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Collagen stabilization induced by natural humic substances 
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S u m m a r y .  Humic substances are polyphenolic com- 
pounds. They have antiviral as well as desmutagenic 
effects and react with biopolymers such as collagen; 
thereby they have no toxic side effects by oral adminis- 
tration. In vitro incubation with humic substances raises 
the breaking point of the tail tendon of the rat by about 
75%. The chemical resistance of the collagen fibres in 
tail tendon collagen is also increased by in vitro incuba- 
tion with humic substances, at least insofar as the ultra- 
structurally and biophysically measurable destruction of 
the collagen fibres by 4 M guanidinium chloride is inhi- 
bited. As humic substances increase the mechanical and 
chemical resistance of collagen fibres and promote their 
"maturity", it seems likely that this effect of humic sub- 
stances depends upon 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. 

Naturally occurring humic substances are particular 
chemical compounds that are found in the humus. They 
are formed during the process known as humification. 
Starting compounds of humification are phenols, which 
appear naturally following the hydrolysation of lignins, 
as well as phenolic groups from plant flavonoids. It is 
possible to reconstruct a model of humification, and it 
has been described mathematically as a sequence of 
interrelated Markoff processes. The synthesis of such a 
model humic substance is initiated by the autoxidation of 
multivalent phenols. As the result of the electrophilic 
attack on a displaceable electron by an electron accep- 
tot, usually molecular oxygen, highly reactive radicals 
are formed which possess a single unpaired electron. The 
instability of such an oxygen radical is in part reduced by 
intramolecular mesomery. This leads to the appearance 
of, for instance, p-benzo-semiquinone anions as O- or C- 
radicals. As a result of the everincreasing intramolecular 
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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Finally, the building up of side chains may be brought 
about by nucleophilic substitution. In this way large 
molecular complexes can originate from the binding to- 
gether of individual chemical building blocks to produce 
a complex end structure [11, 14]. The molecular bonds 
resulting from electron transfer between molecules are 
stabilized, resulting in intermolecular mesomery: some 
molecules act as electron acceptors, thereby building up 
charge transfer complexes [14]. The final stage consists 
of the appearance of carboxyl groups, which are brought 
into existence by the oxidation of CH3 groups or by the 
opening of rings with subsequent oxidation. Humic acids 
(humates) therefore consist of numerous phenol and 
quinone rings (Fig. 1), brought together by -O-, -C- and 
-C-C- bonds to form complex building block which can- 
not be defined in classical terms [11, 14]. These building 
blocks can bind themselves to 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 properties of humic acids 
seem to be responsible for some reactions occurring in 
animal tissues [3], including antiviral [10] and desmuta- 
genic effects [8]. Furthermore, humates act on human 
granulocytes as proinflammatoric stimuli [6] and take 
part in the mitochondrial electron transport [12]. 

The synthesis and molecular characteristics of the 
humic substances described above suggest that they 
would probably react with some biopolymers such as col- 
lagen, as described for the plant flavonoid (+)-catechin. 
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Fig. 1. Important structural characteristics of the humate model. 
1, aromatic ring; 2, chinoid ring; 3, aliphatic side chain produced 
by breaking up of ring structure; 4, O bond; 5, C bond; 6, C-C 
bond; 7, carboxyl group; 8, phenolic OH-group 
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Ca tech in  in its fo rm of  an o x y d i z e d  p o l y m e r  has  a 
s tabi l iz ing effect  on  co l lagen  [1, 13]. D u e  to  the  fact  tha t  
the  f l avono ids  conce rn  the  s ta r t ing  c o m p o u n d s  of  the  
humic  subs tances  [4], the  s tabi l iz ing effect  o f  ( + ) -  
ca tech in  on  co l lagen  m a y  be  resul t  of  a " h u m a t e  ef fec t" .  
T h e s e  obse rva t ions  give r ise to the  ques t ion :  a re  humic  
subs tances  ab le  to a l t e r  the  phys i cochemica l  p r o p e r t i e s  
of  t ype  1 co l l agen  suff ic ient ly  to m a k e  it r e s i s t an t  to  un- 
phys io log ica l  s t ress?  

Material and methods 

Humic substance 

A highly purified natural potassium humate (FL-70) obtained from 
Farberde Kasseler-Braun, with an average molecular weight of 
3kDa (0.5-5kDa) was prepared according to Mach (1980) by 
Weyl Chemicals (Mannheim, FRG). 

Analysis of the chemical resistance of collagen fibres 

The human periodontal 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 years) and immersed 
in a 4 M guanidinium chloride solution buffered with 0.05 M Tris- 
HC (pH7.5) at 20°C for 36h. Part of the material had previously 
been incubated in natural humate (FL-70; 40 pg/ml) for 30 min. 
Fixation, embedding and staining for electron microscopy fol- 
lowed in accordance with the method already described. 

Analysis of the mechanical resistance of collagen fibres 

The breaking point of the collagen fibres (consisting mainly of 
type i 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 fibres from the tail ten- 
dons (more accurately, fibre bundles), with a diameter of 0.5 
(+ 0.1)mm and 5 cm in length (determined with the aid of a mag- 
nifiying glass × 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 controls, while 
the remaining fibres were examined in vitro at 20°C as follows: 

• Incubation in humate (FL-70; 40 gg/ml) 
• Incubation in 4M guanidinium chloride (maintained at pH7.5 

with a Tris-HC1 buffer) 
• Incubation in guanidinium chloride and then in humate (FL-70) 
• Incubation in humate (FL-70) and then in guanidinium chloride 
• Incubation in FL-70 and then in Ringer solution. 

Each collagen fibre with a predetermined diameter (Table 1) was 
stretched at a constant force of 500rap (millipond) and then 
clamped in a technically designed tension-assessing apparatus 
(Textechno, M/Snchengladbach, FRG) and stretched at a constant 
extension acceleration (VL = 7.5 mm/min) until complete solution 
of continuity of the fibre occurred. The free fibre length between 
the ends of the clamps (Lo) was 10 ram, and the speed of advance 
of the paper (Vt) 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, and the tensile strength calcu- 
lated as stress (force per unit area) at the breaking point, Statistical 
analysis included determination of mean values, standard devia- 
tions and standard errors, and also analysis of significance with the 
F test. 

Small angle X-ray diffraction analysis of the fibres 

For this analysis, five collagen fibres from five male Wistar rats 
(body weight 250 g) were used. Fibres - untreated or treated with 
humate (FL-70, 30~tg/ml, 30min, 20°C) - were placed still wet 
in Mark capillaries (wall thickness 1/1000 ram, internal diameter 
1 ram), gently stretched and sealed to avoid drying. A Kraty camera 
was used to obtain a small-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 
took 80000 s. 

Results 

Chemical resistance of collagen fibres 

If  the  co l lagen  f ibres  a re  left  in h u m a t e  (FL-70;  40 pg/ml)  
for  2 h, no swell ing of  the  col lagen fibrils is obse rved ,  and 
the  67-mm pe r iod ic i t y  r e ma ins  una l t e r e d .  T h e  co l lagen  
fibrils swell  to a p p r o x i m a t e l y  d o u b l e  the i r  or ig inal  thick-  
ness u n d e r  the  inf luence  of  a guan id in ium ch lo r ide  solu- 
t ion (4 M)  bu f f e r ed  with  Tris-HC1, and  the  charac te r i s t i c  
long i tud ina l  and  t r ansverse  u l t r a s t ruc tu ra l  a p p e a r a n c e ,  
wi th  a pe r iod ic i ty  of  67 m m ,  vanishes .  I n s t e a d  of  a com-  
pac t  f ibri l ,  f i l amen tous  uni ts  (microf ibr i l s ) ,  showing a 
he l i co ida l  p a t t e r n  a long the  long i tud ina l  axis,  b e c o m e  
visible.  In  t r ansve r se  sec t ion ,  this d i s in teg ra t ion  a t tacks  
the  fibri ls  b o t h  p e r i p h e r a l l y  and  in the  cen t re  (Fig.  2). I f  
the  co l lagen  f ibres  were  t r e a t e d  with  h u m a t e  p r io r  to 
the  guan id in ium ch lo r ide  t r e a t m e n t ,  the  twist ing of  the  
fibrils i n d u c e d  by  guan id in ium ch lor ide  does  n o t  occur  
(Fig.  3). 

Table 1. Experimental design for testing collagen breaking point 

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

Control: Ringer solution - 20 min 225 g 10 0.5 mm 75 
Humate 40 gg/ml 20 min 225 g 10 0.5 mm 75 
Guanidinium chloride 4 M 5, 10, 15 s 225 g 5 0.5 mm 35 
Humate + 40 gg/ml 20 min 225 g 5 0.5 mm 35 
Guanidinium chloride 4 M 15 s 

Guanidinium chloride + 4 M 15 s 225 g 5 0.5 mm 35 
Humate 40 gg/ml 20 rain 
Humate + 40 pg/ml 20 min 225 g 5 0.5 mm 35 
Ringer solution 20 min 
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Fig. 2. Ultrastructure of the type 1 colla- 
gen fibres after incubation in guanidinium 
chloride in vitro (36 h). The collagen 
fibrils are untwisted and irregulary wide- 
ned. (Staining: uranyl acetate and lead 
citrate) x 68000 

Fig. 3. Ultrastructure of the type 1 colla- 
gen fibres after incubation in guanidinium 
chloride in vitro (36h), following treat- 
ment with humate (FL-70; 40 gg/ml for 
30 min). (Staining: uranyl acetate and lead 
citrate) × 68000 
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Mechanical resistance of collagen fibres 

The uniaxial test of  strain, carried out with a constant 
speed of tension, produces a change in length per  unit 
force curve which is characteristic for connective tissue 
fibres composed of parallel strands. The graphic rep- 
resentat ion begins as a non-linear curve, giving place to 
a nearly strict proport ional  segment.  This curve reaches 
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Table 2. Tensile strength of collagen fibres in different experi- 
ments (comp. Table 1), calculated as force per unit area 

Experimental design N/mm 2 (Mean) _+ SD 

Controls 12.1 1.3 
Hum ate 21.3 4.1 
GuC1 5 s 0.04 2.3 
GuC1 10s 1.74 0.7 
GuC1 15 s 1.86 0.03 
Humate + GuC1 11.8 2.4 
GuC1 + Humate 11.2 3.1 
Humate + Ringer 20.8 6.2 

a maximum value near  the point of greatest  traction 
(tensile strength), runs steeply downwards 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 f rom the un- 
t reated tails of rats is around 12 N/mm 2. In contrast  to 
this, the tendon fibres after t rea tment  with humate  do 
not b reak  until 21 N/ram z 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 they swell, these fibres shrink by approximate-  
ly one third of their original length and become elastic. 
In comparison with controls, the fibres retain 65% (P < 
0.0!) of their original mechanical  stength after 5 s, 40% 
( P <  0.0025) after 10s and only 15% ( P <  0.0005) after 
15 s. If  the collagen fibres are first t reated for 30min 
with humate  (FL-70; 40 gg/ml) and finally incubated in 
guanidinium chloride for 15 s, 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  t reated with 
humate  (P < 0.001). If, on the other hand, these colla- 
gen fibres are first placed in guanidinium 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 t rea tment  is restored. 

Fig. 4a-c, Graphic representation of the periodic length of the 
adapted X-ray diffraction diagram (500-650nm) of collagen 
fibres. The relative intensity distribution of the reflections of the 
control collagen fibres from rat tail tendon (C) are different from 
those treated with humate (FL). The periodic lengths are identi- 
cal: I(b) = intensity values, and b = (2sin0)/L = N/D, where (2sin 
0) = angle of dispersion, L = wavelength of X-ray, N=  ordinal 
number of reflection, and D = periodic length in nanometres, a X- 
ray diffraction diagram in the region of lst-gth orders of reflec- 
tions. The reflections from 2nd-9th orders of reflections are shown 
again with the scale increased in the ratio 1:10. There is an in- 
crease in intensity of the 5th band. b X-ray diffraction diagram in 
the region of llth-21st orders of reflections. Relative displace- 
ments between 12th and 20th orders of reflections, c X-ray diffrac- 
tion diagram in the region of 20th-22th orders of reflections 
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X-ray diffraction analysis 

The X-ray diffraction diagrams of collagen type i fibres 
revealed a longitudinal periodicity of 67mm with 27 
bands, which corresponds to a resolution of structure of 
3.05 nm. The analysis dearly shows that treatment with 
humate does not produce any displacement of the peri- 
odicity. Only changes in the relative intensity were 
found, which may be attributed to alterations in the dis- 
tribution of electron density in the collagen. A relative 
decrease in the first, third and tenth bands was found 
after treatment with humate (FL-70); the fourth and 
eighth bands remained the same, and served as control 
peaks. All the other bands showed an increase in inten- 
sity in comparison with the untreated collagen fibres. In 
addition to this, relative changes in the intensity were 
seen in the individual diagrams (Fig. 4). 

Discussion 

The experiments carried out in vitro on collagen re- 
vealed a highly significant increase in the resistance to 
tearing (tensile stress) of about 75%. This result suggests 
changes in extracellular processing during fibrillogenesis. 
This view is based on the following facts: 

• The biomechanical stability of the collagen depends 
(i) upon intermolecular and intersubfibrillar covalent 
bonding, (ii) upon the electrostatic interaction of groups 
of differently charged atoms in the form of intramolecu- 
lar and intermolecular hydrogen bonds and (iii) upon 
hydrophobic interaction [5, 10]. Frictional forces be- 
tween collagen fibres and fibrils are also involved, as 
well as physicochemical interaction with components of 
the extracellular matrix, such as proteoglycans. 

• During ontogenesis of an individuum, collagen under- 
goes a process of "maturation" as it becomes more and 
more resistant to mechanical stress, heat and the action 
of acids. This is reflected in the ultrastructure of the 
fibrils, which thicken progressively. This property of 
"mature" collagen is due particularly to an increasing 
network of covalent bonds and the molecular interaction 
[5]. As in the previous 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 collagen 
fibrils after treatment with humate are also seen in the 
experiments with guanidinium chloride. In fact, this 
polar solution is supposed to increase the hydrogen 
bonds, but not covalent bonds; although even in weak 
solution it untwists the collagen fibrils and decreases 
their quaternary structure [4, 7]. The mechanical resis- 
tance of the collagenous tissue to tensile stress is there- 
fore reduced, and the multifibrillar strands slide apart 
without showing particular tearing points. After chemi- 
cal treatment with humate (FL-70) the collagen fibres 
are able to resist the destabilizing effect of guanidinium 

chloride and retain their tensile strength and quaternary 
structure. The stabilizing effects of humic acids on col- 
lagen can be explained on the basis of a tanning process, 
as in the case of the flavonoid (+)-catechin [9]. 

The question also arises of whether the administration 
of humate changes the tertiary structure of the collagen 
fibrils. The ultrastructural investigations carried out to 
answer this question, together with small-angle X-ray 
diffraction analysis, have established that the collagen 
fibrils treated with humate (FL-70) retain their periodic- 
ity of 67 mm, together with the usual cross-banding pat- 
tern associated with type 1 collagen. The X-ray analysis 
also showed that within the 67 mm periodicity of a col- 
lagen molecule there appears a change in the distribu- 
tion of electron density. The cause may well lie in the 
numerous phenolic OH-groups of humate, which can 
raise both the number of stable covalent intermolecular 
cross-links and that of hydrogen bonds. The available 
bonding positions between the collagen fibrils can ob- 
viously reach saturation. This is related to the observa- 
tion that the tensile strength of the collagen fibres con- 
tinually increases in the manner of a dosage curve as the 
humate concentration rises to 40 gg/ml. This phenome- 
non appears to be more evident in young animals than in 
adults. If one considers that the aldehyde groups of the 
type 1 collagen responsible for the existence of stable 
intermolecular 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 depends upon an increase in the 
hydrogen bonding is confirmed, especially since it in- 
hibits the loosening of the hydrogen bonds brought by 
guanidinium chloride. This is rather similar to the obser- 
vation that the subfibrillar structure of a collagen fibre 
treated with humate does not tear bit by bit when its 
breaking point has been exceeded, but comes apart all at 
once - a fact which is reflected in the change in length per 
unit force. A similar but weaker effect can be achieved 
with D20 (deuterium oxide), which replaces the hydro- 
gen bonds of collagen by the thermodynamically more 
stable D bonds. These observations suggest that the 
humate employed 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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