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Summmary. innic substancoes are polyphenolic com-

wunds, They have “antivirs! as well 25 deem mtagenic
Cfﬁ’(‘t“ and react with biopo ,lyrr‘rr” such as collagen;
therehy they have no toxic side affects by oral adminis-
ration. In vitre incubation with humic substances raises
the breaking point of the tall tendon of the rat by about
75%. The chemical resistance of the o ,]’agf-n fibres in
tai! tendon P(‘P]agm is also increased by i vitro incuba-
tion with humic substances, at least insefar as the uitra-
structurally and biophysically measurable destruction of
the collagen fibres by 4M guanldlmum chloride is inhi-
bited. As humic substances increase the mechanical and
chernical resistance of collagen fibres and promate their

maturity”, it seems Like ly that this effect of humic sub-
stances depends upen their interaction with the hydro-
gen bonding and covalent bonding of the collagen fibres.
Such a conclusion is confirmed by the results of X-ray
diffraction analysis.

Neturzlly occorring humic substances are particular
chemical cotpornds that ave found in the bumus. They
ar formed dunng the process known as humification.

Starting compeunds of humification ars phenals, which
(‘kn'!ﬁnl rat.:'fﬂ.y following the hydrelysation of lwmns,
as well as pheniolic groups from plant flavonecids. It is
rassible to recoastruct a mode! of humification, and it
has been described mathemalically as a sequence of
nicrrctated Markoff processes. The synthesis of such a
maodel humic substance is initiated by the sutoxidstion of
udtivalent phenols. As ﬁhe rccult of the electrophilic
attack on a dis phcenbne elactron by an clectron accep-
tor, wsually melecular oxy gm,, highly reactive radicals
are formed which possess a single unpaired electren. The
instability of such an oxygen radical is in part reduced by
mtramolecular me smwr; Thiz leads to the appaarance
of, for in ’f;.nc‘., p-benzo-semiquinone anions as O or C-
radicals. As aresnlt of the everincreasing intramadecular
mesomery, two C-radicals may become united by a
-C-C- bond, or a C- and an O-radical by an -O-bond.
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HFinally. the buildia L up of side chains may he brought
about by ]}‘J‘.C]“:(h lic substitation. In this way large

melecular complexes can J.wg'mt._ from the binding to-
gether of indi nflu I-' u,'mr?W ilding blecks to preduce
end structure [11, 14]. The moleenlar bonds
ng from clectron tz c.rsfm hetween molecules are
rilized, e:hltl.-.g in ;nterm(‘]eculm 1CI0METY: SOte
m,-._,lﬁr:ulcu act as clectron acceptors, thereby building up
charge transfer complexes [14]. The final stage consists
of the appearance of carl‘oxyl groups, which are brought
into existence by the exidation of CHy groups or by the
opening of rings with oubsr:,kiuent oxidation. Humic acids
('(11:"191tcs‘. ikerefore comnsist of nwmnerous pheno! and
quinone vings (Fig. 1), brought together by -O-, -C- and
-C-C- honds to form mmpl 5 building blozk which can-
not be defined in classieal terms [17, 14]. These building
blecks can bind themselves o amino acids and peptides,
as well as to carbohydrates and steroids, by means of co-
valent bonding, hydrogen bonding or charge transfer
complex bonding [14 15]

These physicochemical pioperties of humic acids
szem to be responsible for seme reactions cecurring in
arimal tissees 3], inclading antiviral [10] and desmiaia-
genic effects [8]. Farthermore, humates act on human
gm wilocytes s rrmr*‘lar”.mutnr.f‘ st ]’luj [A] and take

partin the mitochondrial electron transport [12]
The syathesis and moleculsr characteristics of the
huanie substances described above suggest that they

would probably react with some nrm"‘ym,ﬂ such as col-
lagen, as described for the plant flavonoid (+)-catechin.

o

Fig. L. Importart stractural characicristas of the
I, aromatic ring; 2, chinoid ring; 3, aliphatic side
by Treaking wp of ring st 4, D boad; 5, Ch
Bboid; 7, arboryl groip; 8, khenuh OH-group
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Catechin in its form of an oxydized polymer has a
stabilizing effect on collagen [1, 13]. Due to the fact that
the flavonoids concern the starting compounds of the
humic substances [4]. the stabilizing effect of (+)-
catechin on collagen may be result of a “humate effect”.
These observations give rise to the question: are humic
substances able to alter the phyqucochemlca] properties
of type 1 collagen sufficiently to make it resistant to un-
physwloglc.al stress?

Materizl znd methods

Huwiic substance

A highly purified natural potassiurn humate (FL-70) obtained from
Farberde Kasseler-Braun, with an average molecular weight of
2kDa (0.5-5kDa) was prepared according to Mach. (1980) by
Weyl Chemicals (Mannheim, FRG).

Anclvsis of the cheinical resistance of callagen fibres

The buman petindontal ligament (consisting mainly of type 1 col-
lagen) was dissected away from the freshly extracted teeth of two
otherwise untreated patients (ages 10 and 11 vears) and immersed
in a 4 M gnanidininm chloride sobztion buffered with (.05 M Tris-
HC (pH7.5) at 20°C for 36 h. Part of the material had previonsly
heen incubated in natural humate (FL-70; 40 pg/mi) for 30 min.
Fixation, embedding and staining for electron microscopy fol-
lowed in accordance with the method already described.

dnelysis of the mechanical resistavice of collagen fibres

The breaking point of the collagen fibres (consisting mainly of
type 1 collagen) of young adult animals was analysed in ten male
Wistar rats (breed: Ivanovas, Kisslegg) with an average body
weight of 225 (£ 15)g. We dissected 30-75 tibres from the tail ten-
dens (more accnra te]y, fibre bundles), with a diameter of 0.5
(£0.1)mm and Scm in length (determmed with the aid of a mag-
nifiying glass X 10) from each animal.

At the beginning of each experiment the fibres were placed in
Ringer solution at 20°C. Some of these served as contrels, while
the remaining fibres were examined in vitro at 20°C as follows:

e Incubation in humate (FL-70;, 40 po/ml)

e Incubation in 4 M guanidinium chloride {maintained at pH7.5
with a Tris-HCI buffer)

¢ Incubation in gnanidinivm chloride and then in humate (FL-70)

o Inr‘Ub'xﬁ'm in humate (FT.-70) 2nd then in guanidininm chloride

e Incubation in FL-70 and then in Ringer selution.

Table 1, Experimental design for testing collagen breaking point

Each collagen fibre with a predetermined diameter (Table 1) was
stretched at a constant force of 500mp (millipond) and then
clamped in a technically designed tension-assessing apparatus
(Textechno, Ménchengladbach, FRG) and stretched at a constant
extension aceeleration (Vy, =7.5 mm/min) until complete solution
of continnity of the fibre cccurred. The free fibre Jength between
the ends of the clamps (L) was 10mm, aved the speed of advance
of the paper (V) during constant tension was 7.5 or 37.5 mm/min.
Maximum breaking point for each fibre was obtained from the
strength/change in length diagram, aod the fensile strength calcu-
lated as stress (force per unit area) at the breaking point. Statistical
analvsis included determination of mean values, standard devia-
tions and standard errors, and also analysis of significance with the
Fast,

Swall angle X-ray diffraciion analysis of the fikres

For this analysig, five collagen fibres from five male Wistar rats
(body weight 250 g} were used. Fibres — untreated or treated with
humate (FL-70, 30pg/ml, 20mip, 20°C) — were placed still wet
ir. Mark capillaries (wall thickness 1/1000mm, internal diameter
1 mm), gently stretched and sealed to avoid drying. A Kraty camera
was nsed to obtain a smail-angle X-ray diagram from these speci-
mens, The construction of the diagrams was performed in a region-
sensitive X-ray detector, the source of the beam coming from a X-
ray anode generator. Five measurements were taken with a point
focus in each experimental run, and the measurement of each fibre
ok 80000s.

Results
Chemical resistance of collagen fibres

Tf the collagen fibres are left in humate (F1L-70; 40 ng/ml)
for 2 h, no swelling of the collagen fibrils is observed, and
the 67-mm periodicity remains unaltered. The collagen
fibrils swell to approximatelv double their original thick-
ness under the influence of a guanidinium chloride solu-
tion (4 M) buffered with Tris-HCI, and the characteristic
longitudinal and transverse ultrastructural appearance,
with a periodicity of 67 mm, vanishes. Instead of a com-
pact fibril, filamentous units (microfibrils), showing a
helicoidal pattern along the longitndinal axis, hecome
visible, Tn transverse section, rhm disintegration attacks
the fibrils both peripherally and in the centre (Fig.2). If
the collagen fibres were treated with humate prior to
the guanidinium chloride treatment, the twisting of the
fibrils induced by guanidinium chloride does not occur

(Fig. 3).

Diameter of Mumber of

Incubation solution Concentration  Imcubation Average weight  Number
time of animals of animals collagen fibres fibres per animal

Confrol: Ringer solution - 20 min 225¢ 16 0.5 mm 75
Humate 40 pg/ml 20 min 225¢g 16 0.5 mm 75
Guanidinium chloride 4M 5,10,15s 2259 5 0.5 mm as
I 40 pglm 20
uragte . Rl . 25 5 0.5 mm 3
Guanidinium chloride 4 M 15s "
Guanidinium chloride + aM 15s - . = as

e ey 225g 5 0.5 mm 33
Humate 40 ng/ml 20 min
Humate + 40 ug/ml 20 min 225¢ 5 0.5 mm 35
Ringer solution 20 min
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Fig, 2. Ultrastructire of the type 1 colla-
gen fi et fucubation in granidinium
X in vitro (36 1), The collagen
rils zre untwisted and irregulary wide-
ned, (Staining: uranyl acstate and lead
citrate) X 68000
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Fig, 3, Ultrastructure of the type 1 colla-
gen fibres after incubation in guanidinium
~ chloride i vifte {36h), foliowing treat-

ment with humate (FL-70; 40 pg/nud for
30min). (Staining: urany! aceiate and lead
citrate) X 68000
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Mechanical resisianice of collager fibres

The unizxial test of strain, carried out with a constant
speed of tepsion, produces a change in length per unit
force curve which is characteristic for connective tissue
fibres composed of parallel strapds. The graphic rep-
regentation begins as a non-linear curve, giving place to
a nearly strict proportional segment. This curve reaches
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Table 2. Tensile strength of collagen fibres in different experi-
mente (comp. Table 1), calculated as fof'rﬁ ner unit area

Experimental design Nimm? { Meaﬂ\ +SD
Comtrols 12.1 1.2
Humate 21.3 4,1
Gull S5s 0,04 2.3
Gull 10s 1.74 0.7
Gudl 15s 1.56 0,03
Humate + GuCl 11.8 2.4
Gull - Huzmate 11.2 24
Humate + Ringer 20.3 6.2

a maximum value near the noint of greatest traction
(tensile strength), Tuns steeplv 6ownwards as the fibres
tear and virtually reaches the abscissa when they break
completely (Table 2}, The average tensile strength mea-
sured in terms of tensile stress in collagen from the un-
sreated tails of rats is around 12N/mm?. In contrast to
this, the tendon fibres after treatment with humate do
not break until 21 N/mm? has been reached, which repre-
sents an increase in the average tensile stress of about
75% (P <0.001).

During incubation of the type 1 collagen fibres in a
solution of guanidinium chloride they become transpa-
rent. As Thcy swell, these fibres shrink by approximate-
1y one third of their original length and become elastic.
Tn comparison with controls, the fibres retain 65% (P <
0.01) of their original mechanical stength after 5S¢, 40%
(P<0.0025) after 105 and only 15% (P < 0.0005) after
15s. If the collagen fibres are first treated for 30min
with humate (FL-70; 40 ug/ml) and finally incubated in
guanidininm chloride for 15s, the change in length per
unit force curve shows the tensile strength of the tendon
to have reached a maximum value lying between that of
the untreated material and that of material treated with
humate (P <C0.001). Tf, on the other hand, these colla-
gen fibres are first placed in gnanidinivm chloride and
then treated with humate (FL-70), the process of dis-
tortion observed during the incubation in guanidin-
ium chloride is reversed (P < 0.001). In other words, the
mechanical resistence of the collagen fibres lost during
the guanidinium treatment is restored.

o
<

F-g 4a—c. Graphic representation of the periodic length of the
adapted X-ray diffraction diagram (500-650nm) of ccllagen
fibres. The relative intensity Mistrabydiom of the rgdleefinas of the
eagtrpl mpllagemedibres from rat tail tendon (C) are different from
those treated with humate (FI). The periodic lengths are identi-
cal: I{b) = intensity values, and b = (’)smﬂ)ﬂ = N/}, where (2sin
@) = angle of dispersion, I =wavelength of X.ray, N = ordinal

aumber of reflection, and D == periodic length in nanometres. a X-
ray diffraction diagram in the region of 15t-9th orders of reflec-
ticns. The reflections from 2nd--9th orders of reflections are shown
again with the scale increased in the ratio 1:10. Thers is an in-
crease in intensity of the S5th band. b X-ray diffracticn diagram in
the region of 11th-21st orders of reflections. Relative displace-
ments between 12th and 20th orders of reflections. ¢ X-ray diffrac-
tion diagram in the region of 20th—22th orders of reflections
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X-ray diffraction analysis

The Vu..) diffraction diagrams of collagen type 1 fibres
revealed a longitudinal periodicity of 671mm with 27
bands, which N\'*r’sptm-l.s to a resclution of structure of
2.05nam. The analysiz clearly shows that treatraent with
humate dogs not _F'”'G(’]‘.If’f-‘ any displecement of the peri-
odicity. Only changes in the relative intensity were
found, which may be attributed to alterations in the dis-
L;[btlil() of clectron density in the colleagen. A relative
decrease 1o the first, thind aod tenth bands wss found
after treatment with humeate (FL-70); the fourth and
cighth bards remained the same, and served as control
peaks. All the other bands showed an inerease in inten-
sity in comparisor with the untreated collagen fibres. In
addition to this, relative changes in the intensity were
seen in the individual diagrams (Fig. 4).

Discussion

The cxperiments carried out iz vifro on collagen re-
vealed a highly significent increase in fhe resistance to
tearing (tr‘ asile siff‘fss‘w of about 7594 This result siggests
changes i extraccllular processing during *"m“ﬂ(‘rs‘rﬁ';] .
This view is based on the following facts:

JJ‘-J

The bicrnechanical stakility of the collagen depends
(.l) upen ieterroleenlar and mh‘ subfibrillar covalent
honding, (i) upon the electrostatic interaction of groups
of differently charged atoms in the form of intramclecu-
lar and um.rm,‘fﬂm i hydeogen bonds and (i) vpon
hydrophobic interaction 5, 10]. Frictional forces be-
tween collagen fibres and ub*i?s aie also involved, as
well as physicochemical interaction with components of
the extracellular matrix, such as proteoglycans.

o During ontogenesis of an individenm, collagen under-
goes a process of “maturation” as it hecomes rore and
TROTE s:chanical stress, heat ard the action

tant to ma
of acids. This is refiected in the ultrastructare of the
fibrils, This propesrty of

which thicken progressively. H
“muature” coliagen (s due part lca]a. ¥ to an increasing
verwork of covalent bonds and the molecular interaction
[5]. As lu the previcas experiments, the ultrastructural
counterpart of this process is to be found in an increase
in the diameter of the fibril. The increase in resistance to
breaking, associated with the application of humate, is
also probably due to an increase in the covalent cross-
links.

The stabilizing changes which take place in the rrlmgy
fibrils after trestiient with aumate are also secn in the
saperiments with guemidinium chloride. Tn fact, this
i3 .allpp(‘o(‘.d 10 incresss the hyd"(‘ gen
5 but not covalent bonds; although even in weak
solirsion it untwists the collagen fibrils and decreases
their quaternary strocture {4, 7]. The mechanical resis-
tance of the collagenous 1‘1=~mc to teasile stress is thore-
fore reduced, a{ld the multifibrillar sirands slide apart
without showing particalar teering points. After chemi-
cal treatment with humate (FL-70) the collagen fibres
are able to resist the destabilizing effect of guanidinium

263

chloride and retain Th\.l" tensile strength and quaternary
structure. The stabilizing effects of humic acids on col-
lagen can be expla:n «l on the basis of a tanning proce
a5 in the case of the flavonoid (+)-catechin [9].

The question also arfses of whether the administration
of humate changes the tertiary structere of the collagen
fibrils. The ultrastructural inves stigations carried out to
answer this question, together with "Lz“ -angie X-ray
diffraction analysis, have established that the collagen
fibrila treated with humate (FL-70) reta.v.r:. their periodic-
ity of 67mm, together with the rsnal cross-banding pat-
tern assoctated with type 1 eollagen. ""hc Xeray analysis
also showed that within the 67 mm pertodicity of a \oL
2gen molecule there appears a chfmge‘ in rhu distribu-
ion of electron density. The cause may well lie in the
auMerous p heoolic OH- -groups of huma ate, which can
raise both the number of stable covalent intenmelecelar
cross-links and that of hydrogen bonds. The available
bonding positions between the collagen fibrils can ob-
'Jm“'{\' rea h saturaticn. This is related to the observe-

tensile strength of the collagen Bhres con-

’

tion fhm th
tinually increases in the manner of a dosage curve as the
humiate concentration tises to 40 O ligfral. This phenomic-
non 'aprmm to be more evidoat in young animals than in

adults. if one cornsiders that the aldehyde groups of the
typr: 1 collagen tesponsible for the existence of stable
miermolecular cross-links does not fall off with increas-
ing age [2], and that the number of covalent cross-links
increases, the suggestion that the collagen stabilization
due to the humate depeads upoan an increase in the
hydrogen bornding is confirmed, espe ,L.-ly since it in-
hibits the loosening of the hydrogen bonds P‘rought by
guanddiniim chloride. This is rather similer to the obser-
vation that the subfibrillar structure of a collagen fibre
treated w,th bumate does not tear bit by bit when its
breaking point has been exceeded, hit comes apart all at
once ~ a fact which is reflectad in the ¢k ange it ale ngth per
umnit force. A similar but wesker effect can Le uchlevcd
with D,0O (d-::ur.mmu:t oxide), which replaces the hydro-
gean bonds of collagen by the thcmu‘dyt‘"mi."'ﬂ‘v more
,134,_»! D bonds. These observat ions suggest that the
humate employved react with collagen in vitro and make
it resistent to mechanical and chemical alterations with-
out denaturing them. The importance of this in trauma-
tology is apparent, in that newly formed collagen fibres
are not, during tissue repair, at first completely resistant
to mechanical stress. For this they must first “mature” —
a process bound up with the increase in cross-links.
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