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Rheumatoid arthritis (RA) is a form of chronic inflammation, a systemic
autoimmune disorder that destroys synovial joints. The cause of RA is still
unknown, and at present and there is no cure. RA is one of the most common types
of chronic inflammatory polyarthritis. It represents a significant health burden with
an approximately 1% prevalence worldwide. It mainly affects women, two times
more than men. Copper complexes were used in the 1940's to 1970's for the
treatment of the inflammation associated with RA. The ligands chosen were
sarcosyl-L-histidyl-L-lysine (Sar-His-Lys), sarcosyl-L-lysyl-L-histidine (Sar-Lys-
His), sarcosyl-L-histidyl-L-histidine (Sar-His-His), sarcosyl-L-lysyl-L-lysine (Sar-
Lys-Lys), sarcosyl-L-glycyl-L-histidine (Sar-Gly-His) and sarcosyl-L-leucyl-
phenylalanine (Sar-Leu-Phe). Our previous studies have shown equilibrium
constants of H*, Cu(ll), Ni(ll) and Zn(Il) with these tripeptides and the structures of
the complex species were investigated using UV-Vis, ESR and 'H NMR
spectroscopy. An objective of the study was to increase the available pool of copper
in vivo. This was evaluated using a computer model of blood plasma, which
considers competition with endogenous metal ions and ligands. It is particularly
important that the ligands were evaluated using the Evaluation of Constituent
Concentrations in Large Equilibrium (ECCLE) system, an in vivo speciation model
of blood plasma. Dermal absorption is the preferred method of administration, and
so this study used partition coefficients and tissue permeability studies to assess the
bioavailability of the different complexes. Based on the results of this study, Sar-
Lys-His and Sar-Gly-His have a higher mobilising capacity than all the other
tripeptides.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory
condition that results in synovial joint destruction
(Koopman, William J Moreland, 2005; Sebusi Odisitse &
Jackson, 2009; Wang et al., 2007). RA occurs first in the
knuckle joints but can affect the synovial membranes of
multiple joints in the body(Jackson, Mkhonta-Gama, Voysé,
& Kelly, 2000)(Zvimba & Jackson, 2007b). It is
characterised by a massive synovial proliferation and
subintimal(M. D. Smith, 2011) infiltration of inflammatory
cells, along with angiogenesis(Oklu, Walker, Wicky, &
Hesketh, 2010), appears as a slight swelling accompanied by
stiffness. RA can cause abnormal tissue growth on bone
surfaces(Feldmann, Brennan, & Maini, 1996)-(Koch, 1998).
Immunosuppressive drugs generally control the disease, and
its symptoms are treated with anti-inflammatory

drugs(FREEMAN, 1979) (S Odisitse, Jackson, Govender,
Kruger, & Singh, 2007). An effective treatment program for
arthritis involves drug therapy (steroidal or non-steroidal
drugs), exercise and rest (Weder et al., 2002). There is no
cure for RA, but the inflammation associated with this
condition has been treated with copper-rich diets such as
peanuts, chocolates, shellfish, and certain vegetables(H. T.
Delves, 1981). For centuries, copper bracelets have been
used as a cure for arthritis.  Indeed the amount of copper
absorbed from these bracelets has been measured(J. R. J.
Sorenson, 1982). Pharmacological evidence suggests that
copper complexes can be beneficial in alleviating and
treating RA and that these complexes have disease remitting
qualities (Forestier, 1945; J. R. J. Sorenson, 1982;
Stuhlmeler, 2007).



Lysyl oxidase is a copper-dependent enzyme involved in the
renovation of damaged tissue (Harris, 1976). Animal studies
have shown that lysyl oxidase activity can be induced with
copper (I) sulphate. Alternatively, experimentally induced
inflammation is exacerbated by copper deficiency (Frieden,
1986). In humans, metal-tissue distribution studies of copper
found elevated serum copper levels during the inflammatory
stage of the RA(May, Linder, & Williams, 1977).

While RA is poorly understood, the observed effect of
copper on the inflammation associated with the disease
provides a basis for drug development and design.
Sorenson(J. R. Sorenson, 1976) and Jackson et al.(Jackson,
May, & Williams, 1978b) showed that Cu(ll) complexes are
effective in reducing the inflammation associated with RA,
the reduction correlating with the dose of Cu(ll). They also
found the ligands to reduce the toxicity of Cu(ll).(Walker,
Reeves, Brosnan, & Coleman, 1977)(Weder et al., 1999)
Many ligands have been designed to improve the
bioavailability of Cu(ll). The first ligands tried were
3,5,9,12-tetraazatetradecanedioic acid (Hjttda) and 3,6,9-
triazaundecanedioic acid (Hzdtda) (Jackson & Kelly, 1989a).
Here, the resulting copper(ll)—carboxylate complexes were
too stable in vivo and were excreted intact in urine. Copper
is normally excreted in the faeces. In order to change the
Cu(ll) tissue distribution, ligands with a lower
hydrophobicity and reduced Cu(ll) thermodynamic stability
were tried.  Two such ligands, N!-(2-aminoethyl)-N2-
(pyridin-2-ylmethyl)-ethane-1,2-diamine ([555-N]) and N-
(2-(2-aminoethylamino)ethyl)picolinamide  ([H(555)-N]),
were found to mobilize Cu(ll) in vivo(Zvimba & Jackson,
2007a). In order to decrease the copper complex stability so
that the copper is more labile and hence bioavailable, and at
the same time to increase the lipophilicity of the complex,
amides were incorporated into the ligand. Because of the
hybridisation of the amide nitrogen, it has to deprotonate
before it can coordinate to Cu(ll). This gives the ligand a
negative charge. Using two amides, the resultant Cu(ll)
complex should be neutral. Also, by burying the charge
within the complex, it was hoped that the lipophilicity would
improve. For this reason, (1,15-bis(N,N-dimethyl)-5,11-
dioxo-8-(N-benzyl)-1,4,8,12,15-pentaazapent-adecane) was
synthesised (Nomkoko, Jackson, Nakani, & Hunter, 2006).
This ligand formed stable copper complexes, and the
adamantine core of the ligand improved the lipophilicity of
the complex. In order to test a variety of easily synthesised
diamide ligands, use was made of tripeptides. Tripeptides
have a range of potential donor atoms, and the complexes
formed exist in various stoichiometries (K. Murray and P.
M. May, 1984)(Pettit, Steel, Formicka-Kozlowska,
Tatarowski, & Bataille, 1985).  The naturally occurring
copper transport protein serum albumin has the Asp-Ala-His
motif. Jackson et al. investigated Sar-His-Lys and Sar-Lys-
His and found that these ligands form more stable
complexes with Cu(ll) than the in vivo competitors, Zn(Il),
Ca(ll) and Ni(ll). This is an essential factor in the
development of copper-based therapeutics (Hammouda,
Jackson, Bonomo, & Elmagbari, 2016), as the ligand should
not alter the bio-distribution of other metal ions. Using a
computer model of plasma, calculations revealed that these
tripeptides were not able to mobilise endogenous copper.

For this reason, the ligand sarcosyl-L-lysyl-L-lysine(Sar-
Lys-Lys) was investigated (Hammouda et al., 2021). While
the lysine side chain may increase the hydrophilicity of the
copper complex, the side chain amine may also coordinate
with the copper, thereby increasing the stability of the
complex. At the same time, the terminal sarcosine was
retained by the need to increase the lipophilicity of the
complex and the biological half-life of the ligand (Pickart et
al., 1980), (Pickart, Vasquez-Soltero, & Margolina, 2012).

There are three available routes of administration of copper
complexes, oral administration, injection or transdermal
administration.  Of the three, the transdermal route is
preferred as it is the most suitable for long-term therapy.
For this reason, the membrane permeability of the Cu(ll)
tripeptides systems were measured.

Experimental

Materials:

All chemicals and reagents were of analytical grade and
were used without any further purification. sarcosyl-L-
histidyl-L-lysine (Sar-His-Lys), sarcosyl-L-lysyl-L-histidine
(Sar-Lys-His), sarcosyl-L-histidyl-L-histidine (Sar-His-His),
sarcosyl-L-lysyl-L-lysine (Sar-Lys-Lys), sarcosyl-L-glycyl-
L-histidine (Sar-Gly-His) and sarcosyl-L-leucyl-
phenylalanine (Sar-Leu-Phe).) were purchased from GL
Biochem (Shanghai) Ltd and its purity was checked by a
chromatographic method. The other chemicals were
purchased from Sigma and used without further purification.
The metal-ion stock solutions were prepared from analytical
grade reagents, and their concentration was checked using
EDTA titration (Morgan, 1990).

Measurements:

Partition coefficients were measured using the shake flask
method; the organic phase was 1-octanol, pre-saturated with
water (Leo, Hansch, & Elkins, 1971a),(Xiang & Anderson,
1994), and the aqueous phase was deionised water.
Solutions of CuCl; (0.005 M) and tripeptides (0.005 M)
were prepared in distilled/deionised water, and the pH was
adjusted to 2.0 to 11.0 using NaOH or HCI. Aliguots (5 ml)
of the solutions were pipetted into glass vials and mixed
with 6 ml of 1-octanol (99 %). The vials were shaken for
two minutes at 298 K. After separating the two phases, the
organic phase was back-extracted using 5% HNOs;. The
total concentration of copper in each phase was measured at
327.39 nm using an Agilent 4100 Microwave Plasma-
Atomic Emission Spectrometer (MP-AES). The detection
limit of Cu(ll) at this wavelength was 0.2 ppb. Membrane
diffusion was measured using a modified Franz cell in
which the two cells were horizontal relative to each other
and separated by an artificial membrane. The receiver cell
was filled with distilled/deionised water, while the donor
cell was filled with [CuL]* at a pH of 7.4. Both cells were
covered to prevent evaporation. The entire apparatus
maintained at a constant temperature of 298 K. The
artificial membrane was made using filter paper submerged
in Cerasome 9005, dried for a few minutes at room
temperature and then weighed. The amount of lipid



absorbed, determined by mass difference, was 0.085+0.002
g, and the diffusion area between the cells was 0.709 cm?.

Results and discussion

Blood Plasma Model

The present study was carried out to investigate the in vivo
Cu(ll) speciation of the studied ligands using the program
ECCLES (May et al., 1977). This program has a database of
some 40 ligands and seven metal ions usually found in blood
plasma (Zeevaart et al., 1999). ECCLES calculates the
concentration of all the low molecular mass species present
in plasma, given the total concentration of the ligand of
interest. From this, it is possible to calculate the ligand's
plasma-mobilising index (p.m.i.) concerning a particular
metal ion. P.m.i. is a measure of the ability of the ligand to
increase the low molecular mass concentration of the metal
ion of interest. For Cu(ll), the plasma mobilising index is
defined (Jackson, May, & Williams, 1978a),(May &
Williams, 1977) as;

. total concentration of low molecular weight metal complex species in the presence of a drug

mi=
P total concentration of low molecular weight metal complex species in normal plasma

For any ligand metal system, a high log p.m.i value at low
ligand concentration indicates that the ligand is a good
competitor against other potential ligands present in the
blood plasma (Sebusi Odisitse, Jackson, Govender, Kruger,
& Singh, 2007). Fig.1 shows log p.m.i of different
tripeptides in this study complexed with copper as a function
of tripeptide concentration.
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Fig. 1: Plasma mobilising index for Cu(l1) with tripeptide
and TRIEN complexes.

Sar-Lys-Lys was not able to mobilise copper in vivo. The
reason for this is the relatively high affinity of Sar-Lys-Lys
for Zn(ll). The lack of an imidazole group in this ligand
means that it is not as selective for copper. With the high in
vivo concentration of Zn(ll), Cu(ll) is not able to compete
effectively.  Although it has been reported that tripeptides
containing an imidazole residue are not particularly good at
mobilising Cu(ll) in vivo [(Jackson & Kelly, 1988)], it
seems the better mobilisation arising from Sar-Lys-His, Sar-
Gly-His, Sar-His-His, Sar-His-Lys as opposed to Sar-Lys-
Lys are as a result of the high basicity of the imine nitrogen
of the imidazole ring with a reported pK, value of 6.95

[(Ueda, Miyazaki, Matsushima, & Hanaki, 1996),(Ali-
Torres, Rodriguez-Santiago, & Sodupe, 2011)]. However,
better mobilisation of Cu(ll) as compared to Ni(ll), Ca(ll),
and Zn(I1) could be due to the preferential binding of ligands
to Cu(Il) compared to Ni(Il), Ca(ll) and Zn(l11).

Poor mobilisation of Ni(Il) was observed in this study even
though Ni(ll) formed more stable complexes compared to
Zn(11) and Ca(ll). In vivo, the free concentrations of Ca(ll)
and Zn(ll) are 10%° and 10° times greater than the free
concentration of Ni(ll), and this higher concentration means
that they are able to displace Ni(ll) from its complexes
(Sebusi Odisitse & Jackson, 2014).

The p.m.i curves of different tripeptides and
triethylenetetramine  TRIEN  (Jackson &  Kelly,
1989b),(Aaseth, 2012) are shown in Figure 5.6. In
comparison, TRIEN is six to three orders of magnitude
better at mobilizing Cu(ll) in vivo than Sar-Lys-His, Sar-
Gly-His, Sar-His-His and Sar-His-Lys. The improved
mobilizing ability of TRIEN compared to these tripeptides is
related to the stable Cu(ll) complexes of TRIEN and weak
Ca(ll) binding. EDTA also shows this, which is a poor
mobiliser of Cu(ll), which forms very stable complexes.
For EDTA, the Ca(ll) complex is also very stable.

Octanol/water partition coefficients

Cu(ll) complexes can be administered by absorption or by
injection either intravenously or intraperitoneally. Since we
are aiming for long-term therapy, injection is not a viable
option. The metal ion has to cross a lipid barrier (Jackson et
al., 1978b).  The usefulness of a drug administration
procedure depends on the lipophilicity and molecular weight
of the drug (Leo, Hansch, & Elkins, 1971b) (Xiang &
Anderson, 1994). Traditionally, the lipophilicity of a drug
has been estimated by its partition coefficient. For Cu(ll),
the partition coefficient between octanol and water is
defined as:

[Culger )

logPoceiaq = log( [Culeg

1)

where [Cu(ID]oc is the concentration of Cu(ll) in the octanol
phase and [Cu(I)]aq is the concentration of Cu(ll) in the
aqueous phase. Since the different Cu(ll) complexes will
have different partition coefficients, and the Cu(ll)
speciation is pH dependent, the partition coefficient will also
be pH dependent. This study seeks a viable transdermal
alternative for the delivery of copper as a therapy for
inflammatory disorders, and therefore the degree of
lipophilicity is important.

Cu(ll) Sar-His-Lys

The Cu(ll) Sar-His-Lys results are shown in Fig 2, which
shows the log Pocaq results and the speciation graph for
Cu(ll) Sar-His-Lys as a function of pH. The Cu(ll)
complexes of Sar-His-Lys were more soluble in water than
in 1-octanol, as is shown by the negative values of log Poctag.
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Fig. 2: Log Pocaq @nd speciation graph as a function of pH
for 1:1 Cu-Sar-His-Lys.

The partition coefficients changed as the pH increased due
to the formation of various species. Comparing the
speciation diagram and the log Poctaq Curve is interesting as
it clearly shows how the partition coefficient changes as the
CuL species is formed and transformed into CuLH.;.. The
Log Pocnag OF -3.02 at pH 7.15 can be ascribed to this species.

Cu(ll) Sar-Lys-His

Results for Cu(ll) Sar-Lys-His are presented in Fig. 3. The
solubility in 1-octanol increased from low pH to pH 7.07. At
physiological pH, CuLH.; was the predominant Cu(ll)
species at 97 %. At this pH, only 0.88 % of the Cu(ll) was
extracted into the organic phase of the octanol-water
mixture.
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Fig. 3: Log Pocrag and speciation graph as a function of pH
for 1:1 Cu-Sar-Lys-His.

This complex is relatively hydrophilic by having a negative
log Poctag Value. At pH 10.4, CuLH., was the most
predominant species with a log Pocraq Value of ~-2.79.

Cu(ll) Sar-His-His

The negative values of log Poctag for Cu(ll) Sar-His-His
show that this complex is largely hydrophilic (Fig. 4). The
partition coefficient profile is quite complex in that it
increases, decreases and then increases again. This
profile, however, is easily rationalised by reference to the
speciation diagram. At pH 4.13, the most predominant
species was CuLH, with a log Pocaq = -2.43; at pH 7.43 the
most predominant species was CuLH.1, with a 10g Poctiag = -
2.9 and at pH 10.05 the most predominant species was
CuLH.,, with a log Poctaq = -2.74.
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Fig. 4: Log Poctag and speciation graph as a function of pH
for 1:1 Cu-Sar-His-His.

Cu(ll) Sar-Lys-Lys

Results for Cu(ll) Sar-Lys-Lys are given in Fig. 5. The
solubility in 1-octanol increased from low to high pH.
There was a rapid increase in log Pociag Values as the pH
increased from 6.15-11.10 due to the formation of CuL
(95.67 %) with maximum log Poctaq Values of -2.6.  The
relative hydrophilicity of this species and the charge
distributions explain the preference of the complexes for the
aqueous layer resulting in negative values of 10g Poctag.
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Fig. 5: Log Poctaq and speciation graph as a function of pH
forl:1 Cu-Sar-Lys-Lys.
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Fig. 6: Log Pocnag and speciation graph as a function of pH
forl:1 Cu-Sar-Gly-His.

The results for Cu(ll) Sar-Gly-His are given in Fig. 6. The
CuLH species was the predominant species at pH 4.56,
where the 10g Poctag Was -3.34. At pH 6.48, the log Poctiag
values of Cu(ll) Sar-Gly-His was -1.91, and the CulLH.,
species was predominant at this pH. There was an increase
in log Poctag values from pH 2.52 to 6.48, whereupon it
decreased. This partition coefficient profile does not
precisely match the species distribution curves. The
explanation for these observations is that the MLH., species



has a higher partition coefficient than MLH.; although the
curve decreased above pH 7 as the concentration of MLH.;
increased.

Cu(ll) Sar-Leu-Phe

At low pH values, the partition coefficient values for Cu-
Sar-Leu-Phe in Figure 1.7 also remain at -3 until a pH of
4.4. From a pH of 4.4 to 6.5, it increases to -1.6, after which
the partition coefficient values decrease to -2.2 at the end of
the pH range. The overlaid speciation curve for Cu-Sar-Leu-
Phe in Fig. 7 indicates that species only start forming at a
pH of 4.2, which corresponds to the increase in partition
coefficient values at a pH of 4.4. The speciation curve also
indicates that until a pH of 4.8, the increase in partition
coefficient is due to the ML species. All the other partition
coefficient values are due to a combination of the four
possible species (ML, ML2H.;, MLH.; and MLH.;). At the
physiological pH of 7.4, the ML,H.; species predominates
and has a partition coefficient of approximately -1.7.
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Fig. 7: Log Pocnag @s a function of pH and speciation graph
for 1:4 Cu-Sar-Leu-Phe.

Membrane permeability studies.

Dermal absorption of chemicals has been tested in humans,
rats, rabbits, pigs and mice (Barbero & Frasch, 2009). The
percutaneous absorption of a drug can be expressed as the
permeability coefficient (K, cm/h), which depends on the
steady-state flux (J) of the drug across the membrane and
applied dose:

J

Ko =G5 @

where, J is the number of mg/cm? h of the permeant
crossing the membrane, and Ci is the concentration of the
drug in the donor phase. The steady-state flux, J, can be
expressed

Q
J :A—.t 3)

where Q (mg) is the quantity of permeate transported
through the membrane in time t (hrs), and A is the exposed
membrane area in cm?. A horizontal Franz cell, fitted with
an artificial membrane, Cerasome 9005, was used in the
present study. This membrane is a lipid solution, which

mimics the human stratum corneum.(Hostynek, Dreher, &
Maibach, 2011) Krulikowska et al (Krulikowska, Arct,
Lucova, Cetner, & Majewski, 2013) have shown that lipid
mixtures, similar to those present in the intercellular spaces
of the stratum corneum, are valid skin models.  These
authors found a 95% correlation between the penetration
coefficients of porcine skin and Cerasome 9005. For this
reason, cerasome has been used in this study. The results
are given in Table 1. As can be seen, ligands are able to
promote the dermal absorption of Cu(ll); for Sar-Gly-His,
there is a two fold increase relative to copper chloride.

It is interesting to note that, for Cu(ll), there is no
correlation between partition coefficient, the traditional
measure of lipophilicity, and permeability coefficient.
Instead, some authors have found a correlation between Kp
and complex stability (R. M. Smith & Martell, 1989). Skin
permeation is a complex process and depends not only on
lipophilicity but also on molecular mass and hydrogen
bonding. This indicates that care must be
exercised when using partition coefficients as a proxy for
tissue permeability.

Table 1: Flux of diffusion J and permeability coefficient K, of
copper tripeptide complexes through Cerasome 9005
membrane at pH 7.0.

Complexes J mg\cm?h Kp cm\h
Cu(Il)Sar-His- 0.009 £0.01 0.049 £0.01
Lys
Cu(Il)Sar-Lys- 0.013+£0.01 0.047 £0.01
His
Cu(ll)Sar-His- 0.012 +0.01 0.041 +0.01
His
Cu(ll)Sar-Lys- 0.005 + 0.01 0.038 +0.01
Lys
Cu(IlSar-Gly- 0.007 £0.01 0.061 £0.01
His
Cu(Il)Sar-Leu- 0.009 £ 0.002 0.206 £ 0.019
Phe
CuCl2.2H;0 (pH 0.004 £ 0.05 0.028 +0.07
4.2)
Conclusions

The study's objective was to determine the plasma
mobilising capacities and measure the lipophilicity of the
metal-ligand complexes. The results obtained from this
study were compared with the terminal amino acid sequence
of serum albumin, which is the endogenous copper transport
protein.  Our study demonstrated that the Cu(ll)-binding
affinity of these ligands are comparable with those of
glycyl-glycyl-L-histidine (Gly-Gly-His) and L-aspartyl-L-
alanyl-L-histidine N-methyl amide (Asp-Ala-His-NHMe).
The present study has contributed to the understanding of
some aspects and problems involved in the development of
copper complex agents to alleviate inflammation associated
with rheumatoid arthritis (RA). At the same time, the
tripeptides with histidine demonstrated that the metal ion
complexation strongly depends on the position of histidine



in the tripeptide molecules. Besides introducing new ideas
that can be successfully applied in solution chemistry, the
study has clearly outlined the approach that could be
followed in future studies for investigating new anti-
inflammatory drugs for RA. Lysine was used in this study,
but our results show that its side chain does not coordinate
to the Cu(ll). Thus it would be better to use a more
lipophilic amino acid in future. Furthermore, it would be
interesting to investigate the copper bio-distribution in
animal experiments using %Cu(ll) as a radiotracer.  In
addition, in vivo experiments using an animal model of
inflammation, like Carrageenan foot edema, using the most
promising complexes could be investigated as well.

Acknowledgements

This work is based on the research supported by the
National Research Foundation of South Africa (Grant
Numbers 93450 and 85466) and the University of Cape
Town Research Committee.

References

Aaseth, J. (2012). Experimental copper chelation : clinical
implications. Erudite J. Drugs Pharmacol. Res, 1(1),
1-3.

Ali-Torres, J., Rodriguez-Santiago, L., & Sodupe, M.
(2011). Computational calculations of pKa values of
imidazole in Cu(Il) complexes of biological relevance.
Physical Chemistry Chemical Physics : PCCP, 13(17),
7852—61. Retrieved 20 May 2014 from
https://doi.org/10.1039/c0cp02319a

Barbero, A. M., & Frasch, H. F. (2009). Pig and guinea pig
skin as surrogates for human in vitro penetration
studies: a quantitative review. Toxicology in Vitro : An
International Journal Published in Association with
BIBRA, 23(1), 1-13. Retrieved 11 August 2014 from
https://doi.org/10.1016/j.tiv.2008.10.008

Feldmann, M., Brennan, F. M., & Maini, R. N. (1996).
Rheumatoid Arthritis. Cell Press, 85, 307-310.

Forestier, J. (1945). Comparative Results of Copper Salts
and Gold Salts in Rheumatoid Arthritis. Annals of
Rheumatic Disease, 1(Table 1), 132-134.

FREEMAN, J. M. D. (1979). ARTHRITIS: THE NEW
TREATMENTS (First Edit). CHICAGO
CONTEMPORARY BOOKS, INC.

Frieden, E. (1986). Perspectives on copper biochemistry.
Clinical Physiology and Biochemistry, 4(1), 11-9.
Retrieved 26 May 2014 from
ttp://www.ncbi.nlm.nih.gov/pubmed/3006968

H. T. Delves. (1981). Biological Roles of Copper. Annals of
Internal Medicine, 95(1), 127. Retrieved from
https://doi.org/10.7326/0003-4819-95-1-127 3

Hammouda, A. N., Elmagbari, F. M., Jackson, G. E.,
Vicatos, G. M., Bonomo, R. P., & Valora, G. (2021).
Stability, Structure, and Permeability Studies of
Copper Tripeptide Species in Aqueous Solution.
Australian Journal of Chemistry, 74(8), 613.
Retrieved from https://doi.org/10.1071/CH21040

Hammouda, A. N., Jackson, G. E., Bonomo, R. P., &

Elmagbari, F. M. (2016). Formation and spectral
properties of metal ion complexes of tripeptides.
Inorganica Chimica Acta, 453, 29-38. Retrieved from
https://doi.org/10.1016/j.ica.2016.07.043

Harris, E. D. (1976). Copper-induced activation of aortic
lysyl oxidase in vivo. Proceedings of the National
Academy of Sciences of the United States of America,
73(2), 371-374. Retrieved from
https://doi.org/10.1073/pnas.73.2.371

Hostynek, J. J., Dreher, F., & Maibach, H. I. (2011). Human
skin penetration of a copper tripeptide in vitro as a
function of skin layer. Inflammation Research :
Official Journal of the European Histamine Research
Society ... [et AL], 60(1), 79-86. Retrieved 20 May
2014 from https://doi.org/10.1007/s00011-010-0238-9

Jackson, G. E., & Kelly, M. J. (1988). Copper anti-
inflammatory drugs in rheumatoid arthritis. Part 1.
Computer aided drug design. Inorganica Chimica
Acta, 152(4), 215-217. Retrieved 13 November 2014
from https://doi.org/10.1016/S0020-1693(00)91471-3

Jackson, G. E., & Kelly, M. J. (1989a). Copper anti-
inflammatory drugs in rheumatoid arthritis. Part 2. A
potentiometric and spectroscopic study of copper(Il)
polyaminodicarboxylate complexes. J. Chem. Soc.,
Dalton Trans., 12, 2429-2433. Retrieved 9 July 2014
from https://doi.org/10.1039/dt9890002429

Jackson, G. E., & Kelly, M. J. (1989b). Copper anti-
inflammatory drugs in rheumatoid arthritis. Part 2. A
potentiometric and spectroscopic study of copper(Il)
polyaminodicarboxylate complexes. Journal of the
Chemical Society, Dalton Transactions, (12), 2429.
Retrieved 3 December 2014 from
https://doi.org/10.1039/dt9890002429

Jackson, G. E., May, P. M., & Williams, D. R. (1978a).
Metal-ligand complexes involved in rheumatoid
arthritis—I. Journal of Inorganic and Nuclear
Chemistry, 40(6), 1189-1194. Retrieved 22 September
2014 from https://doi.org/10.1016/0022-
1902(78)80539-9

Jackson, G. E., May, P. M., & Williams, D. R. (1978b).
Metal-ligand complexes involved in rheumatoid
arthritis—V1. Journal of Inorganic and Nuclear
Chemistry, 40(6), 1227-1234. Retrieved 23 May 2014
from https://doi.org/10.1016/0022-1902(78)80544-2

Jackson, G. E., Mkhonta-Gama, L., Voyé, A., & Kelly, M.
(2000). Design of copper-based anti-inflammatory
drugs. Journal of Inorganic Biochemistry, 79(1-4),
147-152. Retrieved 12 June 2014 from
https://doi.org/10.1016/S0162-0134(99)00171-3

K. Murray and P. M. May. (1984). ESTA: Equilibrium
Simulation for Titration Analysis. University of Wales
Institute of Science and Technology (UWIST)
Department of Applied Chemistry.

Koch, A. E. (1998). Angiogenesis: Implications for
rheumatoid arthritis. Arthritis and Rheumatism.
Retrieved from https://doi.org/10.1002/1529-
0131(199806)41:6<951::AID-ART2>3.0.CO;2-D

Koopman, William J Moreland, L. W. (2005). Arthritis and
allied conditions : a textbook of rheumatology.
(W.J.K. and L.W. Moreland,Ed.) (15th ed.).



Philadelphia: Lippincott Williams & Wilkins.

Krulikowska, M., Arct, J., Lucova, M., Cetner, B., &
Majewski, S. (2013). Artificial membranes as models
in penetration investigations. Skin Research and
Technology, 19(1), e139-e145. Retrieved from
https://doi.org/10.1111/j.1600-0846.2012.00620.x

Leo, A, Hansch, C., & Elkins, D. (1971a). Partition
coefficients and their uses. Chemical Reviews, 71(6),
525-616. Retrieved 25 September 2014 from
https://doi.org/10.1021/cr60274a001

Leo, A., Hansch, C., & Elkins, D. (1971b). Partition
coefficients and their uses. Chemical Reviews, 71(6),
525-616. Retrieved 21 August 2014 from
https://doi.org/10.1021/cr60274a001

May, P. M., Linder, P. W., & Williams, D. R. (1977).
Computer simulation of metal-ion equilibria in
biofluids: models for the low-molecular-weight
complex distribution of calcium(ll), magnesium(ll),
manganese(ll), iron(l11), copper(ll), zinc(Il), and
lead(I1) ions in human blood plasma. J. Chem. Soc.,
Dalton Trans., 2(6), 588-595. Retrieved 18 June 2014
from https://doi.org/10.1039/dt9770000588

May, P. M., & Williams, D. R. (1977). Computer simulation
of chelation therapy Plasma mobilizing index as a
replacement for effective stability constant. FEBS
Letters, 78(1), 134-138. Retrieved 22 September 2014
from https://doi.org/10.1016/0014-5793(77)80290-1

Morgan, E. . (1990). Vogel’s textbook of practical organic
chemistry. 5th edn. Endeavour, 14(3), 148. Retrieved
from https://doi.org/10.1016/0160-9327(90)90017-L

Nomkoko, T. E., Jackson, G. E., Nakani, B. S., & Hunter, R.
(2006). Solution chemistry of 1,15-bis(N,N-dimethyl)-
5,11-dioxo0-8-(N-benzyl)-1,4,8,12,15-
pentaazapentadecane with metal ions of biological
interest-Insights toward active metal ion containing
therapeutics and diagnostic agents. Dalton
Transactions (Cambridge, England : 2003), (33),
4029-38. Retrieved 19 June 2014 from
https://doi.org/10.1039/b602977a

Odisitse, S, Jackson, G. E., Govender, T., Kruger, H. G., &
Singh, A. (2007). Chemical speciation of copper(ll)
diaminediamide derivative of pentacycloundecane - a
potential anti-inflammatory agent. Dalton
Transactions, 1140-1149. Retrieved from
https://doi.org/DOI 10.1039/b614878f

Odisitse, Sebusi, & Jackson, G. E. (2009). In vitro and in
vivo studies of the dermally absorbed Cu(ll)
complexes of N502 donor ligands — Potential anti-
inflammatory drugs. Inorg. Chim. Acta, 362(1), 125—
135. Retrieved 20 May 2014 from
https://doi.org/10.1016/j.ica.2008.03.092

Odisitse, Sebusi, & Jackson, G. E. (2014). Potentiometric
and Blood Plasma Simulation Studies of Nickel(ll)
Complexes of Poly(amino)amido Pentadentate
Ligands: Computer Aided Metal-Based Drug Design.
Bioinorganic Chemistry and Applications, 2014,
863612. Retrieved 13 November 2014 from
https://doi.org/10.1155/2014/863612

Odisitse, Sebusi, Jackson, G. E., Govender, T., Kruger, H.
G., & Singh, A. (2007). Chemical speciation of

copper(ll) diaminediamide derivative of
pentacycloundecane--a potential anti-inflammatory
agent. Dalton Transactions (Cambridge, England :
2003), (11), 1140-9. Retrieved 23 August 2014 from
https://doi.org/10.1039/h614878f

OKlu, R., Walker, T. G., Wicky, S., & Hesketh, R. (2010).
Angiogenesis and current antiangiogenic strategies for
the treatment of cancer. Journal of Vascular and
Interventional Radiology : JVIR, 21(12), 1791-805;
quiz 1806. Retrieved 22 December 2014 from
https://doi.org/10.1016/j.jvir.2010.08.009

Pettit, L. D., Steel, I., Formicka-Kozlowska, G., Tatarowski,
T., & Bataille, M. (1985). The L-proline residue as
a ?break-point? in metal?peptide systems. Journal of
the Chemical Society, Dalton Transactions, (3), 535.
Retrieved from https://doi.org/10.1039/dt9850000535

Pickart, L., Freedman, J. H., Loker, W. J., Peisach, J.,
Perkins, C. M., Stenkamp, R. E., & Weinstein, B.
(1980). Growth-modulating plasma tripeptide may
function by facilitating copper uptake into cells.
Nature, 288(5792), 715-7. Retrieved from
https://doi.org/10.1038/288715a0

Pickart, L., Vasquez-Soltero, J. M., & Margolina, A. (2012).
The human tripeptide GHK-Cu in prevention of
oxidative stress and degenerative conditions of aging:
implications for cognitive health. Oxidative Medicine
and Cellular Longevity, 2012, 8 pages. Retrieved 6
May 2014 from https://doi.org/10.1155/2012/324832

Smith, M. D. (2011). The normal synovium. The Open
Rheumatology Journal, 5(1:M2), 100-6. Retrieved
from https://doi.org/10.2174/1874312901105010100

Smith, R. M., & Martell, A. E. (1989). Critical Stability
Constants. Boston, MA: Springer US. Retrieved 3
December 2014 from https://doi.org/10.1007/978-1-
4615-6764-6

Sorenson, J. R. (1976). Copper chelates as possible active
forms of the antiarthritic agents. Journal of Medicinal
Chemistry, 19(1), 135-48. Retrieved 26 May 2014
from http://www.ncbi.nlm.nih.gov/pubmed/1246036

Sorenson, J. R. J. (1982). In Metal lons in Biological
Systems. (H. Sigel,Ed.) (Vol.14). New York: Marcel
Dekker.

Stuhlmeler, K. (2007). The Anti-rheumatic Gold Salt
Aurothiomalate Suppresses Interleukin-1$p$-induced
Hyaluronan Accumulation by Blocking HAS1
Transcription and by Acting as a COX-2
Transcriptional Repressor. The Journal of Biological
Chemistry, 282, 2250--2258. Retrieved from
https://doi.org/10.1074/jbc.M605011200

Ueda, J., Miyazaki, M., Matsushima, Y., & Hanaki, a.
(1996). Glycylsarcosyl-L-histidylglycine, A peptide
with a ‘breakpoint’ in complex formation: hydrolysis
of the complex [CuH-1L]. Journal of Inorganic
Biochemistry, 63(1), 29-39. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/8699171

Walker, W. R. R., Reeves, R. R. R., Brosnan, M., &
Coleman, G. D. (1977). Perfusion of intact skin by a
saline solution of bis(glycinato) copper(ll).
Bioinorganic Chemistry, 7(3), 271-6. Retrieved 26
May 2014 from https://doi.org/10.1016/S0006-



3061(00)80100-3

Wang, D., Miller, S. C., Liu, X.-M., Anderson, B., Wang, X.
S., & Goldring, S. R. (2007). Novel dexamethasone-
HPMA copolymer conjugate and its potential
application in treatment of rheumatoid arthritis.
Arthritis Research & Therapy, 9(1), R2. Retrieved 10
June 2014 from https://doi.org/10.1186/ar2106

Weder, J. E., Dillon, C. T., Hambley, T. W., Kennedy, B. J.,
Lay, P. A, Biffin, J. R., ... Davies, N. M. (2002).
Copper complexes of non-steroidal anti-inflammatory
drugs: an opportunity yet to be realized. Coordination
Chemistry Reviews, 232(1-2), 95-126. Retrieved 19
August 2014 from https://doi.org/10.1016/S0010-
8545(02)00086-3

Weder, J. E., Hambley, T. W., Kennedy, B. J., Lay, P. a.,
MacLachlan, D., Bramley, R., ... Regtop, H. L.
(1999). Anti-Inflammatory Dinuclear Copper(Il)
Complexes with Indomethacin. Synthesis, Magnetism
and EPR Spectroscopy. Crystal Structure of the N,N-
Dimethylformamide Adduct. Inorganic Chemistry,
38(8), 1736-1744. Retrieved 19 June 2014 from
https://doi.org/10.1021/ic981100x

Xiang, T. X., & Anderson, B. D. (1994). The relationship
between permeant size and permeability in lipid
bilayer membranes. The Journal of Membrane
Biology, 140(2), 111-22. Retrieved 21 August 2014
from http://www.ncbi.nlm.nih.gov/pubmed/7932645

Zeevaart, J. R., Jarvis, N. V, Louw, W. K. ., Jackson, G. E.,
Cukrowski, 1., & Mouton, C. J. (1999). Metal-ion
speciation in blood plasma incorporating the
bisphosphonate, 1-hydroxy-4-
aminopropilydenediphosphonate (APD), in
therapeutic radiopharmaceuticals. Journal of
Inorganic Biochemistry, 73(4), 265-272. Retrieved 22
September 2014 from https://doi.org/10.1016/S0162-
0134(99)00027-6

Zvimba, J. N., & Jackson, G. E. (2007a). Copper chelating
anti-inflammatory agents; N1-(2-aminoethyl)-N2-
(pyridin-2-ylmethyl)-ethane-1,2-diamine and N-(2-(2-
aminoethylamino)ethyl)picolinamide: an in vitro and
in vivo study. Journal of Inorganic Biochemistry,
101(1), 148-58. Retrieved 16 June 2014 from
https://doi.org/10.1016/j.jinorgbio.2006.09.006

Zvimba, J. N., & Jackson, G. E. (2007b). Thermodynamic
and spectroscopic study of the interaction of Cu(ll),
Ni(Il), Zn(I1) and Ca(ll) ions with 2-amino-N-(2-o0xo-
2-(2-(pyridin-2-yl)ethyl amino)ethyl)acetamide, a
pseudo-mimic of human serum albumin. Polyhedron,
26(12), 2395-2404. Retrieved 20 May 2014 from
https://doi.org/10.1016/j.poly.2006.11.053



