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Abstract  14 

Matrix metalloproteinases (MMPs) are a family of zinc-containing proteases with vital roles in 15 

extracellular matrix remodeling. The regulation of MMPs can modulate a number of cellular activities. 16 

The therapeutic potential of MMP inhibitors has been shown for diseases such as arthritis and cancer. 17 

This paper is the first to demonstrate that HAuCl4 inhibits the activity of MMP-2 and MMP-13 as well 18 

as has a more specific inhibitory effect on MMP-14. The effect of HAuCl4 on MMP-14 involves a 19 

non-competitive reversible inhibitory mechanism. Moreover, 0 µM‒50 µM HAuCl4 did not affect the 20 

cell viability of HT-1080 human fibrosarcoma cells. However, HAuCl4 at these concentrations showed 21 

significant inhibitory effects on the invasion of the HT-1080 cells, thereby suggesting that HAuCl4 may 22 

modulate tumor cell behaviors by inhibiting MMP-14. These findings provide initial clues to further 23 

elucidate the biological activity of HAuCl4 and its potential therapeutic value for related diseases. 24 

Keywords: MMPs; Chloroauric acid; Inhibition mechanism; Cell invasion25 
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1 Introduction 26 

Matrix metalloproteinases (MMPs) are a group of zinc-containing proteases that are mostly 27 

responsible for extracellular matrix (ECM) turnover [1]. MMPs can also regulate the synthesis and 28 

secretion of cytokines, growth factors, hormones, and cellular adhesive molecular receptors [2]. 29 

Consequently, MMPs are involved in various physiological and pathological processes, including 30 

embryo formation [3], organ development [4], wound healing [5], tissue remodeling [5], tumorigenesis 31 

[6], cancer progression [7], cardiovascular diseases [8], nervous system disease [9], arthritis [10], and 32 

respiratory disease [11], among others. To date, a number of MMP inhibitors have been developed for 33 

therapeutic purposes against diseases such as cancer and arthritis [12]. However, most MMP inhibitors 34 

(MMPIs) are organic compounds; only a few inorganic MMPIs have been reported [13]. We previously 35 

showed that trivalent aluminum salts have inhibitory effects on MMPs and can inhibit the migration 36 

and metastasis of tumors without affecting cell viability [14]. However, the inhibitory effects of 37 

trivalent Au compounds on MMPs and protease-related diseases have not yet been reported.  38 

Except for the zero-valence state of colloidal gold, Au mainly exists in monovalent and trivalent 39 

states under physiological conditions. Chloroauric acid is an inorganic compound with a crystalline 40 

tetrahydrate that is known to contain H5O2
+, AuCl4, and two water molecules [15]. The AuCl4

−
 anion 41 

has a square planar molecular geometry. The Au‒Cl distances are approximately 2.28 Å, and other d8 42 

complexes adopt similar structures, e.g., [PtCl4]
2− [15, 16]. Its release of the proton (H+) gives 43 

chloroauric acid acidic characteristics. Chloroauric acid is a strong monoprotic conjugate acid. 44 

Although this acid forms aqueous solutions, such solutions are unstable because of the hydrolysis of 45 

the tetrachloridoaurate ion. Thus, Au in this acid can be restored to a low-valence state or even a 46 

zero-valence state [17]. However, this decomposition route is unlikely because HCl is a strong acid; Cl‒
 47 
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ions are highly unlikely to combine with H+
 to form HCl in an aqueous solution. Gold that exists in 48 

different oxidation states has rich coordination chemistry [18]. Therefore, even subtle changes in the 49 

structure of these metal complexes can cause dramatic changes in their physicochemical and biological 50 

properties. Chloroauric acid is the precursor used in purifying gold by electrolysis [19] and in preparing 51 

gold nanoparticles (AuNPs) [20].  52 

Au, Pt, and Ru are homologous metals. Gold and its complexes have demonstrated unique 53 

biological and medical properties [21]. The Au(III) complex showed selective anti-microbial activity 54 

against the Gram-positive bacteria (Bacillus cereus and Staphyloccocus aureus) being more toxic than 55 

its Au(I) analogue, while the free Au(0) is totally inactive [22]. Similarly, information on the use of 56 

Au(III) complexes as anti-HIV agents is scarce; only a few reports have been recently published [23, 57 

24]. Gold complexes, with the anti-malaria drug chloroquine as the lead structure, were tested for their 58 

activity against Plasmodium falciparum. The activity of some Au(III) cyclometallated complexes was 59 

assayed against mammalian and parasitic cysteine proteases, which are involved in the life cycles of 60 

parasites, such as Schistosoma, Plasmodium, Trypanosoma brucei, Trypanosoma cruzi, and Leishmania 61 

[25‒27].  62 

Different types of Au(I) and Au(III) compounds possess effective antitumor activity in vitro and in 63 

vivo (in animals) [28]. Au(III) is isoelectronic with Pt(II), and tetracoordinate Au(III) complexes have 64 

the same square-planar geometries as cisplatin; therefore, the anticancer activity of Au(III) compounds 65 

has been investigated [29]. Previous studies suggested that in contrast to cisplatin, gold complexes 66 

target proteins but not DNA [30, 31]. Au(III) dithiocarbamates show anticancer activity, wherein their 67 

primary target is the proteasome [32]. Treatment of human breast tumor-bearing nude mice with a 68 

Au(III) dithiocarbamate complex causes significant inhibition of tumor growth, which is associated 69 
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with proteasome inhibition and massive apoptotic induction in vivo [28, 32]. Gold possesses two 70 

beta-emitting radioactive isotopes, namely, 198Au and 199Au, which are potentially suitable for 71 

therapeutic applications [33]. A number of Schiff base and thiosemicarbazonato complexes are 72 

prepared with 198Au [33].  73 

To date, the greatest concern is the study of disease treatment with nanometer gold complexes, 74 

especially for anticancer treatment [34]. The combined physical, chemical, optical, and electronic 75 

properties of gold nanoparticles (AuNPs) provide a new platform for imaging and diagnosis of cancer 76 

[35‒40]. Therefore, drugs can be selectively provided [27, 41‒43], treatment can target sensitive cells 77 

and tissues [44, 45], surgery can be supervised and guided, and chemotherapy can be specifically given 78 

to specific disease loci [46, 47]. However, other studies also found that nanometer gold can promote 79 

the rapid increase of NO in the blood. The released NO inside the cell may react with the superoxide 80 

anion (O2
‒) to generate peroxynitrite anion (ONOO‒), which has strong oxidation activity and greater 81 

destructive effects, thereby inducing a series of oxidative stress effects. This discovery warns against 82 

the application of nanometer gold as biological probes, drug carriers, and vehicles in cells or organisms. 83 

Furthermore, Au can affect the activation or nuclear translocation of transcription factors formed by the 84 

binding of NF-κB with DNA and can play an important role in the signal pathway [48]. An improved 85 

understanding of the physiological processes of gold compounds will provide a rational basis for their 86 

further development into novel anticancer drugs.  87 

In this paper, we analyzed the inhibition effects of chloroauric acid on the enzyme activity of 88 

representative members of the MMP family. MMP-2, -13, and -14 belong to the gelatin enzymes, 89 

collagen-type enzymes, and membrane MMPs, respectively [49]. Given the specific degradation of 90 

different substrates, these MMPs can degrade different types of collagen and gelatin. MMPs participate 91 
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in multiple physiological or pathological processes that require ECM remodeling, and their excessive 92 

expression is closely related to migration, invasion, and metastasis of tumor cell during tumor 93 

progression [50‒52]. The mechanism and type of inhibition were analyzed by enzyme kinetics. 94 

Moreover, the influence of gold chloride acid on the cell viability, migration behavior, and invasive 95 

ability of HT-1080 tumor cells was analyzed at the cytological level. Thus, the inhibition mechanism of 96 

chloroauric acid on MMPs was inferred. This study is vital in exploring the significant role of gold 97 

compounds in related diseases. The potential value of MMPs for the development of novel relevant 98 

drugs was demonstrated.  99 

2 Materials and Methods 100 

2.1 Materials and reagents 101 

DQ-gelatin was purchased from Invitrogen. The recombinant catalytic domains of human MMP-2, 102 

-13, and -14 were expressed in Escherichia coli, purified, and refolded in our laboratory [53]. Gelatin 103 

was obtained from Sigma. Other reagents and solvents used in experiments were of analytical or 104 

reagent grade, as deemed appropriate. 105 

2.2 Enzyme activity assay 106 

An FLx800 fluorescence microplate reader (Bio-Tek) was used to measure the MMP activity. 107 

DQ-gelatin was employed as the substrate. Kinetics assays were performed at 37 °C in 50 mM HEPES 108 

buffer (pH 7.5) containing 0.2 M NaCl, 1 mM CaCl2, 20 µM ZnSO4, and 0.05% Brij-35. For the 109 

inhibition assays, metal ions were incubated with an appropriate quantity of MMPs for 15 min to 110 

ensure that equilibrium was reached before adding the fluorescent substrate. The extent of inhibition 111 

was determined using the initial rates with and without the inhibitor [54]. The FLx800 fluorescence 112 
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microplate reader (Bio-Tek) was also used to measure the cathepsin activity, with z-Phe-Arg-AMC as 113 

the substrate. Cathepsin B: 25 mM MEs, 5 mM DTT, pH 6.0; Cathepsin L: 0.4 M NaOAc, 4 mM 114 

EDTA, 8 mM DTT, pH 5.5. For the enzyme inhibition assays, the activity data were fitted in a 115 

linearised curve using Origin version 7.5. The IC50 values were then determined from the curve 116 

accordingly. 117 

2.3 Enzyme kinetics of chloroauric acid inhibition on MMP-14 118 

To determine the inhibitory mechanism, we performed further kinetic analysis of the inhibition of 119 

chloroauric acid on MMP-14. Different quantities of enzyme (0.125 µg/ml‒1 µg/ml) were added into 120 

the reaction mixture, and then the same substrate and inhibitor concentration (0.2 and 0.4 µM) were 121 

added. Under different concentrations of the enzyme and inhibitor, the reaction rate was reduced with 122 

gradient concentration-dependence as compared with the control group. All straight lines in the 123 

standardization plot passed through the zero point. Therefore, the inhibition of MMP-14 by chloroauric 124 

acid was initially determined as reversible inhibition.  125 

To analyze the inhibitory type, we selected 1 µg/mL as the final concentration of the enzyme. The 126 

final concentrations of the inhibitor were selected as 0, 0.2, 0.4, and 0.6 µM, respectively, according to 127 

the detected IC50 = 0.3 µM during the inhibition of MMP-14 by chloroauric acid; substrates with 128 

different final concentrations (0.5 µg/ml‒5 µg/ml) were added. The inhibition type was obtained by the 129 

Lineweaver‒Burk and Dixon plots [55, 56].  130 

2.4 Cell culture 131 

The human fibrosarcoma carcinoma cell line HT-1080 was cultured in Dulbecco’s modified 132 

Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) supplemented with penicillin 133 
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(100 units/ml) and streptomycin (100 µg/ml) at 37 °C with 5% CO2. 134 

2.5 Measurement of cell viability (MTT)  135 

HT-1080 cells were seeded into 96-well plates at a density of 1×104
 cells/well in 200 µl of DMEM 136 

containing 10% fetal bovine serum. At 24 h after seeding, the medium was removed, and the cells were 137 

incubated for 24 h with DMEM containing 10% FBS in the absence or presence of various 138 

concentrations of metal ions. Subsequently, 200 µl of DMEM and 20 µl of 5 mg/ml MTT 139 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was added to each well. The 140 

plates were placed in an incubator at 37 °C in 5% CO2 for 4 h. The medium was then replaced with 141 

150 µl of DMSO, and the absorbance was recorded at 490 nm. 142 

2.6 Matrigel invasion assay 143 

The Boyden chamber technique (transwell analysis) was performed as previously described [57]. 144 

Cancer cells were treated with chloroauric acid or solvent (as control). Homogeneous single-cell 145 

suspensions (1×105
 cells/well) were added to the upper chambers. The cells were allowed to invade the 146 

wells at 37 °C for 24 h in a CO2 incubator. Migrated cells were stained with 0.1% crystal violet at room 147 

temperature for 10 min and examined by light microscopy. Quantification of migrated cells was 148 

performed according to published criteria.  149 

3 Results and discussion 150 

3.1 Chloroauric acid specifically suppressed the activity of MMP-14 in a dose-dependent manner 151 

Our previous work on trivalent Al and K3[Fe(CN)6] on MMP-16 revealed that these trivalent metal 152 

salts and their complexes all have significant effects on the activity of MMP-16 as well as the 153 
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migratory and invasive abilities of the cells [14]. The significant inhibition of MMPs by these inorganic 154 

trivalent metal salts is a new discovery in the field of MMP inhibitors. Chloroauric acid is a trivalent 155 

compound of gold. Thus, MMP-2, -13, and -14 were selected in our study to analyze whether 156 

chloroauric acid has inhibitory effects on MMPs. The average values of the three measurements are 157 

shown in Figs. 1a‒1c. The results showed that with the increasing concentration, chloroauric acid had 158 

significant inhibitory effects on MMP-2, -13, and -14, with IC50 values in the micromolar and 159 

sub-micromolar range. The inhibition of MMP-14 was particularly remarkable. 160 

Control experiment with fluorogenic substrate in presence of HAuCl4 alone were performed in the 161 

absence of the MMPs (data not shown).  162 

To analyze whether chloroauric acid can specifically inhibit MMPs, we selected the members of 163 

cathepsin family (Cathepsin B and L) with different catalytic mechanisms from MMP family for the 164 

enzyme activity analysis. Cathepsins belong to the cysteine protease family. These enzymes have a 165 

cysteine in their catalytic sites that starts the proteolysis cascade reactions. Cathepsins have an 166 

important role in promoting the occurrence and development of tumors. Among the cathepsins, 167 

cathepsin B can promote the tumor progression through the degradation of the basement membrane as 168 

well as the ECM components and elements [58]. In addition, the proliferation and growth of tumor 169 

cells with the silenced cathepsin L gene are slower and the invasion is significantly reduced [59]. 170 

Chloroauric acid at a final concentration of 10 µM was found to have no obvious inhibitory effects on 171 

the two cathepsins (Table 1). A comparison of enzyme inhibition by chloroauric acid on three 172 

recombinant proteases (MMP-2, -13, and -14) and cathepsins (Cathepsin B and L) implies that 173 

chloroauric acid has inhibitory effects on three MMPs, with relative specificity for MMP-14 (Table 1).  174 

Table 1 The IC50 of HAuCl4 and NaAuCl4 on MMPs (MMP-2, -13, and -14) and Cathepsin (Cathepsin 175 

Page 9 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



B and L). 176 

Proteinases 
IC50 (µM) 

HAuCl4 NaAuCl4 NaCl 

MMP-2 2.28 6 No 

MMP-13 9.83 8 No 

MMP-14 0.30 10 No 

Cathepsin B No No No 

Cathepsin L No No No 

 177 

Note: No means no inhibition were observed to the activity of the corresponding enzyme with 10 178 

µM metal complex. 179 

3.2 Inhibition mechanism and types of chloroauric acid on MMP-14 180 

Chloroauric acid possesses significant inhibitory effects on MMP-2, -13, and -14, especially for 181 

MMP-14. By contrast, the effects on Cathepsin B and L are not significant. Therefore, the inhibition of 182 

chloroauric acid on MMP-14 is specific to a certain degree although the specific inhibition mechanism 183 

remains unclear. To evaluate the mechanism and type of inhibition, we performed further dynamic 184 

analysis on the inhibition of MMP-14 by chloroauric acid. Different enzyme concentrations were added 185 

into the test system, and then the same amount of substrate and inhibitor was added. Changes in the 186 

enzyme activity were determined, and the curves of enzyme concentration and enzyme activity were 187 

drawn (Fig. 2a). Under different concentrations of the enzyme (0.125 µg/ml‒1 µg/ml) and inhibitor (0.2 188 

and 0.4 µM), the reaction rate was reduced as compared with the control group, with a gradient 189 

concentration dependent. All the straight lines in the plot passed through the zero point; therefore, the 190 

inhibition of MMP-14 by chloroauric acid was initially determined as reversible inhibition.  191 
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In the following experiments, 1 µg/mL was selected as the final concentration of enzyme to 192 

analyze the inhibitory type; the respective final concentrations of inhibitors were 0, 0.2, 0.4, and 193 

0.6 µM, according to the detected IC50 = 0.3 µM for the inhibition of MMP-14 by chloroauric acid; 194 

substrates with different final concentrations (0.5 µg/ml‒5 µg/ml) were then added. A plot of the 195 

Michaelis‒Menten equation is presented in Fig. 2b. Km remained constant whereas Vmax decreased with 196 

increasing inhibitor concentration. The plot of the Lineweaver‒Burk equation is shown in Fig. 2c. With 197 

increasing concentration, Km was constant but Vmax decreased. Therefore, the observed inhibition is 198 

non-competitive. The Dixon plot equation was used to obtain Fig.2d. The two straight lines 199 

(representing substrate concentrations of 1 and 2 µg/ml) intersected at the second quadrant, with the 200 

position of intersection point as -Ki, which suggests non-competitive inhibition. Therefore, chloroauric 201 

acid noncompetitively inhibited MMP-14 within the concentration range of 0 µM‒0.6 µM. That is, a 202 

competitive relationship does not exist between the respective effects of the substrate and chloroauric 203 

acid on MMP-14. The combination of MMP-14 with the substrate or chloroauric acid does not 204 

influence other combinations, but the formed compound cannot be degraded, thereby resulting in 205 

decreased enzyme activity. The binding site is the group beyond the active site. Its structure is not 206 

similar to that of the substrate, and the inhibition cannot be relieved by increasing the concentration of 207 

substrate.  208 

A number of studies based on different physicochemical techniques suggest that the probable 209 

binding sites of Au(III) are N(1)/N(7) atoms of adenosine, N(7) or C(6)O of guanosine, N(3) of 210 

cytidine, and N(3) of thymidine, which are analogous to the possible binding sites of the isoelectronic 211 

Pt(II) ion [60]. Recent in vitro studies showed that the interactions of several Au(III) complexes with 212 

calf thymus DNA are weak, whereas significant binding to model proteins occurs [61]. This 213 
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phenomenon is supported by Fricker et al. [30], who demonstrated that a Au(III)-damp complex has a 214 

clear preference for S-donor ligands, such as glutathione and cysteine, with only limited reactivity 215 

against nucleosides and their bases. Therefore, a novel mechanism was proposed, wherein proteins 216 

containing exposed cysteine residues may be proper targets for that class of Au(III) complexes. Au(III) 217 

complexes also interact with bovine serum albumin [62]. These complexes make very stable adducts; 218 

once these adducts are formed, they are destroyed only by adding strong ligands for Au(III), such as 219 

cyanide [63]. Based on these findings, the selective modification of surface protein residues by Au(III) 220 

compounds could be the molecular basis for their biological effects. This hypothesis has prompted the 221 

search for novel gold‒protein interactions in an attempt to identify possible targets responsible for the 222 

biological effects of gold compounds. The key proteins that are modified by Au(III) complexes and 223 

responsible for triggering apoptosis have yet to be identified [64]. 224 

MMP-14 is synthesized with a signal peptide (Signal), a prodomain (Pro) for latency, a catalytic 225 

domain (Catalytic) with catalytic zinc ion (Zn) for proteolytic activity, a linker-1 (L1), a hemopexin 226 

domain (Hpx), a linker-2 (L2), a transmembrane domain (TM), and a cytoplasmic tail (CP) [65]. Our 227 

results indicated that inhibition by chloroauric acid is achieved by interaction with a site other than the 228 

active center of MMP-14 within the catalytic domain of the enzyme. However, the exact location of 229 

the interaction remains to be identified. 230 

3.3 Toxicity of chloroauric acid on HT-1080 cells by MTT assay 231 

Based on the specific inhibitory effects of chloroauric acid on MMPs, especially MMP-14, the 232 

influence of chloroauric acid on the behavior of MMP-14-related tumor cells was analyzed. The MTT 233 

assay was used to determine the toxicity of chloroauric acid on HT-1080 cells. As shown in Fig. 3a, 234 
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chloroauric acid has certain influence to the viability of HT-1080 cells. Its IC50 was approximately 235 

125 µM. No evident effects on the cell viability were observed when the chloroauric acid concentration 236 

was less than 100 µM. When the chloroauric acid concentration was less than 100 µM, increased 237 

cytotoxicity was notably absent despite the increasing concentration. However, the cell viability 238 

suddenly decreased when its concentration was greater than 100 µM. This trend may be attributed to 239 

the sudden increase of cell permeability when chloroauric acid enters into the cells, which eventually 240 

leads to cell death and decreased cell viability. According to the aforementioned results, 0 µM‒50 µM 241 

was selected as the drug concentration range in the subsequent cell experiments to study its influence 242 

on the behavior of the tumor cells without affecting the cell vitality. We also performed the cell 243 

viability test of chloroauric acid and its sodium salt on a non-cancerous cell line, 3T3 cells, a 244 

established mouse embryo fibroblast cell line. The result is shown in Fig.3b. Our result revealed that 245 

chloroauric acid exhibited similar effect on the viability of HT-1080 cells and 3T3 cells. NaAuCl4 246 

showed similar effect on the viability of HT1080 cells and 3T3 cells compare to the chloroauric acid 247 

(Fig. 3c and 3d). However, it reduced the cell viability of HT-1080 cells at a much higher concentration 248 

compare to the chloroauric acid.  249 

3.4 Chloroauric acid can effectively inhibit the invasion behaviors of HT-1080 cells 250 

The Matrigel invasion assay is a common method to study tumor cells. Given their invasive nature, 251 

tumor cells can degrade matrix by secreting hydrolytic enzymes such as MMPs, thereby entering into 252 

the lower culture chamber through the micropores and then adhering to the bottom of the chamber. 253 

After staining, the invasive ability of tumor cells could be analyzed. An invasion assay was used to 254 

analyze the influences of chloroauric acid on the invasive ability of HT-1080 under conditions that do 255 

not affect the cell vitality. As shown in Fig. 4a and 4b, the number of invasion cells was significantly 256 
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decreased with increasing drug concentration. When the final concentration was 25 µM, the invasion 257 

rate was <50% as compared with the control group. When the final concentration of chloroauric acid 258 

was 50 µM, the invasion rate dropped to approximately 35%. Therefore, the aforementioned results 259 

show that chloroauric acid has obvious inhibitory effects on the invasion of HT-1080 cells, and this 260 

inhibition is concentration dependent. As MMP-14 is a key enzyme in controling the focal degradation 261 

of ECM during cell migration [66], it is reasonable to speculate that chloroauric acid inhibits MMP-14 262 

activity in the cell membrane surface and inhibits the ability of degradation of extracellular matrix, 263 

which affect the cell migration and invasion. 264 

Chloroauric acid has a specific inhibition effect on MMP-14 and can effectively inhibit the 265 

invasion behaviors of HT-1080 cells. Further measurement of the pH value of cell culture media 266 

containing the compound and the enzyme activity measurement system revealed that the pH value of 267 

the reaction system is not changed in the applied concentrations of chloroauric acid. Therefore, the 268 

inhibition of MMP-14 chloroauric acid, as well as the influence of chloroauric acid on cell migration 269 

and invasion, was not influenced by the changing system pH. To analyze whether AuCl4
‒ is the active 270 

group in the influences of chloroauric acid on HT-1080 cells, we selected the relatively stable sodium 271 

salt of chloroauric acid for an enzymology study to determine the effects on the behavior of tumor cells. 272 

The results show that both compounds had different inhibitory effects on proteases. NaAuCl4·2H2O 273 

exhibited an inhibitory effect on the MMP-2, -13, and -14 and did not suppress cathepsins, but its 274 

inhibition of MMP-2, -13, and -14 was weaker than that of chloroauric acid, especially for MMP-14, 275 

with IC50 values of 8, 6, and 10 µM, respectively (Table 1). In addition, its effects on the cytotoxicity 276 

and behavior of HT-1080 cells were compared. The MTT assay (Fig. 3c) showed that NaAuCl4 had 277 

certain influence to the viability of HT-1080 cells, with an IC50 of approximately 350 µM. When 278 
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NaAuCl4 was less than 250 µM, no evident effects on cell viability were observed. Compared with 279 

chloroauric acid (Fig. 3a and 3b), NaAuCl4 had lower toxicity in HT-1080 cells (Fig. 3c) and 3T3 280 

cells(Fig. 3d). Under conditions that did not affect cell vitality, NaAuCl4 (12.5 µM‒50 µM) had no 281 

obvious inhibitory effects on the migration and invasion of HT-1080 cells. On the contrary, results 282 

showed that NaAuCl4 promoted these behaviors, as shown in Fig. 4a and 4c. The mechanism of this 283 

phenomena is unclear. Sodium ions are involved in various biological processes and are significant for 284 

the maintenance of cell vitality, which may eventually leads to the very different effects of the two 285 

compounds on tumor cell behaviors. Although we attempted to analyze the inhibitory effects of both 286 

compounds, further studies are still needed to clarify the effects of these two compounds on cell 287 

vitality.  288 

In addition, based on the great structural variety of the ligands and the derived complexes, a 289 

unique mode of action or pharmacological profile for all Au(III) complexes is unlikely to exist. In 290 

particular, direct DNA damage, modification of the cell cycle, mitochondrial damage, such as 291 

thioredoxin reductase (TrxR) inhibition, proteasome inhibition, modulation of specific kinases, and 292 

other cellular processes, are affected by gold compounds; their interaction eventually triggers apoptosis, 293 

which seems to have a major role in the mechanism of action of gold compounds [21, 28]. Research on 294 

these topics is significant in understanding the roles of Au(III) and Au complexes in regulating the 295 

activity of MMPs. 296 

4 Conclusions 297 

In this paper, the results show that chloroauric acid have specific inhibitions to MMP-14, and the 298 

inhibition mechanisms are the non-competitive type, namely there is no competitive relationship 299 
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between the effects of the substrate and chloroauric acid on MMP-14. These results indicate that the 300 

inhibition are performed by combining the compounds with the non-active center of MMP-14 and 301 

changing its structure and conformation, which has not been reported so far. We have also found that 302 

chloroauric acid can affect the behaviors of tumor cell HT-1080, and in particular, chloroauric acid may 303 

play a role in tumor cell behaviors by inhibiting MMP-14. The research of thesis is very meaningful for 304 

the understanding of Au(III) and Au complexes in regulating the activity of MMPs. 305 
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Figure captions 

Fig. 1 a-c Dose-dependent inhibition effect of the chloroauric acid on MMP-2, -13, and -14  

The enzyme was incubated with chloroauric acid at 37 °C for 15 min. The activity was then 

determined using an FLx800 fluorescence microplate reader (Bio-Tek). Enzyme reaction mixtures 

contained 0.2 µg of DQ-gelatin substrate and 1 µl of enzyme solution in 100 µl of 50 mM HEPES 

buffer (pH 7.5), with 0.2 M NaCl, 1 mM CaCl2, 20 µM ZnSO4, and 0.05% Brij-35 at 37 °C. Data are 

presented as the mean values (n = 3). The activity data were fitted in a linearised curve using Origin 

version 7.5. The IC50 values were then determined from the curve accordingly.  

Fig. 2 Inhibition mechanism and mixed-type inhibition kinetics of chloroauric acid on MMP-14 

activity 

a: Plots of chloroauric acid concentrations (v) versus the concentration of MMP-14. Values of v 

were 0 µM (closed squares), 0.2 µM (closed circles), and 0.4 µM (closed triangles).  

b: MMP-14 activity in the presence of different chloroauric acid and substrate concentrations.  

c: Lineweaver‒Burk plot. The chloroauric acid concentrations were 0 µM (closed squares), 

0.2 µM (closed circles), 0.4 µM (closed triangles), and 0.6 µM (inverted closed triangles).  

d: Dixon plots of reversible enzyme inhibitors. The substrate concentration for curves 1–4 were 0, 

0.2, 0.4, and 0.6 µM, respectively.  

Data were reported as mean ± SD and at least three separate experiments were performed. 

Fig. 3 Chloroauric acid inhibits HT-1080 cell viability 
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a, c: An in vitro study was initiated by treating HT-1080 cells with increasing doses of chloroauric 

acid (0, 5, 10, 20, 40, 60, 80, 100 150, 200, and 250 µM) and NaAuCl4 (0, 7, 15, 31, 62, 100 ,125, 200, 

250, 350, and 500 µM) for 24 h.  

b, d : An in vitro study was initiated by treating non-cancerous cells (3T3 cells) with increasing 

doses of chloroauric acid and NaAuCl4 (0, 7.5, 15, 31, 62.5, 100 ,125, 200, and 250µM) for 24 h.  

The viability of the chloroauric acid and NaAuCl4 treated cells was measured using the MTT assay. 

Results were expressed as a percentage of control, which was considered as 100%. * indicates P < 0.05 

compared with the controls. ** indicates P < 0.01 compared with the controls. Data were shown as 

means ± SD from three independent experiments. 

Fig. 4 Chloroauric acid inhibits invasion in a dose-dependent manner in HT -1080 cell lines 

 Approximately 1×10
5
 cells were seeded into 24-well plates with cell culture inserts, the cells 

were treated with different concentrations of chloroauric acid or NaAuCl4 (0, 12.5, 25, and 50 µM) . 

After 24 h of incubation, the cells that invaded to the underside of the filters were visualized under a 

microscope (a), and the cell invasion ratio was calculated (b and c). The obtained values were 

calculated from the average total number of cells of three filters. Results are presented as the 

mean ± SD of three independent experiments. * indicates P < 0.05 compared with the controls. ** 

indicates P < 0.01 compared with the controls. Data were shown as means ± SD from three 

independent experiments. 
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Fig. 1
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Enzyme kinetics and matrigel invasion assay indicated that the specific inhibition of HAuCl4 on 

MMP-14 involves a non-competitive reversible inhibitory mechanism and HAuCl4 inhibits HT-1080 

cell invasion in a dose-dependent manner. 
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