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ABSTRACT

Auranofin is a gold compound that is widely used for the treatment of rheumatoid arthritis. It is a monomeric linear complex with triethylphosphine and 
thiolate moieties bounded to an Au(I) center. Gold compounds are well known for their neurological and nephrotoxic implications. However, haematological 
toxicity is one of the most serious toxic and less studied effects. The lack of information on these aspects of auranofin prompted us to study the structural effects 
induced on cell membranes, particularly that of human erythrocytes. Auranofin was incubated with intact erythrocytes and molecular models of the erythrocyte 
membrane. The latter consisted of multibilayers of dimyristoylphosphatidylcholine (DMPC) and dimyristoylphosphatidylethanolamine (DMPE), phospholipids 
classes located in the outer and inner monolayers of the human erythrocyte membrane, respectively. This report presents evidence in order that auranofin interacts 
with red cell membranes as follows: a) in  scanning electron microscopy studies on human erythrocytes it was observed that auranofin  induced shape changes; 
b) X-ray diffraction studies showed that auranofin induced increasing structural perturbation to DMPC and to a lower extent to DMPE bilayers. Additional 
experiments were performed in human neuroblastoma cells SH-SY5Y. A statistically significant decrease of cell viability was observed. 
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1. INTRODUCTION

Gold is widely distributed in small quantities in the earth crust (about 
0.0011 ppm)1. In 1800 gold was claimed to be effective in the treatment of 
depression, epilepsy, migraine, alcoholism, and even impotence due to its 
reputation of a “nervine” pharmacological element2. In modern medicine, gold 
and its various salts and derivatives in the +1 oxidation state have been widely 
used mostly for treatment of rheumatoid arthritis (RA)3 and in unusual skin 
diseases such as discoid lupus. Although a cure for RA is still unknown, a 
small number of antirheumatic drugs have been proved to actually slow down 
the progress of RA. Among them are gold-based antiarthritic drugs that have 
been used for over 60 years in the treatment of RA (chrysotherapy)4. According 
to the literature, gold has occasional neurotoxic adverse effects and metal 
speciation seems to play a relevant role. Notably, implantation of small pieces 
of metallic gold for some years led to metal ion release from the implanted gold 
which diffuses out into the surrounding tissues5.

 Auranofin is a gold compound whose use has been approved in the United 
States. It is a monomeric linear complex with triethylphosphine and thiolate 
moieties bound to Au(I) center (Figure 1). It has a gold(I) content of 29%. 
When it is administered, slightly more than 50% of gold accumulates in the 
erythrocytes6. The most common adverse effects involve the gastro-intestinal 
tract7. Conversely, a number of Au(III) compounds have been prepared and 
evaluated as potential anticancer agents8,9. The scarcity of information on the 
hematotoxic aspects of auranofin and its effects on cell membranes prompted 
us to perform its study. In the course of an in vitro systems search for the 
toxicity screening of chemicals with biological relevance, different cellular 
models have been applied to examine their adverse effects. The cell membrane 
is a diffusion barrier that protects the cell interior. Therefore, its structure and 
functions are susceptible to alterations as a consequence of interactions with 
chemical species. In order to better understand the molecular mechanisms of the 
interaction of auranofin with cell membranes, its effects on human erythrocytes 
and on molecular models of the erythrocyte membranes have been investigated. 
Erythrocytes were chosen because, although less specialized than many other 
cell membranes, they carry on enough functions in common with them (such as 
active and passive transport, and the production of ionic and electric gradients) to 
be considered representative of the plasma membrane in general. The molecular 
models consisted of multibilayers of dimyristoylphosphatidylcholine (DMPC) 
and dimyristoylphosphatidylethanolamine (DMPE). DMPC and DMPE 
represent phospholipid classes located in the outer and inner monolayers of 
the human erythrocyte membrane, respectively10,11. The capacity of auranofin 
to perturb the multibilayer structures of DMPC and DMPE was evaluated by 
X-ray diffraction. In an attempt to further elucidate the effect of auranofin on 

cell membranes, its influence on the morphology of intact human erythrocytes 
was examined by scanning electron microscopy (SEM).  These systems and 
techniques have been previously used to determine the membrane-perturbing 
effects of other Au(I) and Au(III) compounds12,13,14. Additional experiments 
were performed in human neuroblastoma cells SH-SY5Y in order to test the 
toxicity after treatments with auranofin. MIT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay was used to explore the cell proliferation 
rate and cell viability. In the reaction, reductases of metabolically active viable 
cells reduce the soluble MTT to the water-insoluble MTT-formazan which is 
spectrophotometrically detected.

Figure 1. Structural formula of auranofin (C20H14AuO9PS; 
2 ,3 ,4 ,6- te t ra-O -acetyl -1- th io-β-D-glucopyranosato-S-( t r ie thyl-
phosphine)gold).

 
2. EXPERIMENTAL

2.1 X-ray diffraction studies on DMPC and DMPE multilayers. 

Synthetic DMPC (lot 140PC-243, MW 677.9) and DMPE (lot 140PE-58, 
MW 635.9) from Avanti Polar Lipids (ALA, USA), and Auranofin (lot L14639, 
MW 678.5) from Alexis Biochedmicals (CA, USA) were used without further 
purification. Ca. 2 mg of each phospholipid were mixed in Eppendorf tubes 
with 200 ml of (a) distilled water and (b) aqueous suspensions of auranofin in a 
range of phospholipid:auronofin molar ratios. Specimens were incubated for 30 
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min at 30 ºC and 60 ºC with DMPC and DMPE, respectively. Samples were then 
transferred to 1.5 mm dia. special glass capillaries (Technik & Konstruktion, 
Berlin, Germany) and X-ray diffracted. Specimen-to-film distances were 8 and 
14 cm, standardized by sprinkling calcite powder on the capillary surface. Ni-
filtered CuKα radiation from a Bruker Kristalloflex 760 (Karlsruhe, Germany) 
X-ray generator was used. The relative reflection intensities were obtained in 
an MBraun PSD-50M linear position-sensitive detector system (Garching, 
Germany); no correction factors were applied. The experiments were 
performed at 18 ± 1 °C, which is below the main phase transition temperature 
of both DMPC (24.3 °C) and DMPE (50.2 °C)15,16.  Higher temperatures would 
have induced transitions to more fluid phases making the detection of structural 
changes harder. Each experiment was performed in triplicate and in case of 
doubts additional experiments were carried out.

2.2 Scanning electron microscope (SEM) studies of human 
erythrocytes. 

Blood was obtained from healthy donors not receiving any pharmacological 
treatment. Blood samples (0.1 ml) were obtained by puncture of the ear lobule 
and received in an Eppendorf tube containing 50 µl of heparin (5000 UI/ml) in 
0.9 ml of saline solution (NaCl 0.9 %, pH= 7.4). The samples were centrifuged 
(1000 rpm x 10 min) and the supernatant was discarded and replaced by the 
same volume of saline solution; the whole process was repeated three times. 
The sedimentary red blood cells were suspended in 0.9 ml of saline solution 
and fractions of this stock of red blood cells suspension (RBCS) were placed in 
Eppendorf tubes to prepare (a) the control, by mixing 0.1 ml of saline solution 
plus 0.1 ml RBCS, and (b) auranofin in a range of concentrations by mixing 0.1 
ml of RBCS with 0.1 ml of adequate auronofin stock solution concentrations in 
saline. All samples were then incubated at 37 ºC for 1 h. After the incubation, 
samples were centrifuged (1000 rpm x 10 min) and the supernatant was 
discarded. Afterwards, they were fixed overnight at 4 ºC by adding 0.5 ml of 
2.5 % glutaraldehyde in distilled water, reaching a final fixation concentration 
of about 2.4 %. Fixed samples were washed three times by centrifugation with 
distilled water, placed on Al glass cover stubs, air dried at 37 ºC for 30 min, and 
gold-coated in a sputter device (Edwards S150, Sussex, England). Resulting 
specimens were examined in a Jeol SEM (JSM 6380 LB, Japan).

2.3 Viability studies on human neuroblastoma cells. 

SH-SY5Y human neuroblastoma cells were purchased from ECACC 
(European Collection of Cell Culture, Salisbury, UK). SH-SY5Y were 
cultured in DMEM/ F12 (Gibco, Carlsbad, CA USA) medium containing 
15% (v/v) fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO), 100 
units/ml penicillin (Gibco, Carlsbad, CA USA) and streptomycin (100 mg/
ml; Gibco, Carlsbad, CA USA), at 37 °C with 5% CO2 in a humidified 
atmosphere (90% humidity). The medium was replaced every 2 days. 0.25% 
Trypsin-EDTA solution and phosphate buffered saline (PBS) were obtained 
from Sigma Aldrich (St. Louis, MO). Cell viability was assessed by medans 
of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
reduction assay (Sigma Aldrich St. Louis, MO). Briefly, SHSY5Y cells were 
seeded into 24-well plates (at a density of 10 x 104 cells per well, in 1.5 ml 
medium). 2 % FBS medium containing auranofin at a concentration range from 
1 nM to 1 µM was added to the cells for 1, 6, 24 and 48h. MTT (5 mg/ml) 
was added to each well and incubated in the dark at 37ºC for 3h followed 
by cells lysis and spectrophotometric measurement at 550 nm (Microplate 
SPECTRAmaxR at 550). The MTT solution was carefully decanted off, and 
formazan was extracted from the cells with 1 ml of acidic isopropanol (0.04 
M HCl in absolute isopropanol) in each well17. Colour was measured with a 
96-well ELISA plate reader. All MTT assays were performed in three times 
in triplicate. All readings were compared with the control, which represented 
100% viability. Data regarding MTT assay were performed using T-test, 
Primer software and reported as highly statistically significant if P < 0.01 and 
statistically significant if P < 0.05. Results are presented as mean ± standard 
deviation.

3. RESULTS

 3.1 X-ray diffraction studies on DMPC and DMPE multilayers. 

Figure 2. X-ray diffraction patterns of DMPC (A) and DMPE (B) in water 
and aqueous suspensions of auronafin; (SA) small-angle and (WA) wide-angle 
reflections.

Figure 2A exhibits the results obtained by incubating DMPC with water 
and auranofin. As expected, water altered the DMPC structure: its bilayer 
repeat (bilayer width plus the width of the water layer between bilayers) 
increased from about 55 Å in its dry crystalline form to 64.5 Å when immersed 
in water (gel phase) and its small-angle reflections (SA), which correspond 
to the bilayer repeat, were reduced to only the first two orders of the bilayer 
width15. On the other hand, only one strong reflection of 4.2 Å showed up 
in the wide-angle region (WA), which corresponds to the distance between 
the neighboring planes in the nearly hexagonal packing of the fully extended 
acyl chains. These results were indicative of the changes in layer and chain 
packing structure reached by DMPC bilayers. Figure 2A also discloses that 
after exposure to 10:1  and higher auranofin ratios there was a weakening of the 
small- and wide-angle lipid reflection intensities (indicated as (SA) and (WA) in 
the Figure, respectively); From these results, it can be concluded that auranofin 
produced a significant structural perturbation of DMPC bilayers. Figure 2B 
shows the results of the X-ray diffraction analysis of DMPE bilayers incubated 
with water and auranofin. As reported elsewhere, water did not significantly 
affect the bilayer structure of DMPE15. Figure 2B also shows that auroanofin 
caused a weakening in DMPE reflection intensities but at higher concentrations 
than those observed with DMPC.

3.2 Scanning electron microscope (SEM) studies of human 
erythrocytes. 

Fgure 3. Effects of auranofin on the morphology of human erythrocytes: 
(A) SEM images of untreated erythrocytes; (B) incubated with 0.1 mM, (C) 1 
mM, and (D) 3.0 mM auranofin. 
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SEM examinations of human erythrocytes incubated with auranofin 
indicated that different changes to the normal biconcave morphology of the 
red blood cells (Figure 3) were induced . Figure 3B shows that when incubated 
with 0.1 mM auranofin about a third of the cells are echinocytes (a spiny 
configuration with blebs in the cell surface), while some elliptocytes are also 
present, with 1 mM almost half of the cells are echnocytes (Figure 3C),  and 
with 3 mM auranofin 80% of the cells are echinocytes (Figure 3D).

3.3 Viability studies on human neuroblastoma cells.

Figure 4. Redox activity in SH-SY5Y neuroblastoma cells after treatment 
with auranofin. Neuroblastoma redox activity was measured by MTT assay. 
The data represented are mean ± SD of two individual experiments, each done 

in duplicate. * P< 0.05, ** P<0.01 vs. control.

The effect of auranofin on human SH-SY5Y neuroblastoma cells were 
tested at a concentration range from 1 nM to 1 μM. Cells were incubated for 
1, 6, 24 and 48 h. As shown in Figure 4, the number of viable cells decreased 
highly significantly after 1 h with 0.5 and 1 μM treatments. The effect also 
persisted at 6, 24 and 48 h, and was not recovered. 0.25 μM treatment appeared 
to be only partially toxic after 1 h, but it became toxic after 6 and more 
markedly after 24 h, being the toxicity comparable to 0.5 and 1 μM treatments.

4. DISCUSSION 

Gold compounds are well known for their toxicological aspects, mainly 
neurological and nephrotoxical implications. However, haematological 
toxicity is one of the most serious toxic and less studied effects. One of the 
few reports indicates a strong binding of gold to the erythrocyte membrane 
via thiol pairs in patients receiving sodium aurothiomalate (Myocrisin)18; 
preliminary studies of rheumatoid arthritis patients indicated very different 
gold uptake into red blood cells depending on the particular patient19; AuCl 
and aurothiomalate incubated with human erythrocytes triggered exposure 
of phosphatidylserine at the erythrocyte surface stimulating cell shrinkage 
and death20, and intact erythrocytes incubated with tetrachloroauric acid and 
AuCl3 changed their morphology13,14. Our X-ray diffraction analysis showed 
that auranofin induced structural perturbations of the polar head group and 
to the hydrophobic acyl regions of DMPC and DMPE, being these effects 
somewhat stronger in DMPC.  Chemically, these two lipids only differ in 
their terminal amino groups, being these 

+
N(CH3)3 in DMPC and +

NH3 in 
DMPE. Moreover, both molecular conformations are very similar in their dry 
crystalline phases: their acyl chains are mostly parallel and extended with the 
polar groups lying perpendicularly to them; however, DMPE molecules pack 
tighter than those of DMPC. This effect, due to the DMPE smaller polar group 
and higher effective charge, produces a very stable multilayer system held by 
electrostatic interactions and hydrogen bonds15. On the other hand, the gradual 
hydration of DMPC bilayers leads to water filling the highly polar interbilayer 
spaces. Consequently, there is an increase in its bilayer repeat from 54.5 Å 
when dry (crystalline phase) up to 64.5 Å when fully hydrated at a temperature 
lower than that of its main transition (gel phase). This condition promoted the 
incorporation of auranofin molecules into the DMPC interbilayer space and the 
ensuing molecular perturbation of the phospholipid bilayer structure.  

SEM examination of intact human red cells showed that 0.1 mM and 
higher auranofin concentrations induced a change of their normal biconcave 
shape. According to the bilayer-couple hypothesis21,22, shape changes are 
induced in red cells due to the insertion of foreign species in either the outer 

or the inner monolayer of the erythrocyte membrane. Thus, spiculated shapes 
(echinocytes) are observed in the first case while cup shapes (stomatocytes) are 
produced in the second due to the differential expansion of the corresponding 
monolayer. The extent of the interaction of auranofin with DMPC was higher 
than that with DMPE, the lipid classes preferentially located in the outer and 
inner monolayers of the erythrocyte membrane, respectively. Thus, it was not 
surprising to observe the expected echinocytes. The experimental findings 
are certainly of interest as they indicate that auranofin affects the human 
erythrocyte morphology. It must be considered that alteration of the normal 
biconcave shape of red blood cells increases their resistance to entry into 
capillaries, which could contribute to decreased blood flow, loss of oxygen, 
and tissue damage through microvascular occlusion23,24. 

The scarce information on gold toxicity, especially in the brain, prompted 
us to study its potential effect on neuroblastoma cell culture. We chose SH-
SY5Y line because it is widely used in the neuroscience research and it can be 
considered a good indicator for viability experiments. As gold is a promising 
bio-conjugated in medicine for cancer treatment its toxicity appeared to be 
crucial. In our experimental model, 1 µM auranofin determined a significant 
reduction of cell viability after different times of incubation.  

It has been reported that after 6-12 weeks of therapeutic treatment with 
oral auranofin, the blood concentration of gold reaches 0.9 mg/L (equivalent 
to 5 µM)25. Although it is known that most of the gold binds to human serum 
albumin and is taken up by the red blood cells26, it should be understood 
that therapeutic levels are the steady-state concentrations necessary to be 
reached for the drug to exert a significant clinical benefit. On the other hand, 
neurotoxicity following a very high dose of oral auranofin (5.4 mg/kg) gold 
concentration can reach a concentration calculated to be equivalent to 0.4 
mM27. Our experimental results indicated that 1 µM auranofin affected the 
viability of neuroblastoma cells and 0.1 mM auranofin induced significant 
morphological changes to human erythrocytes. 

5. CONCLUSIONS
  
Our experimental results indicate that auranofin interacts with phospholipid 

bilayers perturbing their molecular structures. Permeability and functions of 
ion channels, receptors and enzymes immersed in the membrane lipid moiety 
might also be affected. These findings may provide a new insight into the 
possible mechanism for the toxicity of gold at the cell membrane level. 
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