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INFLUENCE OF GLUCOSE ON CARTILAGE
TISSUE STRUCTURE: PHYSICAL MECHANISM

We propose a mechanism according to which the introduction of glucose into cartilage tissue
changes the structure of this tissue. Cartilage tissue is considered to be a porous medium,
where the role of solid component is played by collagen fibers and layers where proteoglycans
are located. Collagen chains that connect the aforementioned objects are adsorbed on the surface
of the fibers and the layer. The thermodynamic features of the links of adsorbed chains have
been determined. It was shown that glucose molecules, being introduced into cartilage tissue,
partially displace the adsorbed chains from the fiber surface. These chains cover cracks that
may appear in the fiber under the action of external loads, which leads to a reduced rigidity
of proteoglycan layers. A conclusion has been drawn that the introduction of glucose molecules
enlarges the shear compliance of cartilage tissue. This conclusion is confirmed by experimental
results obtained for a model system, gelatin gel, whose structure is considered to be similar to
that of cartilage tissue.
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1. Introduction

It is known that cartilage tissue, together with the
muscular system, plays the supporting-mechanical
and protective role in the body [1]. In the publica-
tions dealing with this issue, considerable attention
is paid to the study of the mechanical properties of
cartilage tissue (see, for example, review [2]). A neces-
sity in physical models that would describe a relation
between the structure and mechanical properties of
cartilage tissue was emphasized [3, 4].

In the course of the human body’s vital activity
under the influence of various external and internal
factors, cartilage tissue can undergo a certain dam-
age. One of the common diseases associated with the
cartilage tissue damage is osteoarthritis [5]. When
treating this disease, intra-articular injections of vari-
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ous drugs, including those containing glucose, are ap-
plied [5-9].

The results of clinical studies performed in the cited
works are usually discussed from the medical and bi-
ological viewpoints. The novelty of this article con-
sists in that it considers the properties of cartilage
tissue from a physical viewpoint. Namely, a physical
mechanism is proposed that is responsible for the in-
fluence of glucose injections on the cartilage tissue
structure. The paper is an ideological continuation of
our works [10-12] on the physics of cartilage tissue.

2. Adsorbed Chains
in Cartilage Tissue Structure

In works [11, 12|, we proposed a structural model
of cartilage tissue. The logic that brought us to this
model is as follows. It is noted in the literature (see,
e.g., [13]) that, according to certain features, car-
tilage tissue can be attributed to hydrogels. There
is also a widespread view of hydrogel as a porous
medium, whose pores are filled with water (see,
e.g., [14]). Thus, we may consider cartilage tissue as
a porous medium and use the ideas developed in
the theory of porous media to describe its struc-
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ture (see, e.g., [15]). The starting point of this the-
ory is the thesis of ideal frameworks based on ei-
ther rods or plates. Both frameworks are cubic lat-
tices, but in the former case the lattice is formed by
rods, which are located at the edges of elementary
cells (cubes), whereas, in the latter case, the lattice
is formed by plates, which are the faces of elemen-
tary cells.

In works [11, 12], the concept of an ideal frame-
work for cartilage tissue was introduced. It was called
the rod-plate framework. Such a framework is a lat-
tice formed by rods oriented in the same direction
and connected by a set of infinite parallel plates
(layers).

It is known (see, e.g., [1, 2]) that the main compo-
nents of cartilage tissue are collagen, proteoglycans,
and water. It is also known that collagen chains in
cartilage tissue form fibers [1]. Accordingly, the rods
in an ideal framework are identified with collagen
fibers, and the layers contain proteoglycans. There
are holes in the layers through which the fibers
pass. Collagen chains that do not enter the fibers’
content connect the fibers and the layers (see Fig. 1,
where a cross-section along the fiber axis is shown).

As can be seen from Fig. 1, the collagen chains
consist of two sections: a longitudinal one, which is
connected to the fiber surface and directed along the
fiber axis, and a transverse one, which is connected to
the layer surface and directed along the fiber radius
R. We will call such chains adsorbed. The points sep-
arating both areas of the adsorbed chains are located
on a circle with radius R.

Let us denote, by S, the compliance tensor of carti-
lage tissue with an ideal framework. The components
of this tensor S;; will be determined in the system of
principal axes. As was shown in work [11], the follow-
ing inequalities hold:

Sua > Sik (’i, k # 4). (1)

It was also shown in work [11] that the value of the
component Sy is determined by the bending stiffness
of the layers.

3. Thermodynamics of Adsorbed Chains

The free energy F' of an adsorbed chain is represented
as the sum

F=F +F, (2)
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Fig. 1. Schematic diagram of fiber (1) connection with pro-
teoglycan layer (2) using adsorbed chains (3)

where I/ and I are the free energies of the trans-
verse and longitudinal sections, respectively. These
sumnands are described by the well-known formulas
(see, for example, [16])

fw’
!/ / . J
F'= E +kgT EJ In (2 sinh 2szT>’ (3)

"

ﬁw
" " : J
F" = FE"+kgT gJ In (251nh kT ), (4)

where T is the temperature, kg is the Boltzmann con-
stant, £’ and E” are the energies of the indicated
sections at T = 0, w’; and w’; are their natural vi-
bration frequencies, i = h/(27), and h is Planck’s
constant.

Let us denote the length of the adsorbed chain by
[, the cross-section length by x, and the energy of
bond breaking between the links of different colla-
gen chains by ¢’. Accordingly, we have the following
formulas:

’ ' X
E =¢ 7’ (5)

1" =X
E"=¢ P (6)
where a is the link size.

To determine the features in the thermodynamics
of adsorbed chains, we will use the Debye approxi-
mation. The sections of the adsorbed chain will be
considered as rods on an elastic base.

It is known (see, e.g., [17]) that three types of waves
can propagate in a rod: one longitudinal and two
bending waves. The stiffness of the chain along the
axis substantially exceeds its bending stiffness. The-
refore, the vibration frequencies of bending waves are
considerably lower than the vibration frequencies of
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the longitudinal wave. Therefore, we neglect the con-
tributions of the latter to the free energy. Then the
equation of motion for a rod on an elastic base looks
like
0%u 0*u

—paQﬁ = D@ + au, (7)
where p is the rod density, u is the transverse dis-
placement, ¢ is the time, D is the rod bending stiff-
ness, = is the coordinate axis directed along the un-
deformed rod, and « is the elasticity coefficient of
the base.

Considering the ends of the rods to be supported
on an elastic base, we have the following formulas for
the natural rod vibrations:

v’ = const sink'z exp (—iw't), (8)
u//

const sink”x exp (—iw"t). (9)

Substituting them into Eq. (7), we obtain the follow-
ing equalities for the natural frequencies:

D i, o]
/ /
_ 1
w [pa2 (k') WQ} : (10)
D A o 1/2
m_ | 2 © 11
¢ LCLQ( ) +pa2] D

In formulas (8)—(11), the quantities primed one time
(two tomes) are related to the transverse (longitudi-
nal) section. The values for the wave numbers are

r_ I, x
Ky =T (J_1,2,...,a), (12)
" ™ l—l‘

— =1.2 1
J 1 — <J 9 Ly eeey a ) (3)

Unlike the collagen fiber links, the arrangement of
proteoglycan chains is disordered by definition, which
leads to the inequality

/

g > (14)
The coeflicients of base elasticity are evaluated using

the formulas

K

a// — |23|. (16)
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By definition, the energies ¢’ and £” are negative. Ac-
cording to expression (14), we have the inequality

'] < Ie”], (17)
and comparing it with equalities (15)—(16), we obtain

o <a (18)

As can be seen from the aforesaid, the free energy
of an adsorbed chain depends on the length cross-
sectional x,
F = F(x). (19)
Let the cross-section be absent at a certain time mo-
ment, i.e., x = 0. According to inequality (14), with
the appearance of this cross-section and the growth
of its length, the free energy F' should increase. But
at the same time, as follows from expressions (10)—
(13) and (18), the frequency value decreases, which,
according to formulas (2) and (3), is accompanied by
a simultaneous decrease of F.

As a result of both those factors, an equilib-
rium state of the adsorbed chain is established,
which corresponds to the minimum free energy value
F (zp). This is a state for which the cross-section
length is equal to xg.

4. Adsorbed Chains
under Glucose Action

It is known (see, e.g., [1]) that a proteoglycan chain
is branched, and its side chains are polysaccha-
rides. The vast majority of the proteoglycan chain
links are the links of polysaccharide side chains. So,
we may assume that the links of the transverse sec-
tion in the adsorbed chain form bonds only with the
links of the polysaccharide chain. It is believed that
glucose injections should contribute to the treatment
of cartilage tissue damage. Let us consider a possible
mechanism of such a treatment.

Let the damage be a crack (Fig. 2, a) that arose
in the fiber, for example, under the action of an ex-
ternal load. When injected, glucose enters the pores
of cartilage tissue and gains a possibility to be ad-
sorbed on the surface of supramolecular formations
in cartilage tissue. The side chains of polysaccharide
chains that compose the proteoglycan chain are struc-
turally similar to a glucose molecule. Therefore, it is
most probable that the glucose molecules will bind

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 5



Influence of Glucose on Cartilage Tissue Structure

just with these links. Let us denote the breaking en-
ergy of such a bond as 5;. Since the formation of the
described bond is more probable than the formation
of a bond between a polysaccharide chain link and a
collagen chain link, the following inequality is valid:

g, < €. (20)
Therefore, the appearance of glucose molecules near
the transverse section of the adsorbed chain leads to
that some polysaccharide chain links break the bonds
through which they were previously connected to the
links of the transverse section and bind with glucose
molecules (Fig. 2, b).

Glucose molecules displace the transverse section
from the surface of the proteoglycan layer, and the
equilibrium length of this section becomes equal to
xy < xo. This length is achieved owing to the dif-
fusion of the adsorbed chain along the proteoglycan
layer and fiber surfaces. Finally, the described chain
turns out in the crack. The formation of bonds be-
tween the adsorbed chain and the crack walls substan-
tially reduces the free energy F' of this chain, which
enhances the stability of the new equilibrium state of
the adsorbed chain.

Hence, according to the proposed mechanism, the
role of glucose molecules consists in “displacing” the
adsorbed chain, making it diffuse toward the crack,
and ultimately closing the latter.

5. Adsorbed Chains
and Cartilage Tissue Compliance

Below, the matter concerns the verification of the pro-
posed mechanism. As one can see from Fig. 2, when
glucose is introduced, the adsorbed chain moves from
the surface of the proteoglycan layer to the surface of
the collagen fiber. This chain has a substantial rigid-
ity. Therefore, its displacement from the layer sur-
face should increase the compliance S44 of the lat-
ter. This fact suggests the following testing procedure
for the proposed mechanism: it is necessary to mea-
sure the compliance Sy of cartilage tissue with intro-
duced glucose and compare the obtained result with
the compliance Sy4 of the tissue without glucose. If it
turns out that the compliance Sy, in the former case
is larger, this fact will serve as an argument in favor
of the proposed model.

As was already mentioned [see formula (1)], Si4
is the compliance of an ideal framework. It is clear
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Fig. 2. Cartilage tissue damage (a) and its healing (b): crack
(1), adsorbed chain (2), proteoglycan layer (&), collagen fiber
(4), collagen fiber links (o), polysaccharide chain links (e), glu-
cose molecules (®), intramolecular bonds (—), intermolecular
bonds (zigzag)

that a real framework differs from the ideal one. In
work [11], a model of cartilage tissue with a real
framework was proposed. In this model, the param-
eter Sy acts as a local shear compliance, which is
related to the shear modulus G of cartilage tissue by
the formula

Sut = ga (21)

6. Experimental Part

As was already mentioned, it is common to classify
cartilage tissue to hydrogels. Logically, this means
that the model of an ideal rod-plate framework pro-
posed for cartilage tissue should remain valid for other
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Fig. 3. Temperature dependences of shear compliance S44:
12% gelatin hydrogel (o), 12% gelatin hydrogel with glu-
cose (W)

representatives of the class of hydrogels. This circum-
stance opens certain possibilities for studying car-
tilage tissue under various conditions using model
systems.

The central point of this paper is the behavior of
adsorbed chains of cartilage tissue. These are collagen
chains. Therefore, in the cartilage tissue model, the
adsorbed chains should also be collagen. This condi-
tion is satisfied by gelatin hydrogel, which consists ex-
clusively of collagen chains. Accordingly, these same
chains form fibers, which makes the selected model
related to cartilage tissue. These chains form layers
in the model system, which distinguishes the latter
from cartilage tissue, where the layers contain pro-
teoglycans. Since the matterconcerns hydrogel, there
must exist a polymer network in the latter [18]. In
cartilage tissue, the network structure is formed by
layers, where the network is formed by proteogly-
can chains. Logically, similar layers must exist in the
model system as well. But now the network is formed
by collagen chains.

When preparing specimens, we used edible gelatin
bloom 200 (France). Specimens of two types were
used. They were prepared as follows.

Type I. Gelatin was added to distilled water with a
temperature above 65 °C (according to work [14]),
and a solution with a concentration of 12% was
made. The resulting “water-gelatin” liquid system
was permanently stirred to ensure its homogene-
ity. Then, a 20% dextrose (D-glucose) solution was
added to the solution, which was cooled down to
40 °C (this is a temperature at which the system is
a structure of flexible single coils [15]). The amount
of the specimen was determined according to the
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dose given in work [5] and corresponded to 0.5 ml
of 20% dextrose (D-glucose) per 100 ml of gelatin
solution. The 40% aqueous solution of glucose (1 ml
of the solution contained 400 mg of glucose mono-
hydrate) produced at the pharmaceutical company
“Darnytsia” was mixed with bidistillate in the ra-
tio 1:2. Cylindrical polyethylene cuvettes were filled
with the prepared liquid system cooled down to room
temperature and kept for one day at a temperature of
18-20 °C. Afterward, the shear modulus of the liquid
was measured.

Type II. The specimens were prepared similarly
to the samples of type I, but without adding D-
glucose. The shear modulus was measured using a
torsion pendulum according to the method described,
e.g., in work [19].

The measurements were carried out within a tem-
perature interval of 34-42 °C, which corresponds
to the temperature interval of the human body
functioning.

The local shear compliance Sy was calculated us-
ing formula (21). The calculation results are pre-
sented in Fig. 3, where the white circles demonstrate
the experimental results for 12% gelatin hydrogel, and
the gray squares do the same for 12% gelatin hydrogel
with the addition of glucose.

According to the applied structural model, the de-
formation of cartilage tissue is a consequence of the
deformation of the layers connecting the collagen
fibers via the adsorbed collagen chains. As was men-
tioned above, these layers have a network structure. It
is known (see, e.g., [18]) that under an external load-
ing action, the network compliance should increase
at low temperatures and decrease at high tempera-
tures, which is in agreement with the experimental
dependence shown in Fig. 3.

As one can see from this figure, another prediction
of the theoretical model also agrees with the exper-
iment; namely, the compliance grows as glucose is
introduced into the examined systems. According to
Fig. 3, this occurs within the temperature interval
36 °C < T <42 °C.

7. Conclusions

The influence of glucose on the cartilage tissue struc-
ture has been determined in the framework of a
model where cartilage tissue is considered as a porous
medium with a rod-plate framework. The rods are
collagen fibers. The plates (layers) are formed by
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swollen proteoglycan chains. The axes of the fibers
are directed perpendicularly to the layer surface. The
fibers are connected to the layers by collagen chains
adsorbed on their surface. Such chains consist of two
sections: the longitudinal section is located on the
fiber surface, and the transverse one on the layer
surface.

The therapeutic effect of glucose injections is pro-
vided by the following mechanism. Let cartilage tis-
sue be damaged by an external load. Namely, let a
crack emerge on the fiber surface beyond the longi-
tudinal section of the adsorbed chain. During the in-
jection, glucose molecules enter the pores of cartilage
tissue, whence they diffuse into the proteoglycan lay-
ers. The transverse section is held on the layer surface
by the bonds that exist between the links of this sec-
tion in the adsorbed collagen chain and the links of
polysaccharide subchains that are part of the proteo-
glycan chain. When glucose molecules appear in the
layer, these bonds get broken, because, from a ther-
modynamic point of view, it becomes advantageous
for the links of polysaccharide chains to form bonds
with glucose molecules, which have a structure simi-
lar to these links.

The breaking of the mentioned bonds is accompa-
nied by an increase in the free energy of the adsorbed
chain. In its attempt to reduce the free energy, the
adsorbed chain reduces the length of the transverse
section with the broken bonds. As a result of the dif-
fusion, the links that were previously a part of the
transverse section reach the fiber surface and increase
the longitudinal section length. The adsorbed chain
partially “crawls” onto the fiber surface. By the mov-
ing diffusionally, the adsorbed chains reach the crack,
integrate into its walls, close the crack, and, thereby,
eliminate the damage.
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IIpononyernbcs MexaHi3M, 3aBIsIKU IKOMY BBEJEHHS B XPAILIOBY
TKaHUHY IVIIOKO3U IIPU3BOJUTH JO 3MiHH CTPYKTYPH i€l TKa-
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HUHU. XPSN0BA TKAHUHA PO3IVISAIAETHCS sIK IOPUCTE CEPEIO-
BUIIE, B SIKOMY POJIb TBEP/OI KOMIIOHEHTH BiJirparoTh KoJja-
FeHOBi BOJIOKHA Ta IIapH, Je PO3TAIIOBYIOThCA IIPOTEOTJIIKAHNU.
Ha noBepxHi BOJIOKOH Ta 11apiB aJ[cOPOYIOThHCs KOJIAreHOB] JIaH-
LfOry, 110 3’€JHY0Th 3rajlali 06’ ekTu. Busnayeno repmoguna-
MiuHi 0cobMBOCTI ajcopboBaHUX JIAHIIOTIB Jianku. [lokasano,
0 BBEJEHI B XPSIIOBY TKAHUHY MOJIEKYJIH IVIIOKO3HM YaCTKO-
BO BUTICHSIOTH aJCOPOOBaHI JIAHIIONN 3 OBEPXHI BOJIOKOH. I1i
JIQHIIOTY 3aKPHUBAIOTh TPIIUHU, SIKi MOXKYTb 3’ SIBISATHUCH ¥ BO-
JIOKHI HiZl Ji€f0 30BHIIIHIX HAaBAHTAXKEHb, IO MPU3BOIUTDH 10
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3MEHIIEHHsI YKOPCTKOCTI MPOTEOTJIIKAHOBUAX IMAPiB. 3POGIeHO
BHCHOBOK IIPDO Te, IO BBEJEHHS MOJIEKYJI I'JIIOKO3HU 30iJIbIIrye
3CyBHy IomaTiauBicTh xpsamoBol Tkanuuu. lleit daxt migrsep-
I2KYETHCA PE3YJIbTATaMU €KCIIEPUMEHTY, BHKOHAHOI'O Ha MO-
JeNbHiN cucTeMi — »KeJIATHHOBOMY TeJli, CTPYKTypa SKOI'O BBa-
2KAETHCS MOJIOHOIO 0 CTPYKTYPH XPANIOBOI TKAHUHU.

Ka14w061i ca06a: XpsAIOBa TKAHWHA, TJIFOKO3a, 3CyBHA I10-
JaTIUBICTD.
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