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Abstract: The bioactivities of collagen-hydrolysates, sulfated glucosamine and a special fatty acid enriched
dog-food were tested in a dog patient study as potential therapeutic treatment options in early osteoarthritis.
Biophysical, biochemical, cell biological and molecular modeling methods support that these well-defined
substances may act as effective nutraceuticals. Importantly, the applied collagen-hydrolysates as well as sulfated glucosamine residues from marine organisms were strongly supported by both an animal model and
molecular modeling of intermolecular interactions. Molecular modeling of predicted interaction dynamics
were evaluated for the receptor proteins MMP-3 and ADAMTS-5. These proteins play a prominent role in the
maintenance of cartilage health as well as innate and adapted immunity. Nutraceuticals data were generated
in a veterinary clinical study focusing on mobility and agility. Specifically, key clinical parameters were obtained from blood probes of German shepherd dogs with early osteoarthritis symptoms fed with collagenhydrolysates or sulfated glucosamines. Collagen-hydrolysate, a chondroprotective food supplement was examined by high resolution NMR experiments. Molecular modeling simulations were used to further characterize the interaction potency of collagen-fragments and glucosamines with protein receptor structures. Potential beneficial effects of collagen-hydrolysates, sulfated glycans (i.e. sulfated glucosamine from crabs and
mussels) and lipids, especially, eicosapentaenoic acid (extracted from fish oil) on biochemical and physiological processes are discussed here in the context of human and veterinary medicine.

Graphinal Abstract

1. Introduction
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Profound knowledge about the composition and the molecular structure of the applied substances [1-11] is
an essential prerequisite for a reasonable prophylactic cartilage therapy with food supplements (nutraceuticals)
in respect to joint health of mammals. Furthermore, detailed data regarding the impact of these food supplements on cartilage health of the patients under study are necessary. This was evaluated in a veterinary clinical
study focusing on the mobility and agility of the patients as well as on clinical parameters obtained from blood
probes. Possible beneficial effects of collagen-hydrolysates, sulfated glycans (e. g. sulfated glucosamine) and
lipids on biochemical and physiological processes within the extracellular matrix of mammalian cartilage
tissues are discussed in the context of human- and veterinary-medicine. Thereby, we have explored potential
therapeutic effects in our clinical study on various dogs. Dogs with early osteoarthritis (OA) symptoms were
fed with collagen-hydrolysate, sulfated glucosamine or a lipid- and vitamin-enriched dog food. In addition to
our external observational assessment on the therapeutic value of these compounds we also sought to further
dissect the mechanism involved in these effects.
Beneficial effects of collagen- and proteoglycan-fragments may be related to specific interactions with
receptors (e.g. integrins or ACEII receptors - in the case of collagen-hydrolysates) and aggrecanases (e.g.
ADAMTS-5) or other matrix metalloproteinases (e.g. MMP-3, TIMP-1) [12-15]. Beside these specific
interactions unspecific contacts between collagen-strands [16-20] proteoglycans and fatty acids within the
extracellular matrix of the cartilage may also play a crucial role when explaining the therapeutic effects on a
sub-molecular size level. Therefore, we assessed the effect of the applied substances on the biology the
animals by a combination of biophysical, biochemical, cell-biological methods and molecular modeling
studies. Similar methodologies have previously been experimentally used to assess the effect of these and
other biologically related molecules [9,10,21-29]. For example, the collagen-hydrolysate [30-35] under study has
been examined with high resolution NMR experiments. Additionally, molecular modeling approaches such as
molecular docking and molecular dynamics simulations have been carried out in order to obtain more
information about the interaction potency of collagen-fragments and sulfated GlcNAc with receptor structures.
As a result we are now able to formulate efficient encapsulation strategies [36-38] for an oral application of
peptides and proteins [39,40].
The concept of this study was to provide a comparative examination of the potential benefits of
nutraceuticals as chondroprotective agents. Thereby we tested a specific collagen-hydrolysate, sulfated
glucosamine from marine organisms as well as fish oil lipids, and vitamin enriched dog food.
Molecular modeling studies of the applied nutraceuticals are essential since they provide valuable hints
on how these substances could influence biochemical processes not only in dogs and horses but also in humans. Former studies illustrate the problems of carbohydrates and glycans structural evaluation [41]. Molecular docking studies of carbohydrates are still under development [42] selected modeling examples are well
documented for glycomimetic peptides and sulfated saccharides [21] as well as with linear collagen-fragments
[1,4,10]. Furthermore, polysialic acid (polySia), polySia mimetics and sulfated polysaccharides have been analyzed by us this way [21,24].
The presence/absence of sulfate groups on glycans has an impact on receptor interactions in addition to
having an effect on triple-helical collagen-strands [43]. These variations are caused by direct interactions between the proteoglycan and the triple-helical collagen-strand. However, the interaction process can also be
triggered by conformational differences within the carbohydrate chains of the proteoglycans [9] leading to an
3
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indirect influence in respect to the molecular recognition process. Beside unspecific interactions of proteoglycan fragments with collagen-strands, it is possible to discuss a potential impact on enzymatic activity caused
by collagen-fragments or glucosamine. Here, aggrecanase and other MMPs have been in silico studied with
help of structural data sets [12-15] available in PDB. The impact of the presence and the absence of a sulfategroup on saccharides was described previously in quantum chemical detail [10]. It turned out that the presence
of a sulfate group alters the orbital structure of non-sulfated GlcNAc and GalNAc residues in a significant
way. This could indeed influence specific and unspecific interactions with various target structures [10]. The
effects of the high-quality dog-food in the control group are discussed in light of recently published biochemical and physiological data on lipids of interest [39,40].
The current approach described here was to utilize a combination of bioinformatic and molecular modeling tools, biochemical and biophysical analysis with cell biological and clinical studies to make it possible
to evaluate the therapeutic impact of bio-active components of collagen-hydrolysates and proteoglycans.
2. Results
2.1. Drug Administration and Dog Studies.
Various dogs with early osteoarthritis (OA) were examined in a randomized clinical study examining the
therapeutic effect of nutraceuticals. Specifically, the impact of A) a collagen-hydrolysate, B) tablets of sulfated
glucosamine and C) a high-quality dog-food i.e. Hills-JD (containing vitamins and enriched with fatty acids,
especially EPA) on joint health was evaluated. We sought to conduct a comparative analysis of the potential
benefits of these compounds and to determine the molecular interactions between collagen-fragments, parts
of the glycan chains and lipids in the extracellular matrix, in order to provide novel information about the
biochemical mechanisms which underlie the maintenance of mammalian cartilage tissue. The dogs were fed
Hills-JD instead of a placebo, since the dogs already displayed osteoarthritis symptoms and were therefore
already being treated accordingly. The main lipid-component of HillsJD is eicosapentaenoic acid (EPA) which
is enriched in sea-fishes such as salmon and herring. The administered peptides, carbohydrates and lipids were
delivered via the gastro-intestinal tract into the blood-stream and in this way to the crucial target tissues in the
organism. A dose of 20 g collagen-hydrolysate was administered per day and dog patient (based on the daily
collagen requirements in food for wolves). The dose was not reduced for smaller dogs since a higher amount
of this nutraceutical is completely harmless (as tested in cell biological assays). For comparison we previously
analyzed the effect of collagen-hydrolysate on selected horses (50g/ day) and a Shetland pony (25 g/ day) that
displayed arthritic related problems in their movements. Different horse races were examined: Holstein horse,
Hanoverian horse, Arabian horse, American Quarter horse, Trotter, English Blood horse and Trakehner horse.
Our current observations are in full agreement with a dog- and a horse-study recently published [32,33].
The impact of these nutritional supplements on the mobility of randomly selected dogs of the study
(Table 1) was evaluated and documented by video at both the beginning and end of the therapy. Representative
videos for two patients from the sulfated glucosamine group, two from the collagen-hydrolysate group and
one dog from the control group are available for viewing at the following link:
https://www.dropbox.com/s/bpu7tcgmz5v41zv/Dog%20Study%20Exam%202021.mp4?dl=0
https://www.dropbox.com/s/bpu7tcgmz5v41zv/Dog%20Study%20Exam%202021.mp4?dl=0.
TABLE 1. Characteristics of randomly selected dogs shown in video presentation
4

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2021

Dog Name Treatment

Breed

doi:10.20944/preprints202105.0588.v1

Age [years]

Weight [kg]

Buddy

glucosamine

Schnauzer-mix

5

26.5

Cora

glucosamine

Newfoundland dog

7

54

Sarabi

collagen-hydrolysate

Boerboel

3

45

Tobi

collagen-hydrolysate

Half-breed

8

16

Emma

special dog-food with German shepherd-mix 7

35

lipids and vitamins
Paula

collagen-glucosamine-

Golden Retriever

12

30

lipid mix

Dog-patient handlers were able to easily perceive that dogs in the early stages of OA already exhibited
difficulty with stair climbing. The videos clearly display this observation and demonstrate that sixteen weeks
of therapy had a positive effect on the ability of these dogs to climb stairs along with no new outwardly
discernable negative aspects or progression of disease.
Overall, more than 80 dogs were treated during the 16 weeks therapy period with improvements in agility
found in all three groups. To assess pain, one of the symptoms of OA, and any therapeutic progress, palpation
was performed independently for the left and right femoral joint throughout the study. Notably, a reduction
in tenderness/pain was observed as early as four weeks into treatment (Figure 1). After 16 weeks (the end of
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the therapy), all groups (including the control group which contains only the half number of patients) exhibited
a significant reduction in the sensitivity of their femoral joints to manipulation.
Figure 1. Canine dog patients with beginning OA symptoms were examined at the different time
frames: at TF0 - beginning, TF1 - after 4 weeks, TF2 - after 8 weeks and TF3 - after 16 weeks
concerning pain in their left or right femoral joint. Pain symptoms during palpation were examined
for all dogs in the three groups according to a clinical standard protocol. Four scores are given: no
pain reaction (light blue), minor pain reaction (yellow), stronger pain reaction (orange), strongest
pain reaction (red) of QOL. The distribution of the dog patients is shown in percent, n is the number
of dogs examined.

A key indicator of therapeutic value in any trial is the effect of the substances under study on the quality
of life (QOL). We therefore assessed QOL using previously published guidelines [44,45]. The QOL-score
combines the mood of the animal, its mobility and agility, joy of playing, sounds of pain and problems with
climbing stairs. Dog-patient handlers were provided with a questionnaire which evaluated the QOL score
(Figure 2). In addition, to remove any perceived bias, a veterinary doctor, not involved in the study in any
other capacity, assessed video footage of the treated animals to provide an independent QOL estimate. All
substances under study (collagen-hydrolysate, sulfated glucosamine as well as the special dog food enriched
with fatty acids and vitamins) resulted in positive effects on QOL score. Collagen-hydrolysate led to the most
promising results in terms of displaying moderate to minor symptoms or no joint problems at the focus of
study.

Figure 2.

Agility and mobility of dogs with beginning OA symptoms (1: no problems, 2: minor

problems, 3: moderate problems, 4: worse problems, 5: extremely large problems) given by the

6

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2021

doi:10.20944/preprints202105.0588.v1

animal-holders at different time-points (TF0: at the beginning, TF1: after 4 weeks, TF2: after 8 weeks,
TF3: after 16 weeks). These marks correlate with QOL.

Our observations suggest that the collagen-hydrolysate applied in this dog-study contains bio-active
fragments that have a beneficial effect on OA symptoms, similar to that observed for sulfated glucosamine.
Cellular studies show that the collagen-fragments in the hydrolysate are responsible for the effects within the
extracellular matrix of the joint tissue. These effects can be supportive, non-supportive or even detrimental
[5,7,8]. In order to establish the correlation between structure and function of bio-active components of the
collagen-hydrolysate applied in our study (Fortigel from Gelita) we further characterized the relationship by
well-established protocols [1,4,5,7,8].
2.2. Cell Biological Tests.
The differentiation of canine as well as of equine chondrocytes were studied in the absence and in the
presence of collagen-hydrolysates and proteoglycan fragments. The distinct time-dependent differentiation
pattern (e. g. in respect to the known sialic acid galactose linkage at the end of the saccharide chains of the
corresponding glycoproteins is well established [22] and can be used to test the respective impact of various
substances in cell culture very precisely [8]. A representative image displaying the expected pattern for equine
chondrocytes grown on collagen is presented in Figure 3A.

Figure 3. A) Equine chondrocytes are grown on collagen media. The cell nuclei are highlighted by a DAPI
staining. The growing collagen-strands around the nuclei are stained in light green. This cell assay was performed as a test-system to determine whether the collagen-hydrolysates resulted in any biological effects and/or
potential toxicity. B) The polysialic acid molecules on stem cells are colored in red. The glia cells are colored in
dark green. This cell assay can act as suited test-system to control the sialic acid – dependent impact of collagenfragments on cell-differentiation.

The induction of multi-directional differentiation processes of equine and canine chondrocytes strongly
depends on the kind of collagen-hydrolysate under study. Furthermore, a stem cell assay can act as suited testsystems to control the sialic acid – dependent uptake of collagen-fragments [22,46]. Shown if Figure 3B, is an

7

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2021

doi:10.20944/preprints202105.0588.v1

example of a stem assay which depicts the effect of sialic acid on the differentiation of glia. In addition, our
cell biological studies demonstrate that the collagen-hydrolysate applied in this dog study has no toxic effects.
2.3. Blood Parameters.
Blood parameters were obtained from a homogenous group of dog patients (23 German Shepherd dogs)
in which collagen-hydrolysate was tested as a food supplement. Previous studies have focused on a correlation
between MMP-3 plasma levels and MMP-3 synovia levels for dogs suffering from osteoarthritis [44,45]. Since
MMP-3 is a highly proteolytic enzyme, enhanced breakdown of cartilage tissue in the German shepherd dog
OA group could occur via degradation of collagen types II, IX, X [47] and aggrecan [48]. Additionally, TIMPs
are known inhibitors of MMP within tissues. We therefore examined MMP and TIMP levels at various time
points throughout the study. Notably, MMP-3 levels were significantly reduced (p ≤ 0.05) after 8 weeks of
treatment. We did not find a significant alteration in TIMP-1 levels during this same time period (data not
shown). Our results suggest that like sulfated and non-sulfated glucosamines, small collagen-fragments may
have an influence on the activity of matrix metalloproteinases. Given this result, allosteric inhibition and stimulation as well as competitive inhibition were considered as additional mechanism to be investigated when
using collagen-hydrolysates or proteoglycan fragments i.e. sulfated and non-sulfated glucosamines as
nutraceuticals.

Figure 4. MMP-3 levels in German shepherd dogs with early OA in which their diet was supplemented with collagen-fragments. The concentration values at the y-axis correspond to ng/ml. Shown
are the levels at the beginning and after 8 weeks of treatment.

2.4. NMR Analysis of Fortigel Collagen-hydrolysate.

8

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2021

doi:10.20944/preprints202105.0588.v1

Our studies indicated that pain reducing effects are detectable by an evaluation of the mobility and agility
of the animals under study. Furthermore, biochemical parameters are also altered as found in our analysis of
the blood-probes in respect to osteoarthritis markers (e.g. TIMP-1, MMP-3). These observations are probably
related to the occurrence of certain bio-active collagen-fragments within the hydrolysates. It was therefore of
interest to determine whether the positive effect on cartilage health for dog patients with beginning

osteoarthritis symptoms can be correlated with the applied collagen-fragment mixture. We therefore conducted
DOSY NMR experiments as described previously [4]. Our NMR results indicate that the size-range of the
collagen-fragments in the collagen-hydrolysate food supplement is between 2.9 - 8.1 kDa (Figure 5), with no
triple helical collagen structures present [1]. We note that mobility and agility are not automatically related to
cartilage health. They might depend on a placebo effect or a general pain reduction as well as physiological
improvements. Since the collagen-hydrolysates differed in their composition we further characterized them to
provide a more detailed molecular analysis. Mass-spectrometry and NMR have provided previously a detailed
molecular analysis of the collagen-hydrolysates under study [1,4,5,7]. In the present study, we used TOCSY to
identify specific amino acid residues (e. g. Arg residues) of these bio-active compounds (Figure 6). This type
of analysis has allowed to characterize the collagen-hydrolysate unambiguously.
Figure 5.

DOSY NMR spectrum of the collagen-hydrolysate Fortigel® from Gelita applied in our

dog study. The aromatic- and NH-region (shown here) as well as the aliphatic region (not shown)
were used to determine the diffusion constant. F2 displays the chemical shift of the collagen protons
(in ppm). F1 is the frequency axis which provides information about the diffusion constant of the
collagen-fragments.
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Parts of a two-dimensional NOESY spectrum of the used collagen-hydrolysate, Fortigel®. F1 and

F2 are the frequency axis which display the chemical shifts of the collagen protons (in ppm).
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2.5. Molecular Modeling.
We utilized the available PDB structural data for MMP-3 (2JT6.pdb) and ADAMTS-5 (2RJQ.pdb) as
the starting geometries for molecular modeling tasks. Although the experimental geometries of these proteins
exhibit ligands in their binding sites, we were also interested, how sialic acid and GlcNAc in standard and
sulfated [49] forms can bind to MMP-3 and ADAMTS-5. Thus, we were equally interested in the prediction
of all possible binding sites (BS) for these two proteins. Three BS were predicted using the SiteMap [50]
program for MMP-3 whereas the number of predicted BS for ADAMTS-5 was three times higher. The number
of predicted binding sites is in accord with the size/weight of these proteins (18.54 kDa for MMP-3 and 42.84
kDa for ADAMTS-5).

11
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Figure 7. Glucosamines in binding sites of A) MMP-3 (2JT6.pdb) and B) ADAMTS-5 (2RJQ.pdb). The protein-ligand
complexes are shown in ribbon representation in the left set of figures; the protein surfaces (colored according the
electrostatic potential) zoomed into binding sites are in the middle set of figures whereas the details of the proteinligand interaction profiles are visualized in the right set of figures.

In the next step we calculated how N-Acetyl glucosamine (GlcNAc) and N-Acetyl neuraminic acid
(Neu5Ac) (both in standard and sulfated forms) can bind into all predicted binding sites. We used the Glide
[51] program to determine binding poses and the energetics of binding for the four carbohydrates.

12

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2021

doi:10.20944/preprints202105.0588.v1

The Glide analysis for all binding sites and all carbohydrates resulted in more than one thousand proteinligand complexes. Table 2 presents the extracted lowest energy binding poses for MMP-3 and ADAMTS-5.
Figure 7 shows the corresponding graphical outcome.
TABLE 2. Summary of the lowest docking scores for carbohydrate-protein
complexes for all predicted binding sites. The lower value in comparision
standard versus sulfated form of the carbohydrates is shown in italic; the
lowest binding scores comparison the four carbohydrates in the binding
sites (shown in table rows) are highlighted bold. The preferred binding
sites for both proteins maked * are visualized in Figure 7.

Docking Score [kcal/mol]
Protein

MMP-3

ADAMTS-5

PDB
code

Binding
Site

GlcNAc

GlcNAcsulf

Neu5Ac

Neu5Acsulf

2JT6

BS1*
BS2*
BS3*

-8.16
-9.20
-5.24

-8.23
-9.12
-6.27

-11.48*
-8.68
-6.88

-8.76
-9.43*
-7.42*

2RJQ

BS1*
BS2*
BS3
BS4*
BS5
BS6
BS7
BS8
BS9

-6.28
-7.05
-5.94
-7.25
-6.99

-6.96
-7.94
-5.45
-9.16
-5.73

-7.07
-6.07
-6.68

-7.31
-5.85
-6.81

-7.61
-9.00
-5.87
-8.61
-8.61
-4.47
-8.35
-8.86
-8.82

-8.09*
-9.22*
-5.78
-9.35*
-7.73
-4.89
-8.88
-8.19
-7.93

The ribbon presentation for MMP-3 together with ligand-protein interaction analysis is illustrated in
Figure 7A. Equivalent figures for ADAMTS-5 are presented on Figure-7B.
It is interesting to note the Neu5Ac is predicted to bind preferably (but ADAMTS-5 in BS3) over GlcNAc. The sulfated forms of glucosamines bind in the majority of cases better than the unsulfated molecules.
Exception is Neu5Ac in BS1 of MMP-3. This is a special case (illustrated of Figure 7A-BS1) because this
binding site is below the protein loop and the carbohydrate molecules thus interacts with the amino acids of
the loop.
The next modeling step dealt with explicit modeling of the proteins with collagen fragments. We used
the HEX [52] program here to generate (based on shape and electrostatics complementarity) around 100 protein-collagen complexes for both proteins. The lowest-energy forms from the HEX modeling were used as the
starting structures for molecular dynamics (MD) simulations.
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MD simulation were performed in a water environment in order to evaluate the stability of the proteincollagen complexes. Figure 8 presents part of the results from 50 ns simulation. The structure at the simulation
start plus 10 time-dependent structures extracted from the saved simulation trajectory at 5ns intervals were
superposed and are shown on the Figure 8 in order to present the time-evolved conformational changes. The
“simulation quality analysis” of Maestro/Desmond (Figure 8A and 8C) indicated that the standard deviation
of all analyzed parameters like total energy, potential energy or volume is below 0.01% of the average values
variables that were a result of the MD simulations.

Figure 8. Molecular dynamics simulation results of solvated MMP-3/collagen (starting structure based
on 2JT6.pdb + 1EI8.pdb) and ADAMTS-5/collagen (starting structure based on 2RJQ.pdb

14

+ 1EI8.pdb)
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supramolecular complexes. A,C – Simulation quality analysis of 50 ns DESMOND simulation as visualized in Maestro. Color coding: blue – total energy of the simulated system; dark blue - potential energy;
violet – temperature; black – pressure; dark green – volume. B, D – Superpositions of protein-collagen
structures resulted from the MD simulations. Only selected structures (shown as ribbons) of the supramolecular complexes saved in 5 ns time intervals are visualized. The ligands of the proteins are shown
in ball&stick models (grey carbons) whereas the GlcNAc present in ADAMTS-5 is shown with green
carbons. The ribbons for A, B, C chains of the collagen fragments are visualized grey; the ribbons of D,E,F
chains are shown in orange. The water molecules/ions present in the solvation box are not visualized
PLIP analysis and the consequent Access processing of the MD trajectory geometries allowed a comparison of
overall hydrogen bonding versus hydrophobic interactions for both MMP-3/collagen and ADAMTS-5 collagen. Similar
data was obtained with both systems with hydrogen bonding predominating with an incidence of 68% for ADAMTS-5
and 66% for MMP-3 complexes. In comparison, hydrophobic interaction stabilization accounted for 34% in the case of
MMP-3 and 32% in the case of ADAMTS-5.

The carbohydrate entity present on the protein surface in the case of ADAMTS-5 interacts with the
collagen structure as shown in Figure 8B and 8D. Accordingly, the sulfate groups present at the glycan chains
of proteoglycans can mediate interactions with collagen-triple helix structures of collagen present in cartilage.
3. Discussion
Our combined clinical, cell biological, biochemical, biophysical and molecular modeling approach on canine and equine patients is a feasible strategy to answer a number of questions related to collagen-hydrolysates,
sulfated glycans and lipids as chondroprotective food supplements. Beyond this it is of highest importance
that specific collagen-fragments were able to interact with various receptors (e.g. angiotensin receptors and
sialic acid containing carbohydrate chains) in a specific way.
Although the collagen hydrosylate under study in contrary to the sulfated glucosamine and the lipids (utilized as components of the special dog food) did not originate from marine organisms we can assume comparably positive effects on cartilage health if collagen-hydrolysate of marine organisms (fish or jellyfish e.g.
[4,8,10]) would be administered.
Articular cartilage destruction is mediated by the loss of collagen type II and proteoglycans and this loss is
a characteristic feature of osteoarthritis symptoms. Our results show that it is possible to correlate the influence
of collagen-hydrolysates on cartilage tissues [30-32] through specific biochemical pathways and cell-biological
processes [1,4,5]. We found that collagen-hydrolysates were able to alter the levels of MMP-3 (as well as Matrix
Metallo-Proteinase-1 and -13; Figure 4) without changing the level of TIMP-1 (Tissue Inhibitors of MetalloProteinases-1; data not shown). In addition, we recognized the involvement of collagen-hydrolysates and
sulfated glucosamine in several key biochemical processes which are directly correlated with cartilage health.
As noted, collagen-hydrolysates contain mixtures of collagen-fragments of various length.
We show here that modelling is a useful tool in evaluating specific interactions in protein binding sites and
between these proteins and collagen fragments. No doubt further investigation on the impact of these interactions on protein activity in relation to targeting diseases will be crucial in further evaluating their effect on the
extracellular matrix and therapeutic value.
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4. Materials and Methods.
Sulfated GlcNAc in form of tablets, collagen-hydrolysate from Gelita dry powder, Hills JD high quality dogfood were used to target dog’s osteoarthritis.
4.1. Cell Biological Test.
The methods used are the same as described in our former publications Raabe et al. [8] and Zhang et al.
[24]. We focused on the impact of collagen-hydrolysates on the differentiation of chondrocytes as well as on
the role of sialic acids as contact structures of the cell surface as differentiation markers.
4.2. Blood Parameter Determination.
Blood samples were obtained from all dogs under study in order to clarify any existing medical condition
and to ensure that there was no acute Lyme disease. The blood samples were taken after stasis and disinfection
with 70% alcohol on the anterior vein cephalic with a 7.5 ml S-Monovette (Sarstedt) and attached cannula
(Sarstedt). 16 IU served as anticoagulant Heparin. The blood was centrifuged at 3000 rpm for 10 minutes after
collection. A large blood count (hematology), an organ profile and an IgG / IgM borreliosis antibody titer
were created for each dog in the Synlab Augsburg laboratory. Blood was drawn as part of the treatment. A
portion of this blood was portioned for the determination of the cartilage markers and shipped to Gießen to
examine special osteoarthritis markers. The plasma for the osteoarthritis markers was placed in an Eppendorf
cone with an Eppendorf pipette. The samples obtained were temporarily stored at -20°C for a maximum of 10
days after labeling and then sent by post using dry ice and stored at -70°C until evaluation. Cartilage markers
were analyzed as published [53].
4.3. Statistical Analysis.
The data obtained is summarized using Microsoft Excel (Office 2000 package). The statistical data is also
prepared using Excel. Missing data are marked with * in our study protocols, so this entry is treated by BMDP
as a missing value. The data was evaluated on the computers in the local computer network (LAN) of the
Biomathematics and Data Processing working group of the Veterinary Medicine Department of the Justus
Liebig University in Gießen. The statistical evaluations were carried out using the statistical program package
BMDP / Dynamic, Release 8.1 (Dixon, 1993). Arithmetic mean values (8x), standard deviations (s), minima
(xmin), maxima (xmax) and sample sizes (n) were calculated and presented in tabular form to describe the data
for quantitative, approximately normally distributed characteristics. The qualitative characteristics were
counted according to groups and presented in the form of frequency tables. A two-factor analysis of variance
with repeated measurements of time with the BMDP2V program was carried out in groups 1 + 2 for statistically checking the influence of group and time on significance. If values were missing, this was done using
the BMDP5V (so-called “forest test”). With regard to the quantitative characteristics, the t-test and otherwise
the Wilcoxon-Mann-Whitney test (BMDP3D) were used in the group comparison of these two groups with
normal distribution. For the semi-quantitative characteristics, the exact Wilcoxon-Mann-Whitney test using
the "StatXact" program was used when comparing the two groups. For the comparison of qualitative charac-
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teristics, frequency tables were generated for all 3 groups with the BMDP4F program. The qualitative characteristics were again checked for significant correlations for groups 1 + 2 with the exact test from Fisher for
each point of time. The Fisher-Freeman-Halton test was used for more than 2 versions. The "StatXact" program was used here (Cytel, 2010). The significance level α = 0.05 was used as the basis for evaluating the
statistical significance, i.e. Results with p ≤ 0.05 were stated to be statistically significant. In addition, the
exact p-value was given if possible. Group 3 was not included in the significance calculation as a trailing
control group.
4.4. Nuclear Magnetic Resonance (NMR) Spectroscopy.
Proton NMR was applied to analyze the Fortigel collagen-hydrolysate in terms of its fragment size distribution (DOSY) and possible identification of certain amino acid types (TOCSY / NOESY). In the NMR
tubes collagen-hydrolysates were dissolved at an amount of 3 mg in 0.5 ml water (90% H2O/ 10% D2O). The
NMR experiments were performed on a 600 MHz Bruker Avance III spectrometer at 298K. 2D-TOCSY experiments (DIPSI-2; mixing time 80 ms) and 2D-NOESY (mixing times 200 or 400 ms) were recorded with
512 (F1) x 1024 (F2) complex data points and a spectral widths of 7212 Hz (12 ppm). Water suppression was
performed using excitation sculpting and per increment 16 scans were accumulated with an inter-scan recovery delay of 1.5 s. For processing we used zero-filling to 1024 (F1) x 2048 (F2) data points prior to Fourier
transformation, followed by baseline correction in both dimensions. Spectra were calibrated on internal water.
4.5. Molecular Modeling.
The structures of glucosamines, i.e. N-Acetyl Glucosamine (GlcNAc) and N-Acetyl Neuraminic acid
(Neu5Ac; also sialic acid) were downloaded from PUBCHEM (https://pubchem.ncbi.nlm.nih.gov/) in SDF
format and imported into Maestro V. 12.3.013 [54] project table. Both molecules were then sulfated using the
Maestro molecular builder option. Their molecular structures are presented in Scheme 1. Advanced conformational search for carbohydrate side chain orientations were then carried out maintaining their 4C1 forms for
GlcNAc and GlcNAc-sulf and 1C4 for Neu5Ac and Neu5Ac-sulf ring conformations. The geometries of five
selected low-energy conformations of the four carbohydrates were ab initio (DFT B3LYP 6-31G**) optimized
(releasing all geometric parameters) with the Gaussian [55] program (G09 version) and were then used as
input ligands for molecular docking into matrix proteins like MMP-3 and aggrecanases (i.e. ADAMTS-5),
present in the dog and horses organisms.
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Scheme 1. Molecular structures of GlcNAc and Neu5Ac in standard and sulfated forms.

The atomic coordinates of MMP-3 (2JT6.pdb [14]), ADAMTS-5 (2RJQ.pdb [13]) and a collagen fragment (1EI8.pdb [56]) structures were downloaded from the protein database and imported into Maestro. All
protein geometries were processed (adding missing atoms, fixing bond orders, assign partial charges) by “Protein Preparation Wizard” of the Maestro program [54].
The possible binding sites of MMP-3 and ADAMTS-5 were evaluated using the SiteMap program
[50,57] of Schrodinger Inc. The G09-optimized conformations of four ligands (Scheme 1) were docked into
all SiteMap predicted binding sites of MMP-3 and ADAMTS-5 using the GLIDE program [51,58-60]. While
flexible docking was considered for all side chains of the carbohydrates, the pyranose rings were fixed in 4C1
for 1C4 forms as stated above. All protein-ligand complexes resulting from GLIDE flexible were optimized
(OPLS-2005 force field) and were tableted/ordered according their GLIDE docking scores.
The HEX program [52] was used to generate and preoptimize the geometries of the MMP-3/collagen
and ADAMTS-5/collagen supramolecular complexes. From around 100 generated complexes the lowest-energy ones were selected for further molecular dynamics (MD) studies.
These HEX-output files of MMP-3/collagen and ADAMTS-5/collagen complexes were imported into
Maestro and were processed by standard methods (as indicated above by “Protein Preparation Wizard”) to get
the structures prepared for MD runs using the Desmond [54,61] program The OPLS-2005 force field (the upto-date version of the OPLS force field family [62,63]) was used to carry out the simulation studies. The
protein-collagen complexes were solvated at first in Maestro (SPC water model [64]; the water molecules
were added within 1 nm buffer around the proteins) and the resulting structures were then minimized and
equilibrated for 5ns. The final structures after equilibration were submitted for 50 ns NPT (pressure at 1.01325
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bar) molecular dynamics (MD) simulations with the Desmond program at 300 K. Molecular geometries resulting from simulations were saved at 10 ps intervals and were used for further analysis. These geometries
(5000 altogether) from each simulation were exported into pdb format and were used for analysis of interaction
profiles using the PLIP program [65]. The xml files resulted from the PLIP calculation were imported into
Microsoft Access for analysis and data mining.
Schrodinger’s Maestro [54] was used for visualization of molecular structures, their complexes and protein-carbohydrate ligand interaction profiles.
5. Conclusions.
Both biophysical and computational methods were found to be useful tools in providing valuable
information on the relationship between therapeutic value and mechanism. Such approaches will be key prior
to their or other similar compounds being adopted further as potential medical therapies.
The likelihood for the tested nutraceuticals to be valuable chondroprotective substances which can aid in
the prevention of early osteoarthritis symptoms is clearly indicated in our clinical study. We propose that the
most promising application of these nutraceuticals would be a combination of collagen-hydrolysate and sulfated glucosamine as a supplement to food source rich in lipids and vitamins. The special role of sulfate groups,
sialic acids and other carbohydrate contact structures in the context of binding affinities in respect to certain
protein- and peptide- structures, especially, collagen-fragments is discussed in the literature and will be further
examined in a follow-up study.
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