguish between various modifiers of blood flow: 

heart or respiratory rhythm, myogenic, neurogenic, or 

endothelial factors. In the amplitude-frequency 

analysis of the reflected signal after wavelet 

transformation, the above five effectors can be identified 

according to five specific frequency ranges.  

The software used (LDF 2.2.0.507) was not 

applicable for frequencies above 1.5 Hz. Therefore, 

the authors were not able to measure the effects of heart 
 

Table 1  Names and doses of the tested derivatives, numbers of animals in the experimental groups. 

Injected Preparation 
Scheme 1 Scheme 2 

Dose Number of animals Dose Number of animals 

Control (saline) 1 mL 6 1 mL 6 

HU 
3 mg protein/kg 
(2,800-2,900 NFU/kg) 

6 
3 mg protein/kg 
(2,800-2,900 NFU/kg) 

6 

HU-CHS 
3 mg protein/kg 
(2,200-2,300 NFU/kg) 

6 
3 mg protein/kg
(2,200-2,300 NFU/kg) 

6 

Free CHS 5 mg/kg 6 5 mg/kg 6 

HU+CHS 
5 mg glycosaminoglycan/kg 
and 3 mg protein/kg 
(2,800-2,900 NFU/kg) 

6 
5 mg glycosaminoglycan/kg  
and 3 mg protein/kg 
(2,800-2,900 NFU/kg) 

6 

BSA 3 mg protein/kg 4 3 mg protein/kg 4 
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rhythm (4-5 Hz in the rat) on microcirculation. Instead, 

it was possible to concentrate on those “active” factors 

that influence microcirculation by altering vascular 

tone: the endothelial (0.01-0.08 Hz in the rat), 

neurogenic (0.08-0.2 Hz), and myogenic (0.2-0.7 Hz) 

rhythms [30, 31]. 

2.5 Statistical Analysis 

The significance of the differences between various 

groups of data was evaluated using the Kruskal-Wallis 

non-parametric ANOVA method. The comparison 

between various frequency ranges within the same 

time interval for different study groups (P ≤ 0.05) and 

between various time intervals within the same group 

was made by the median test. The significance of the 

differences between various time intervals within the 

same group was tested by the non-parametric sign 

criteria and the Wilcoxon criteria (for Scheme 1), as 

well as by rank analysis of variance (Friedman 

ANOVA, P ≤ 0.05) and computation of Kendall’s 

coefficient of concordance (for Scheme 2). Since the 

effects observed in the Scheme 2 experiments 

developed more slowly than in Scheme 1, the authors 

selected four time intervals for Scheme 2 and only two 

time intervals for Scheme 1. The Kruskal-Wallis 

non-parametric ANOVA method (P < 0.05) and the 

median test were also used for the comparison 

between the times needed to reach the initial level of 

microcirculation in both experimental schemes. To 

rule out the problem of multiple comparisons and 

validate the use of the Kruskal-Wallis test, the authors 

compared paired groups by the non-parametric 

Mann-Whitney test and the Bonferroni correction for 

the p-value.  

The statistical data presented in the Tables include 

the number of animals, the medians, the 95% CI 

(confidence intervals), the interquartile ranges (or 

interquartile values), the name of the test used, and the 

precise value of the p-parameter. For groups with 

where n is equal 6, the 95% CIs show the minimal and 

maximal values of the given parameter in this group. 

3. Results and Discussion 

3.1 Biochemical Test of Glycocalyx 

One of major components of GLX—hyaluronan is 

essential for normal functioning of blood capillaries. 

It plays a regulatory role in the permeability of the 

capillary wall and intercellular endothelial contacts 

[3, 32]. HU which specifically destroys hyaluronan 

caused severe damage to MCB of subcutaneous 

tissue in hamsters [33]. Based on these reports, the 

authors chose HU to regulate the state of the GLX of 

the microcirculation. In vivo, the enzymatic activity 

of HU depends on its saccharide environment, which 

also determines HU resistance to heparin inhibition 

[24]. Authors sought to simulate changes in this 

environment. By covalently modifying the HU 

structure with different GAG (glycosaminoglycans), 

the authors showed that polymeric GAG (hyaluronan, 

CHS) stabilized the enzyme, whereas co-polymeric 

GAG (heparin, dermatan sulfate) destabilized it. The 

inactivation of HU was due to the presence of 

iduronic acid as well as α(1-3) and α(1-4) glycoside 

bonds in the enzyme microenvironment. In contrast, 

the presence of CHS caused the greatest stabilizing 

effect on HU and its endoglycosidase activity [24]. 

In vivo, HU interacts with low-molecular-weight 

saccharides (resulting from carbohydrate exchange 

disturbances) as well as with GLX degradation 

products (resulting from ischemia/reperfusion or 

oxidative stress). In the first scenario, HU binds 

neutral mono- or disaccharides; in the second 

Scenario, ionized products of GLX degradation; in 

both cases, HU enzymatic activity can vary. It should 

be noted that glycation alters the protein properties 

straightway with interaction start and can continue 

long time [34, 35]. 

The authors compared the glycation patterns of HU 

and HU-CHS after their reactions with either mono- 

(glucose, galactose) or di- (maltose, cellobiose, lactose) 

saccharides. As shown in Tables 2 and 3, native HU 

was less active and less resistant to heparin inhibition 
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as compared with HU-CHS. It is probable that CHS 

formed a protective shield around the enzyme 

molecule, and thus prevented its glycation by neutral 

mono- or di-saccharides and preserved its enzymatic 

activity. Binding with CHS caused a different type of 

conformational changes similar to those caused in HU 

with glycation by a mixture of various saccharides. As 

proposed, those changes help maintain the proper 

saccharide environment around the HU globular 

molecule [9].  

In the next step, the authors studied the interaction 

of HU with N-acetylhexosamines. N- 

acetylglucosamine and N-acetylgalactosamine were 

selected because these two saccharides are  located at 

the reducing terminal of GAG produced by 

degradation of GLX. As shown in Tables 2 and 3, the 

HU-CHS treated with N-acetylhexosamines was less 

active and less resistant to heparin inhibition as 

compared with the native enzyme. The authors then 

concluded that the effects of N-acetylhexosamines on 
 

Table 2  Glycation of HU by mono- (glucose and galactose), di- (maltose, cellobiose, lactose) saccharides, and 
N-acetylhexosamines (N-acetylglucosamine and N-acetylgalactosamine) after incubation in NaCl 0.15 M for 8 days at 37 °C. 

Incubation mixture HU characteristics with 8 days incubation 

 

pH 5.5 pH 7.5 

Residual activity 
(% from initial) 

Residual activity in 
the presence of excess 
heparin (% of initial)

Residual activity 
(% from initial) 

Residual activity in the 
presence of excess 
heparin (% of initial) 

HU 80 72 82 68 

HU plus glucose 85 33 70 44 

HU plus galactose 65 55 80 60 

HU plus glucose and galactose 61 54 66 60 
HU plus maltose 88 23 96 28 
HU plus cellobiose 99 14 95 12 
HU plus lactose 58 14 71 15 
HU plus maltose, cellobiose and lactose 57 2 56 1 
HU plus N-acetylglucosamine 78 68 80 70 
HU plus N-acetylgalactosamine 88 78 86 77 
HU plus N-acetylglucosamine and 
N-acetylgalactosamine 

70 60 80 70 

 

Table 3  Glycation of HU-CHS by mono- (glucose and galactose), di- (maltose, cellobiose, lactose) saccharides, and 
N-acetylhexosamines (N-acetylglucosamine and N-acetylgalactosamine) after incubation in NaCl 0.15 M for 8 days at 37 °C. 

Incubation mixture HU-CHS characteristics with 8 days incubation 

 

pH 5.5 pH 7.5 

Residual activity 
(% from initial) 

Residual activity in the 
presence of (% of initial)

Residual activity 
(% from initial) 

Residual activity in the 
presence of (% of initial)

HU-CHS 92 90 98 98 

HU-CHS plus glucose 96 93 87 97 

HU-CHS plus galactose 100 95 98 96 

HU-CHS plus glucose and galactose 85 88 82 83 

HU-CHS plus maltose 96 81 100 87 
HU-CHS plus cellobiose 88 71 91 75 
HU-CHS plus lactose 101 78 102 79 
HU-CHS plus maltose, cellobiose and 
lactose 

75 66 72 72 

HU-CHS plus N-acetylglucosamine 44 33 12 4 
HU-CHS plus N-acetylgalactosamine 50 37 38 25 
HU-CHS plus N-acetylglucosamine 
and N-acetylgalactosamine 

42 31 18 6 
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HU were opposite to those caused by mono- and 

disaccharides.  

To explain these differences, the authors 

hypothesized that the negatively charged CHS altered 

the electrostatic interactions in the HU molecule. If 

this were the case, it could be detected by changes in 

pI with HU modification (computational pI for the 

native form is 8.62 [36]). To test this assumption, the 

authors measured the enzymatic activities of both HU 

forms under increasing ionic strength. However, there 

were no differences between the native and modified 

forms of HU (Fig. 1).  

In an alternative approach, the authors tested 

whether the electrostatic interactions could play a 

role in the reactions of HU with the modifying 

saccharides rather than in the act of catalysis. It was 

found that ionic strength had no effect on the 

glycation pattern of native HU, and had a perceptible 

effect on the modified enzyme only after long 

incubations (Fig. 2). 

In addition, the effects of ionic strength were more 

pronounced at pH 7.5 than at pH 5.5, and the 

inactivation curves for both HU forms were similar at 

short incubation periods (Fig. 2). Taken together these 

observations indicated that the electrostatic interactions 

could not be the critical factor that determined the 

behavior of native versus modified HU. 

Other mechanisms can include (1) different protein 
 

 
Fig. 1  The effect of ionic strength (NaCl, M) on endoglycosidase activity of HU (1) , HU-CHS (2) at (a) pH 5.5 and (b) pH 
7.5. 

 
Fig. 2  Relationship of residual endoglycosidase activity of HU derivatives in their reaction with the mixture of 
N-acetylglucosamine and N-acetylgalactosamine at pH 5.5 (a) and pH 7.5 (b). The reagents were incubated in NaCl at 0.15 M 
(HU: 1, HU-CHS: 3) or 0.75 M (HU: 2, HU-CHS: 4).  

(a) (b) 

(a) (b) 
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conformations (curve 4 did not fully match curves 1 

and 2 in Fig. 2), (2) different sensitivity to pH 

(different shapes and positions of the curves in Fig. 

2a and 2b), (3) the multi-step process for formation 

of various HU glycation products (Fig. 3a), 

especially after prolonged incubation [9, 24, 25]. In 

addition, the bovine testicular HU preparation used 

might contain some contaminating enzyme— 

N-deacetylase that could convert the near-reducing 

terminus N-acetylglucosamine (Fig. 3b) into 

glucosamine [37]. These saccharides were reported 

to inhibit alkaline phosphatase [38]. As to 

N-acetylhexosamines, they glycate the amide group 

of asparagine in ovalbumin [39] and in the surface 

S-layer of Halobacter halobium [40], and interact 

with other proteins [41].  

In the circulation, N-acetylhexosamines can be 

found only as part of GLX or its degradation 

products. In vivo, N-acetylhexosamines as probed 

with native or modified HU can be used as biogenic 

markers for GLX degradation induced by vascular 

damage (Fig. 3b). 

Notably, the carbonyl of the reducing terminal of 

hyaluronan oligosaccharides (from 4 to 40 saccharide 

residues in length) was found to bind a fluorescent 

label (2-aminobenzoic acid) [42]. In another 

study,hyaluronan oligosaccharides with a molecular 

weight less than 2.5 kDa inhibited the enzyme 

phosphoinositide-3-kinase, whereas similar products 

of a higher molecular weight (80 or 2000 kDa) had no 

effect [43]. The quoted reports corroborate the results 

on the different responses of different HU derivatives 

to mono- and disaccharides in vitro. These saccharides 

accumulate in the blood due to carbohydrate 

imbalance; accordingly, the HU derivatives can be 

used to detect this metabolic pathology in vivo. 

Similar reasoning is applicable to circulating 

N-hexosamines that build up with GLX degradation.  

In the present study, hyaluronan fragments with the 

brutto formula GlcA—[--GlcNHAc—GlcA--]n 

---GlcNHAc (where n varies from 0 to 4) inactivated 

HU-CHS to a greater extent than native HU (Fig. 4).  

For both HU forms, the inactivation diminished 

with increase of saccharide chain length. The 

inactivation of HU-CHS by hyaluronan fragments (рН 

5.5, 37 °C) was more pronounced on prolonged 

incubation (Fig. 4b). In 3 h of incubation, the titer of 

the surface amino groups decreased by 50% for HU 

and by 34% for HU-CHS. The results indicated that 

the N-acetylhexosamines (located at the reducing 

terminal of hyaluronan fragments, Fig. 3b were more 

inhibitory toward HU-CHS than toward native HU. In 

these in vitro experiments, the mixture of hyaluronan 

fragments simulated the mixture of GLX degradation 

products in vivo.  

The present results demonstrate the ability of HU 

and HU-CHS to identify the prevailing fraction of 

saccharides (neutral or ionized) in the blood flow 

under various pathological conditions. Different GLX 

components produce different inhibitory effects on the 

two HU derivatives, which allow probing the 

chemical type of GLX degradation products. This 

approach is helpful in studying the role of neutral 

saccharides and GLX degradation products in vascular 

pathology [9], especially in microcirculation disorders 

[3]. The authors thus tested the pair HU/HU-CHS 

using a model of microcirculatory damage in the rat 

hind limb. 

3.2 Model of Rat Microcirculation Injury 

This model of ischemic injury to microcirculation 

in the rat hind limb has been successfully used earlier 

in studies on the molecular mechanisms of pain [44] 

and limb disease [45]. The level of subcutaneous 

microcirculation was monitored with LDF. In 

preliminary experiments, the authors tested the 

hyperemic response and the process of recovery of 

limb perfusion after ischemia lasting from 5 min to 5 

h. After brief ischemia (5 min), there was rapid 

(within 1 min) recovery and even an overshoot of  

the blood flow together with a peak of hyperemia, 

which then gradually returned to near  pre-ischemic  
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Fig. 3  Protein glycation. The carbonyl group of a reducing saccharide (e.g., glucose) reacts with a protein amino group 
resulting in early and advanced glycation products (a). The general formula of the hyaluronan degradation product. 
N-acetylglucosamine at the reducing terminal of this molecule (b). Hyaluronan cleavage unit (with β(1-4) linkage) is shown in 
brackets. 

(a) 

(b) 
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Fig. 4  Residual endoglycosidase activity of (1) HU and (2) HU-CHS in their reactions with hyaluronan fragments with the 
general formula GlcA—[--GlcNHAc—GlcA--]n---GlcNHAc, where n varies from 0 to 4, after incubation for (a) 2 h or (b) 3 h 
at pH 5.5 and 37 °C. The reaction mixture was incubated either in the absence or the presence of different hyaluronan 
fragments (n = 0, 1, 2, 3, 4) or their mixtures. 
 

levels (Fig. 5). With an ischemic period of 3 h, 

microcirculation was restored to the pre-ischemic 

level more slowly (2-3 min); the hyperemic 

response—long and gradual—developing over 20 min 

of the post-ischemic period (Fig. 5). This period of  

2-3 min allowed enough time to measure the effects of 

the tested compounds on blood flow. After brief 

ischemia (5-60 min), however, the microcirculation 

recovered too fast to measure these effects. On the 

other hand, 3 h period of ischemia is shorter than the 

time needed for the development of significant 

interstitial edema [44-46]. In the latter scenario, other 
 

 
Fig. 5  Levels of microcirculation restoration as measured 
with LDF in the rat limb after 5 min and 3 h of ischemia.  

factors like reperfusion injury, vasospasm, endothelial 

swelling, and inflammatory response could lead to 

irreversible damage to MCB [47].  

In these experiments, the authors injected 

HU/HU-CHS solutions at doses 2.3-3.5 mg protein 

per kg weight (2,200-3,400 NFU/kg) (Table 1) which 

was close to the optimal dose interval. In a 

preliminary test (without  ischemia/reperfusion),  

these agents infused i.v. slightly reduced perfusion, 

possibly due to hemodilution caused by the injected 

volume (1 mL) of the reagent [48]. Early glycation 

stages evolve promptly (first minutes and hours of 

reaction; Fig. 3a: early products of glycation). HU 

activity alteration and titration of its surface amino 

groups with trinitrobenzolsulfonic acid (for 

interactions with mono- and disaccharides as well as 

N- acetylhexosamines and hyaluronan fragments) 

warrant this fact [49-51]. Subsequent glycation stages 

are more continual and can evolve for a few days (Fig. 

3a: advanced glycation end products). Handpicked 

ischemia period of rat limb (3 h) was measured early 

glycation stages. 

3.3 Wavelet Analysis of the Scheme 1 Experiments 

The primary data of flowmetry measurements (the 

(a) (b) 

h 

Time 
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post-ischemic period, Fig. 6a) were wavelet 

transformed and presented as an amplitude-frequency 

spectrum. This spectrum reflected oscillations of 

microvessels and allowed to analyze the tone-forming 

mechanisms (Fig. 7). 

These mechanisms include the “passive” and 

“active” factors of MCB. The passive factors are 

defined as those acting from outside the MCB, such as 

the pulse wave coming from small arteries and 

arterioles (pre-MCB) or the “respiratory pump” acting 

from the venular end (post-MCB). The passive 

mechanisms (pulse and endothelial waves) induce 

longitudinal oscillations of blood flow and cyclic 

changes of blood volume in the MCB [52].  

The active factors, precisely conversely, create 

transverse oscillations of blood flow as a result of 

direct interactions with the MCB and of cyclic 

changes in vascular resistance [53, 54]. Since these 

factors act via the vessel walls and the smooth 

musculature, they are also called tone-forming [52, 

55]. The cyclic changes (vasomotions) can be caused 

not only by vascular smooth muscles (myogenic 

rhythm), but also by sympathetic nerves (neurogenic 

rhythm) or vascular endothelium (endothelial rhythm) 

[53, 56]. 
In vivo, the passive and active factors function 

simultaneously and modulate the blood flow to 

optimize hemodynamics and transcapillary exchange. 

This complex pattern of vascular regulations was 

analyzed using LDF flowmetry.  

In Scheme 1 experiments, the HU derivatives were 

injected i.v. before the ischemia, and their effects were 

followed for a prolonged period. The contribution of 

the active factors was identified by the specific 

frequency range; the signal amplitude in a given time 

interval (0-300 s or 300-600 s) was normalized to the 

pre-ischemic value of this amplitude taken as 100%. 

The authors found statistically significant differences 

(P < 0.05) between the amplitude values for the 

neurogenic and myogenic frequency intervals in 

animals of the control group (Fig. 7). In the 

subcutaneous blood vessels, the neurogenic interval 

oscillations reflect sympathetic regulatory 

mechanisms originated from the internal linings of 

arterioles and arteriole-venule shunts. Oscillations   

in the myogenic  interval reflect the muscle tone in 
 

 
Fig. 6  Post-ischemic levels of microcirculation in the rat limb treated with different agents. Flowmetry measurements made 
in the Scheme 1 experiments (1 mL bolus 1 min prior to 3 h ischemia) are shown. (a) The data represent the median values 
from the following groups: 1—control (saline), 2—HU, 3—HU-CHS, 4—free CHS, and 5—mixture of HU and CHS. (b) The 
time intervals required to reach the initial levels of microcirculation. The data are shown as boxplots within the 25% and 
75% quartiles (the □ sign denotes the median value). The Scheme 1 data were compared using the Kruskal-Wallis ANOVA 
test and the median test (statistics shown in the text).  

(a) (b) 



Hyaluronidase Proof for Endothelial Glycocalyx as Partaker of Microcirculation Disturbances 

 

182

 

 
Fig. 7  Wavelet spectra representing the endothelial, 
neurogenic, and myogenic factors. The data are shown as 
boxplots within the 25% and 75% quartiles (the □ sign 
denotes the median value; the crosshatches denote the 
minimal and maximal values). The numbers represent the 
normalized signal amplitude in the time intervals from 0 s 
to 300 s and from 300 s to 600 s. *: statistical significance (P 
< 0.05) according to the sign criteria and Wilcoxon test for 
paired comparisons. 
 

pre-capillaries that bring the blood from the arterioles 

to the MCB. The significant increase in amplitudes in 

both neurogenic and myogenic intervals indicates an 

increase in the blood flow velocity (due to a decrease 

in vascular resistance) during post-ischemic 

hyperemia [52]. The authors observed these changes 

using the mixture of (HU+CHS), whereas the separate 

effects of native HU and free CHS are manifested 

significantly in the myogenic interval only (Fig. 7). 

When taken alone, HU-CHS caused no significant 

effects on the signal amplitude in either frequency 

interval.  

The results suggest that native HU or free CHS are 

able to restore the blood flow by acting on 

pre-capillaries; when injected together their combined 

action (HU+CHS) involve both pre-capillaries and 

arterioles. However, covalent binding of CHS to HU 

modifies the enzyme so that it inhibits post-ischemic 

microcirculation (Figs. 6 and 7). 

3.4 Interpretation of Flowmetry Results (Scheme 1) 

The time required for full recovery of 

microcirculation after ischemia differed in different 

groups (Fig. 6a). The authors compared the groups 

using the Kruskal–Wallis ANOVA principle followed 

by the paired Mann-Whitney test. The analysis 

showed that the HU group significantly differed from 

that of HU-CHS, while both groups significantly 

differed from the other groups. The control group did 

not differ from the free CHS group and the free 

CHS+HU group (Fig. 6b). HU significantly 

accelerated the recovery, whereas HU-CHS slowed it 

down; the latter was due to the inhibitory effect of 

GLX degradation products on HU-CHS. The results 

emphasize the importance of the luminal lining of 

blood vessels as the source of these products.  

It is known that GLX creates resistance to blood 

flow, forms a molecular barrier to trans-endothelial 

transport and interacts with blood cells and their 

movements [3, 9]. Ischemia-reperfusion injury and 

inflammation can destroy GLX in venules and 

capillaries [10, 12]. Destruction of hyaluronan can 

cause capillary dysfunction [3, 32, 33]. The HU 

derivatives tested in this study were supposed to 

attack GLX hyaluronan, on the one hand, and react 

with carbohydrate metabolites present in the 

circulation, on the other [9]. Under conditions of 

prolonged ischemia, GLX degradation products can 

also contribute to the pool of circulating saccharides 

[3]. The reaction with GLX hyaluronan could be 

detected by decreased resistance to blood flow, and 

the reaction with the saccharides by HU inhibition. In 

the latter, neutral saccharides inactivate the native 

form of HU, and the ionized GAG (containing 

N-acetylhexosamines at the reducing terminal) 

inactivate HU-CHS. According to the wavelet analysis 

(Fig. 7), HU caused a decrease in microvascular 

resistance, which supported with the effect of free 
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CHS and its mixture with HU. Others have shown that 

an increase in LDF signal in the myogenic and 

neurogenic intervals indicates a decrease in vascular 

resistance [30, 31]. 

From the LDF data, HU significantly accelerated 

the recovery of impaired microcirculation after 

ischemia (Fig. 6). The authors attribute this effect to 

the endoglycosidase activity of this enzyme, since 

BSA (which does not possess this enzymatic activity) 

caused no measurable effects (Fig. 6b).used BSA as 

the control because it is able (like HU) to pass through 

damaged endothelial contacts [57].  
Exogenous CHS contributes microcirculation 

recovery (Scheme 1, Fig. 6b). Native HU can really 

degrade hyaluronan and multiple CHS types [58, 59]. 

Fragments of hyaluronan and CHS, in particularly, 

could be composed the pool of glycocalyx degradation 

products. Presumably, endogenous CHS fragments (in 

case of native HU action) contribute (like exogenous 

CHS) fast microcirculation recovery, when HU-CHS 

has not such effect (Fig. 6a). The comparative 

experiments demonstrated that there were no 

differences between HU and HU-CHS in respect to 

degradation of CHS. Moreover, microcirculation 

recovery with mixture of HU+CHS was slower than 

with HU and single CHS only (Fig. 6a). These facts 

have not warranted mentioned above CHS effect of 

native HU. 

In contrast to native HU, HU-CHS caused the 

opposite effect, i.e., the slowing of post-ischemic 

microcirculation recovery (Fig. 6). Apparently the 

degradation products of GLX that possess 

N-acetylhexosamines at the reducing terminal 

inhibited the enzymatic activity of HU-CHS. 

Moreover, the addition of HU-CHS could introduce 

additional barriers to the post-ischemic blood flow 

(Fig. 6). The results suggest that GLX participates in 

the development of microcirculatory damage, this 

damage can be repaired by enzymatic treatment. The 

authors then addressed the question of the importance 

of the timing of such enzymatic intervention. Authors 

reasoned that the HU derivatives would be less 

effective if injected at the end of the ischemic period. 

First, the amount of GLX degradation products 

accumulated during prolonged ischemia might be too 

high to be removed. Second, the developing 

hyperemia decreases the dose of active enzyme in 

injury and the effect of assayed compounds is 

excluded during the ischemic period. To test these 

assumptions, the authors conducted experiments 

according to Scheme 2 (see Methods for details).  

3.5 Wavelet Analysis of the Scheme 2 Experiments 

Fig. 8a shows the primary flowmetry data, and Fig. 

9 presents the same data transformed into wavelet 

spectra. These spectra allowed us to analyze the 

“active” factors of blood flow that have specific 

amplitude-frequency “signatures.” In general, the 

results obtained from the Scheme 2 protocols differed 

from those in Scheme 1. For example, in the control 

group, the signal amplitude variations in four different 

intervals (0-300, 300-600, 600-900, and  900-1200 s) 

differed significantly in the myogenic and endothelial 

frequency ranges (Fig. 9). This could be explained by 

a continuous response of the vascular smooth muscle 

cells to changing intravascular pressure [30] and the 

metabolic activity of endothelial cells [31]. According 

to this mechanism, the endothelial cells secrete 

vasoactive mediators capable of regulating blood flow. 

As vasoactive mediators act the NO (nitric oxide) [60], 

a powerful vasodilator of large blood vessels [61, 62], 

and endothelium-derived hyperpolarizing factor 

(EDHF), which is able to dilate the arterioles 

(especially in coronary vessels) and increase 

microcirculation [62], under conditions of 

intravascular oxidative stress as well [63]. 

In these experiments, a bolus of the HU derivatives 

tested was injected 5 min prior to the end of the 

ischemic period (Scheme 2). At that moment, local 

perfusion was so slight that the injected agents had a 

very limited distribution volume in the         

tissue. Accordingly, they had front-loaded contact with 
 



Hyaluronidase Proof for Endothelial Glycocalyx as Partaker of Microcirculation Disturbances 

 

184

 

 
Fig. 8  Post-ischemic levels of microcirculation in the rat limb treated with different agents. Flowmetry measurements made 
in Scheme 2 experiments (1 mL bolus 5 min prior to the end of 3h ischemia) are shown. (a) The data represent the median 

values from the following groups: 1control (saline), 2HU, 3HU-CHS, 4 free CHS, and 5mixture of HU and CHS; 
(b) The time intervals required to reach the initial levels of microcirculation. The data are shown as boxplots within the 25% 
and 75% quartiles (the □ sign denotes the median value). The Scheme 2 data were compared using the Kruskal-Wallis 
ANOVA test and the median test (statistics shown in the text). 
 
 

 
Fig. 9  Wavelet spectra representing the endothelial, 
neurogenic, and myogenic factors. The data are shown as 
boxplots within the 25% and 75% quartiles (the □ sign 
denotes the median value; the crosshatches denote the 
minimal and maximal values). The numbers represent the 
normalized signal amplitude in the time intervals 0-300, 
300-600, 600-900, and 900-1,200 s for experimental groups 
according to Scheme 2. *: statistical significance (P < 0.05) 
according to the rank analysis of variance (Friedman 
ANOVA) and computation of the Kendall’s coefficient of 
concordance. 

metabolites accumulated during ischemia straightway. 

Under these conditions, the effect of HU was 

manifested significantly in the myogenic and 

neurogenic frequency intervals. The effects of 

HU-CHS, free CHS, and its mixture with HU were 

significant for all three frequency intervals (Fig. 9). In 

the latter case, there was a significant signal increase 

in the myogenic and neurogenic frequency intervals, 

which could result from relaxation of the vessel wall 

and decrease resistance to the blood flow, as well as 

from activation of endothelial metabolism. As 

revealed by varying the clamp pressure on the skin, 

the endothelial factor consistently caused vasodilation 

and thus counteracted the neurogenic and myogenic 

increase in vascular resistance (i.e. the decrease of the 

frequency signal), especially at > 600 s intervals [30]. 

Similar effects of blood flow (control) were found 

during prolonged reperfusion > 900 s (Fig. 9); those 

neutralized the counteracting effects of HU-CHS, free 

CHS, and HU-CHS. The authors propose that (1) if 

the neurogenic, myogenic and endothelial effects 

coincide with each other on direction of signal 

alteration, (2) they develop as compensatory responses 

to extra load, and that (3) this load is associated with 

(a) (b) 



Hyaluronidase Proof for Endothelial Glycocalyx as Partaker of Microcirculation Disturbances 

 

185

the injected HU derivatives.  

The binding capacity of GLX toward proteins is 

well-documented [64]; the same is true for the 

exogenous GAG (hyaluronan, heparin, heparan sulfate, 

CHS) [9]. It has been shown that exogenous 

hyaluronan fragments (deca-saccharides and higher) 

expelled hyaluronan from the cell surface. In contrast, 

CHS could not replace hyaluronan, and then 

accumulated in GLX [3, 65, 66]. In pigs, labeled 

dextran sulphate (a GAG analog) injected 5 min 

before post-ischemic reperfusion accumulated on the 

surface of the affected myocardial vessel; this process 

was thought to reduce infarction size [67].  

It can be proposed that HU-CHS, free CHS, or its 

electrostatic complex with native HU are retained in 

the GLX net at the time of post-ischemia/reperfusion. 

This would increase vessel resistance to the renewed 

blood flow and trigger compensatory myogenic and 

neurogenic vasodilation (increase of signal). In the 

endothelial interval, the authors found no significant 

effect of native HU. Yet, native HU caused significant 

signal changes (in the neurogenic and myogenic 

intervals) that can be explained by dilation of 

pre-capillaries and arterioles. As evidenced by the 

results in the control group, the vascular tone of 

pre-capillaries is also influenced by the renewed blood 

flow (Fig. 9). 

3.6 Flowmetry Data Analysis (Scheme 2) 

Blood flow itself is shown to be a crucial factor in 

restoring post-ischemic microcirculation (Figure 8a). 

On the one hand, the results for the control group and 

the group treated with HU were similar. On the other 

hand, these two numbers significantly differed from 

the “flow slowing” effects of HU-CHS, free CHS and 

HU+CHS (Fig. 8b). The effect of HU was due to its 

enzymatic activity (inert BSA was not effective) 

directed toward the GLX structure altered during 

ischemia. Notably, this enzymatic activity of 

exogenous HU decreased in the ischemic zone of 

microcirculation (HU+CHS). In this zone, the mixture 

HU+CHS may be exposed to an increased level of 

neutral saccharides. Moreover, the ionized products of 

GLX degradation (having N-acetylglucosamine at the 

reducing terminal) inactivate HU-CHS and destroy its 

electrostatic complexes with CHS, thus implicating 

GLX in the microcirculatory events. In addition, the 

proposed retention by GLX of CHS and its complexes 

inhibits post-ischemic flow recovery (Fig. 8b), 

probably due to initiation of new hydrodynamic 

barriers. This suggestion is supported by the results 

(compare Figs. 6b and 8b), which indicate that free 

CHS and HU+CHS protect microvessels against 

ischemic injury. In general, the present results 

underscore the significance of GLX as a potential 

therapeutic target [7].  

4. Conclusion 

This study presents that pre-ischemic treatment 

(Scheme 1) by native HU of hyaluronan as part of 

intravascular GLX improves post-ischemic recovery 

of microcirculation. The ionized products of GLX 

degradation (with N-acetylglucosamine at the 

reducing terminal) accumulating during ischemia are 

inert toward native HU, but markedly inactivate its 

modified form, HU-CHS. The inhibitory effect of 

these products is expressed even more when the 

tested compounds are injected just before the end of 

the ischemic period (Scheme 2). Under these 

conditions, both covalent and electrostatic complexes 

of HU with CHS are inactivated and free CHS and its 

mixture with HU lose the anti-ischemic effect. 

Analysis based on the wavelet spectra suggests that 

GLX retains HU-CHS, free CHS, and its complexes 

with native HU, thus slowing the recovery of 

microcirculation. Since neither BSA nor modified 

HU-CHS were able to improve post-ischemic 

recovery, the authors propose that unimpaired HU 

activity is important for restoring the initial level of 

microcirculation. The results obtained support the 

hypothesis that GLX participates in the mechanism 

of microcirculatory disorder. This provides a 
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rationale for new therapeutic approaches to the cases 

of “optimal” reperfusion absence in patients with 

cardiovascular disease.  
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