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Abstract: Despite the use of highly active antiretroviral therapy approved by the United States Food
and Drug Administration (FDA) for the treatment of human immunodeficiency virus (HIV) infection,
HIV remains a public health concern due to the inability of the treatment to eradicate the virus. In
this study, N-methyl-N-phenyl dithiocarbamate complexes of indium(III), bismuth(III), antimony(III),
silver(I), and copper(Il) were synthesized. The complexes were characterized by thermal gravimetric
analysis (TGA), differential scanning calorimetry (DSC), and Fourier transform infrared spectroscopy
(FTIR). The N-methyl-N-phenyl dithiocarbamate complexes were then evaluated for their antiviral
effects against HIV-1 subtypes A (Q168), B (QHO.168), and C (CAP210 and ZM53). The results
showed that the copper(II)-bis (N-methyl-N-phenyl dithiocarbamate) complex had a neutralization
efficiency of 94% for CAP210, 54% for ZM53, 45% for Q168, and 63% for QHO.168. The silver(I)-bis
(N-methyl-N-phenyl dithiocarbamate) complex showed minimal neutralization efficiency against
HIV, while indium(III) and antimony(III) N-methyl-N-phenyl dithiocarbamate complexes had no
antiviral activity against HIV-1. The findings revealed that copper(Il)-bis (N-methyl-N-phenyl
dithiocarbamate), with further improvement, could be explored as an alternative entry inhibitor
for HIV.

Keywords: dithiocarbamate complexes; human immunodeficiency virus; cytotoxicity; antiviral
efficacy; pseudovirus; inorganic compounds

1. Introduction

The United Nation Member States have agreed on the approach to end AIDS by 2030,
but this cannot be achieved without innovative antiretroviral drugs and HIV treatment
formulations [1]. This is particularly important given the alarming statistics of HIV-infected
people released by the World Health Organization. It has been estimated that 1.5 million,
360,000, 2.4 million, 3.5 million, 3.3 million, and 26 million people living in the western
Pacific, the eastern Mediterranean, Europe, Southeast Asia, the Americas, and Africa,
respectively, are infected with HIV, indicating that 75 million people are infected globally [2].
The use of highly active antiretroviral therapy (HAART) in the treatment of HIV has
transformed the course of disease progression from what was initially considered as a
death sentence to a more treatable infection [3]. The HAART treatment involves the use of
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multiple antiretroviral drugs to stop HIV from progressing into AIDS [4]. Most HAART
regimens administered for HIV treatment consist of three or more antiretroviral drugs
(two nucleoside or nucleotide reverse transcriptase inhibitors and one non-nucleoside
reverse transcriptase inhibitor/protease inhibitor). However, the adverse effects of the
drugs may also affect the quality of life of the patients [5,6]. To bring an end to HIV and
AIDS, several compounds have been used as antiviral agents. For instance, biosynthesized
zinc oxide, metallic gold, and metallic silver nanoparticles have been examined as antiviral
agents against HIV [7]. Soundararajan et al. reviewed different polymeric [poly(lactide-
co-glycolide), poly(L-lactic acid), poly(ethylene oxide), poly(caprolactone), and sodium
poly(styrene-1-sulphonate)], dendrimer (polyanionic carbosilane and PEGylated-PAMAM),
and biomacromolecule (chitosan-based micellar system) nanoparticle-based compounds
that have been used as antiviral agents against HIV [8]. Apart from nanoparticles, different
medicinal plants have been investigated for the treatment of HIV [9,10]. The root bark, stem
bark, leaf, and entire root of plants such as Erythrina abyssinica Lam, Spathodea campanulata
P. Beauv., Hoslundia opposita Vahl, Bidens pilosa L., Artemisia annua L., Calendula officinalis
L., and Piptadeniastrum africanum (Hook. f.) Brenan [2,11]. The limitation to the use of
some plants as anti-HIV agents is their phytotoxic nature [12]. Plants such as Mangifera
indica, Moringa oleifera, and Spirulina platensis are, however, used for ameliorating metabolic
syndrome (MetS) for patients subjected to HAART [13-15].

In addition to the use of plants, different inorganic complexes have also been investi-
gated for the inhibition of HIV, such as vanadium complexes with different ligands. The
oxovanadium(IV) porphyrin complexes have demonstrated better antiviral activities than
vehicle control. Their inhibitory effect was particularly noted in the Hut/CCRS5 cells, and
there was more than 97% inhibition of these cells. As revealed by the molecular mod-
eling simulation, the oxovanadium(IV) porphyrins displayed better binding to the CD4
protein. In short, the action of these complexes against HIV is that they block the virus
from reaching the host cells which are the target [4]. Some inorganic complexes have been
investigated for HIV treatment due to their antiproliferative (cytostatic) properties. The
cytostatic drugs will not impact the invading pathogens; rather, they affect the host cells
and, in most cases, are used along with other antiviral agents. Examples of cytostatic
inorganic complexes include some of the gold(Ill) complexes. For instance, when four
bis(thiosemicarbazonate)gold(Ill) complexes were investigated for HIV treatment, at a
non-toxic concentration of 12.5 uM, one of these complexes displayed 98% inhibition of
viral infection of TZM-bl cells with ICsy = 6.8 + 0.6 uM, while the other showed 72% inhibi-
tion (IC59 = 5.3 £ 0.4 uM) at 6.25 uM [16]. Other complexes that have been investigated
for HIV treatment are terpyridyl Ru(Il) complex [1], aminothiazole compounds [17,18],
and polypyridyl Ru(Il) complexes [19]. Through the use of all these complexes and plant
products, drugs such as efavirenz, dolutegravir, elvitegravir, raltegravir, darunavir, and
rilpivirine emerged for the management of HIV.

The use of different dithiocarbamate compounds as HIV inhibitors has also been
reported [20,21]. In a phase II trial, the exposure of HIV to disulfiram led to a change in
the RNA of HIV as shown by the polymerase chain reaction (PCR), which suggests that
dithiocarbamate-based drugs might be a future cure for HIV [22]. Another dithiocarbamate
compound that has been used for clinical trials is copper-chelating diethyldithiocarbamate.
It showed a notable delay in slowing down the progression of HIV-1 to AIDS [23]. Some
other dithiocarbamate compounds that have been investigated are zinc-dithiocarbamate-
S,S'-dioxide, zinc-dithiocarbamate-S,S’ -dioxidcyclic, diethyldithiocarbamate, and pyrroli-
dine dithiocarbamate. These compounds act by either inhibiting nuclear factor-«B, block-
ing the activation of HIV-1, or mediating a cell-to-cell fusion between anti-CXCR4 and
CXCR4 [23-26]. There is no report on the use of N-methyl-N-phenyl dithiocarbamate as an
inhibitor of HIV. Hence, the present investigation focuses on the assessment of N-methyl-N-
phenyl dithiocarbamate for the treatment of HIV. The structures of some of the investigated
complexes are shown in Figure 1.
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Figure 1. Structures of some of the N-methyl-N-phenyl dithiocarbamate complexes selected for the
investigations. (a) Indium(Ill)-tris (N-methyl-N-phenyl dithiocarbamate). (b) Antimony(III)-tris
(N-methyl-N-phenyl dithiocarbamate). (c) Copper(II)-bis (N-methyl-N-phenyl dithiocarbamate)
complexes.

2. Experimental Design
2.1. Materials and Physical Measurements

All solvents and reagents used were of analytical grade, and no additional purification
was required. The IR spectra were measured using a Bruker IFS 66v/S in the range of
4000400 cm 1, and the thermal stability studies were conducted using thermal gravimetric
analysis/differential scanning calorimetry (TGA-DSC) (Mettler-Toledo GmbH, Giefen,
Germany).

2.2. Synthesis of N-Methyl-N-phenyl Dithiocarbamate Ligand and Complexes
2.2.1. Synthesis of Ammonium N-Methyl-N-phenyl Dithiocarbamate Ligand

The ligand was prepared through a synthetic procedure already established in the
literature with slight modification [27-30]. In brief, 22 mL of N-methyl aniline was mixed
with 62 mL of concentrated aqueous ammonia in ice. Then, 10 mL of ice-cold carbon
disulphide was added dropwise with constant stirring. The stirring of the entire contents
continued for 9 h. There was a formation of a light-yellow precipitate. The precipitate was
washed with cold methanol and filtered under pressure to remove the solvents. To prevent
the decomposition of the synthesized ligands, the product was immediately kept inside the
refrigerator. The mechanism of the reaction is summarized in Figure 2.



Microbiol. Res. 2023, 14

358

CH; H;C S
: + H,0
NH +NH,0H+CS, oz > N

1CC
o O

Figure 2. Mechanism of N-methyl-N-phenyl dithiocarbamate ligand formation.

2.2.2. Synthesis of the Complexes

The prepared ammonium N-methyl-N-phenyl dithiocarbamate ligand was reacted
with stoichiometric equivalence of the metal salt of antimony, indium, copper, silver, and
bismuth and was stirred for one hour. Colored precipitates were separated from the reaction
solution by filtration, rinsed thoroughly with a water/ethanol mixture (50:50), and dried.

2.3. Cells, Envelope Plasmids, Reagents, and Chemical Inhibitors

TZM-bl cells were used for virus titration and neutralization assay while the HEK 293T
cells were used for virus transfection. Both cell lines were cultured in Dulbecco’s modified
Eagle medium (DMEM), (Thermofisher Scientific, Waltham, MA, USA) supplemented with
heat-inactivated 10% fetal bovine serum (FBS) (Gibco, Thermofisher, Waltham, MA, USA),
1% L-glutamine 200 Mm (Sigma-Aldrich, St. Louis, MO, USA), penicillin (100 IU/mL) and
streptomycin (100 pg/mL) (Sigma-Aldrich, St. Louis, MO, USA), and 1% non-essential
amino acids (NEAA) (Sigma-Aldrich, St. Louis, MO, USA) in a humidified environment
at 37 °C, 5% CO,. HIV-1 envelope (Env)-expression plasmids (pcDNA 3.1-gp 160) with
different HIV-1 gp160 inserts of subtypes A (Q168), B (QHO.168), and C (CAP210 and
ZM53) and the Env-deficient HIV-1 backbone vector (pSG3Env) were obtained as gifts
from the NextGen Research Unit at the Council for Scientific and Industrial Research (CSIR,
South Africa). MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) and neutral red dye (3-amino-7-dimethylamino-2-methyl-phenazine hydrochloride)
were purchased from Promega (Anatech, Randburg, South Africa). Chemical inhibitors
synthesized from N-methyl-N-phenyl dithiocarbamate complexes of five inorganic com-
pounds, silver(I), bismuth(Ill), copper(Il), indium(Ill), and antimony(IIl), were used as test
compounds. Tenofovir disoproxil fumarate (TDF), an FDA-approved drug purchased from
DB Fine Chemicals (Sandton, South Africa), and anti-HIV-1 gp120 monoclonal antibody
(Aalto Bio Reagents, Dublin, Ireland) were used as positive controls in the study.

2.4. Generation of HIV-1 Env-Pseudoviruses

HIV-1 subtype A, B, and C Env pseudoviruses were generated as previously described
by Li et al. [31], and the tissue culture infective dose (TCIDs() was determined as previously
described [32]. The pseudoviruses were prepared by transfecting 293T cells (2.0 x 10°)
maintained in complete DMEM at 37 °C, 5% CO,, The expression plasmid and the backbone
vector at 1:2 dilutions were pre-incubated with X-tremeGENE 9 DNA transfection reagent
(Merck, Darmstadt, Germany) at ambient temperature for 45 min to form a complex, which
was added to the 293T cells and incubated for 48 h. The supernatant was harvested post-
transfection and filtered using the 0.45 um filters (Corning, Merck, Darmstadt, Germany)
to remove the cell debris. The tissue culture infective dose (TCIDsy) was determined
as previously described [32]. That is, the virus titration of each batch of pseudovirus
production was determined in TZM-bl cells as the TCIDsy. Briefly, eleven dilution steps of
fourfold dilutions of the pseudovirus were prepared in quadruplicate wells in a 96-well
plate, 1 x 10* cells/100 uL was added to each well, and the plate was incubated for 48 h.
The media were replaced with Bright Glo luciferase reagent (Promega, Madison, WI, USA)
post-incubation, and the luminescence was determined using a luminometer (Perkin-Elmer
Life Sciences, Waltham, MA, USA).
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2.5. Cytotoxicity Assay

The cytotoxicity of the test chemical compounds, that is, N-methyl-N-phenyl dithio-
carbamate complexes of silver(I), bismuth(Ill), copper(Il), indium(IIl), and antimony(III),
referred to as Ag(I)DT, Bi(IlI)DT, Cu(Ill)DT, In(II[)DT, and Sb(III)DT, respectively, was de-
termined in TZM-bl cells using two different in vitro cell viability assays, MTT and neutral
red assays. The MTT cell viability assay was used to determine the metabolic response of
active cells to the test compounds while the neutral red uptake assay was used to measure
cell viability by determining the number of live cells that could retain the neutral red dye
in their lysosomes through passive diffusion.

2.5.1. MTT Assay

The viability of the test compounds was determined using MTT assay as previously
described [33]. In 96-well plates, 1 x 10* cells/100 uL were seeded per well (Corning-costar,
Merck, Darmstadt, Germany) and incubated at 37 °C, 5% CO; for 24 h. Threefold serial
dilutions of the compounds were prepared in media containing 0.1% dimethylsulphoxide
(DMSO) for a working concentration of 11-0.002 pug/mL. Cells were treated with different
concentrations of the compounds in triplicate and incubated for 48 h. The media were then
removed, replaced with 25 L. MTT solution (5 mg/mL, Promega, Sigma-Aldrich, Madison,
WI, USA), and incubated for 3 h. MTT solution was removed, and 100 uL. of DMSO was
added to the wells for crystal solubilization. The absorbance was measured at a wavelength
of 570/620 nm using a microplate reader (Multiskan GO microplate spectrophotometer,
ThermoScientific™, Porto Salvo, Portugal).

2.5.2. Neutral Red Uptake Assay

The neutral red uptake assay was conducted on the test compounds using a previously
established protocol [34]. TZM-bl cells were seeded at a density of 1 x 10* cells/100 pL
in a 96-well plate and incubated for 24 h. The same working concentration of the test
compounds used for MTT was used for this assay. Cells were treated with different
concentrations of the compounds in triplicate and incubated for 48 h. The media containing
the test compounds were removed, and the cells were washed with pre-warmed phosphate-
buffered saline (1x PBS, pH 7.4). About 200 uL of the neutral red solution was added to
the wells at 37 °C, 5% CO, for 2 and a half hours. The neutral red solution was aspirated
from the wells, and the cells were washed with PBS before desorption with 200 pL neutral
red solubilization solution. The absorbance was recorded at a wavelength of 540/690 nm
as above.

2.6. Neutralization Assay

The chemical compounds were tested for their inhibition efficiency against different
subtypes of HIV-1 pseudoviruses in TZM-bl cells. This was performed using the single-
round infection neutralization assay as previously described [35,36]. HIV inhibition was
measured as a percentage reduction in the luciferase gene expression in Env-pseudotyped
virus-infected cells. The anti-HIV-1 gp120 monoclonal antibody (gp120 mAb) was used as
a positive control. The HIV-1 gp120 mAb is a synthetic protein designed to block HIV-1
entry via the gp120 subunit of the envelope glycoprotein. Specifically, triplicate runs of
a 3-fold serial dilution of the chemical compounds and gp120 mAb were prepared in a
growth medium at a starting concentration of 1.23 pg/mL and 100 ug/mL, respectively,
and incubated with 50 puL pseudovirus (2 x 10* TCIDsp) for 1 h at 37 °C, 5% CO,. Then,
1 x 10* cells/100 uL were added to the wells and incubated for 48 h. The titer was de-
termined as the half-maximal inhibitory concentration (ICsg) that reduced the relative
light units (RLU) by half when compared to the virus control after subtracting the cell
control background.
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2.7. Statistical Analysis

The antiviral activity of the test compounds was measured against different subtypes
of HIV-1 pseudoviruses. All experiments were conducted in triplicate. Data are presented
as mean = standard deviation (SD). Data analysis was performed using GraphPad Prism
9.0 (GraphPad Prism Software, Inc., San Diego, CA, USA). A one-way ANOVA analysis was
used to determine the statistical significance. A p-value of <0.05 was considered statistically
significant.

3. Results and Discussion
3.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of the Complexes

The characteristic peak of dithiocarbamate group appeared in the fingerprint region
on the spectra of the three complexes as shown in Figures 3-5. The stretching vibration
of C-N and —CSS appears as two sharp peaks in the spectra around the 1000 cm~! region
while the stretching vibration of the C-N bond appears as a prominent peak around
1400 cm~!. The peaks above 3000 cm~! and around 700 cm ™! are for the aromatic ring
stretching and bending of the C-H bond, respectively. The metal-sulphur peak (M-S)
appears around 480 cm !, and the peak that is slightly above 1500 cm ™! is a characteristic
peak of C=C of the aromatic structure. The C-H stretching vibration of the alkyl groups
were identified around 3000 cm . All these values are consistent with the values obtained
from the literature [37,38]. In our previous studies, the characterization (including FTIR
analysis) of silver(I) and bismuth(Ill) of N-phenyl-N-methyl dithiocarbamate has been
discussed [39-41].

3500

T T T T T T
3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 3. FTIR spectra of antimony(IIl)-tris (N-methyl-N-phenyl dithiocarbamate) complex.
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Figure 5. FTIR spectra of copper(Il)-bis(N-methyl-N-phenyl dithiocarbamate) complex.
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3.2. Thermal Analysis of the Complexes

The antimony, indium, and copper dithiocarbamate) complexes were heated from
0 to 600 °C under argon atmosphere with a flow rate of 75 mL/min. As shown in the
thermal gravimetric analysis (TGA) thermograms in Figures 6-8, there was a loss in weight
around 100 °C for the antimony complex, which could be a result of the loss of the water
molecule present in the complex [42]. The water loss occurred at around 50 °C for the
copper complex (2.67% weight loss) and slightly below 200 °C for the indium complex.
This shows that the water molecule is tightly bound to the indium complex since its release
required more thermal energy, while it is weakly held in the copper complex.
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Figure 6. TGA and DSC plot of antimony(III) N-methyl-N-phenyl dithiocarbamate complex. The
blue color is the TGA plot while the orange color is the DSC plot.
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Figure 7. TGA and DSC plot of copper (II) N-methyl-N-phenyl dithiocarbamate complex. The blue
color is the TGA plot while the orange color is the DSC plot.
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Figure 8. TGA and DSC plot of indium (III) N-methyl-N-phenyl dithiocarbamate complex. The blue
color is the TGA plot while the orange color is the DSC plot.

Another pronounced loss in weight, common to the three complexes, is observed
between 200 and 350 °C. It is in this range of temperature that the organic component of
the complexes was decomposed, which was more than 50% of the starting material for
each of the three complexes. The weight loss after 350 °C indicates the formation of metal
sulphides due to higher residual weight [43]. This result indicates that the ligand was
changed to the metal complex. The product of the decomposition of the copper complex is
more stable than the one obtained from both the antimony and indium complexes. This
was due to the percentage of residue left at 600 °C. The residual percentages were about 33,
26, and 13% for the copper complex, indium complex, and antimony complex, respectively,
as shown in their TGA thermograms.

The differential scanning calorimetry (DSC) thermogram further revealed the for-
mation of the complexes. One prominent endothermic peak is common to all the com-
plexes, and each of the peaks appears between 200 and 309 °C. These endothermic peaks
indicate that the melting point of all the complexes falls within the temperature range
of 200-309 °C. Another endothermic peak that is common to all the complexes appears
between 350-550 °C, which shows that all the complexes decomposed to give their corre-
sponding sulphides. It is also evident that these complexes can be used for synthesizing
the corresponding metal sulphides. This thermal behavior is similar to what has previous
report on the decomposition of similar dithiocarbamate complexes [44—46]. Our previous
studies also discussed the characterization (including thermal analysis) of silver(I) and
bismuth(IIl) of N-phenyl-N-methyl dithiocarbamate [39-41].

3.3. Effects of Inorganic Dithiocarbamate Complexes on TZM-bl Cells

The cytotoxicity of five compounds of dithiocarbamate complexes, Ag()DT, Cu(Il)DT,
Bi(IIT)DT, In(III)DT, and Sb(II)DT, was assessed in TZM-bl cells to determine their safety.
The effect of the compounds on TZM-bl cells was measured as percentage cell viability
and was compared with the TDF positive control (Figure 9). Overall, the assays showed a
decreasing order of cell viability of Cu(I)DT < Ag(I)DT < In(III)DT < Sb(III)DT < BI(III)DT
< TDFE. The cytotoxicity examined with the MTT assay showed that all the test compounds
were non-toxic when used at concentrations of 0.002-1.23 pg/mL, with 80-130% cell via-
bility. The increase in the percentage cell viability above 100% is suggestive of an active
cell proliferation during the period of the experiment [47]. However, as the concentration
increased (11 pg/mL), the viability of cells treated with Ag(I)DT and Cu(II)DT reduced to
25% and 14%, respectively. Similar results were observed with the neutral red uptake assay,
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indicating increased cell viability as the concentrations of the test compounds decreased.
This shows that an increased concentration of the compounds in the cells will cause the
metabolic response and the structural integrity of the cells to be affected. The inhibitory
effect of these compounds is responsible for the toxicity observed in the assay. In addition,
the cells were viable at 80-130% after 48 h of incubation at a concentration of 11.1 ug/mL
(Figure 9B), except for Ag(I)DT and Cu(II)DT which showed 19% and 18% viability, re-
spectively. These two complexes showed toxicity to the cells at increased concentrations
compared to Bi(III)DT, Sb(III)DT, and In(III)DT which were non-toxic to the cells at the

same concentration.
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Figure 9. TZM-bl cell viability assessment of N-methyl-N-phenyl dithiocarbamate complexes of
silver(I), bismuth (III), copper (II), indium (III), and antimony (III) using (A-E) MTT and neutral red
(NR) cytotoxicity assays. The cell viability was determined after 48 h of treatment following a 3-fold
serial dilution of the compounds at a starting concentration of 11 pg/mL. TDF was used as a positive
control. The assay was performed in triplicate. Error bars indicate the standard deviations.

Furthermore, we evaluated the half-maximal cytotoxic concentration (CCsg) of Ag(I)DT
and Cu(I)DT (Figure 10) using fit spline/locally weighted scatterplot smoothing (LOWESS)
regression [48]. Their CCsy was observed to be 3.8 and 3.44 pg/mlL, respectively, when
tested with the MTT assay and 4.0 and 3.85 pg/mL, respectively, when tested with the
neutral red uptake assay, similar to the MTT assay. The other test compounds (Bi(IIL[)DT,
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Sb(III)DT, and In(III)DT) did not exhibit any toxicity to the TZM-bl cells, hence the absence
of CCsy values for these compounds.

CCs, of Ag (I)DT and Cu (I)DT
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Figure 10. Half-maximal cytotoxic concentration of silver(I) and copper (II) dithiocarbamate com-
plexes in 80% confluent TZM-bl cells. The chemical compounds were used at a starting concentration
of 11 pg/mL in both MTT and neutral red (NR) uptake assays.

3.4. Pseudovirus Neutralization Assay

The neutralizing ability of inorganic dithiocarbamate complexes of silver(I), bis-
muth(Ill), copper(Il), indium(Ill), and antimony(Ill) was determined against different
subtypes of HIV-1 pseudoviruses (CAP210, ZM53, Q168, and QHO.168) in TZM-bl cells.
The gp120 mAb was used as a positive control. A six-point, threefold dilution of the
compounds was tested, and the neutralization efficiency of the compounds is shown in
Figure 11. Of the five test compounds, two (In(III) and Sb(IlI)) showed no inhibitory ef-
fect against the three different subtypes of HIV-1 that were tested, which suggests that
the two complexes have no antiviral effect against HIV-1. Bi(IlI)DT showed a negligible
15.2% neutralization against the CAP210 HIV-1 subtype C pseudovirus at the highest
concentration (11 pg/mkL). Of note, Bi(Il)DT is a crystalline diamagnetic metal with an
established antibacterial effect against a wide range of bacteria [49]. Although the antiviral
properties of bismuth and its complexes have not been completely proven, some publi-
cations have shown that bismuth complexes can be used as therapeutic agents against
SARS-CoV-2 [50,51].

Both Ag(I)DT and Cu(Il)DT showed neutralization effects against all the tested HIV-1
subtypes. Their inhibition rates at a concentration of 1.23 ug/mL (the highest concentration
where the compounds were non-toxic) were 43% and 94%, respectively, for CAP210; 31%
and 54% for ZM53; 13% and 45% for Q168; and 19% and 63% for QHO.168.

The inhibitory effect of gp120 mADb increased with increasing antibody concentration
for all the pseudoviruses tested. At the highest concentration of 100 ng/mL, the antibody
showed a neutralization effect of 72% for CAP210, 97% for ZM53, 56% for Q168, and 70%
for QHO.168, like previous reports [52,53]. The ICs5q of In(III)DT, Sb(III)DT, and Bi(II[)DT
could not be reached even at the highest concentration of the complexes. The ICs( values of
Cu(II)DT against CAP210, ZM53, and QHO.168 were observed as 0.73 ug/mL, 0.93 pug/mL,
and 1.06 pg/mL, respectively. The ICsy values of HIV-1 gp120 mAb against CAP210,
ZM53, Q168, and QHO.168 were 18.7 ng/mlL, 25.2 ug/mlL, 94.73 ug/mL, and 79.89 pug/mL,
respectively (Table 1, Figure 12).
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Thus, Cu(II)DT exhibited a strong inhibitory effect against CAP210, followed by ZM53
and QHO.168. This finding further corroborates previous studies reporting that copper
(and its alloys) may be used as an antiviral agent [54,55]. Hence, complexes containing this
metal might display similar antiviral potential.
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Figure 11. Neutralization assay plot showing the percentage inhibition of different subtypes of
HIV-1 Env pseudoviruses with dithiocarbamate complexes of silver(I), bismuth(III), copper(II),
indium(III), antimony(III), and gp120 mAb (control) as viral inhibitors. The x axis represents inhibitor
concentration in pug/mL, and the y axis represents percent neutralization. The assay was performed
in triplicate. Error bars indicate the mean standard deviations.

Table 1. Neutralization efficiency of Cu(I)DT and gp120 mAb against different subtypes of HIV-1
envelope pseudoviruses.

. Accession CCsg
Compound  Pseudovirus Clade Number ICsp (ng/mL) (ug/mL)
ZM53 C AY423984 0.93 3.44
CAP210 C DQ435683 0.73 3.44
Cu (DT Q168 A AF407148 1.31 3.44
QHO.168 B AY835439 1.06 3.44
ZM53 C AY423984 25.2 ND
Anti-HIV-1 CAP210 C DQ435683 18.7 ND
gp120 mAb Q168 A AF407148 94.73 ND
QHO.168 B AY835439 79.89 ND

ND—value not determined.
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Figure 12. The half-maximal inhibitory concentration (ICsg) of the dithiocarbamate complexes of
silver(I) and copper(Il) that neutralizes HIV-1 subtypes A, B, and C Env pseudoviruses. A one-way
ANOVA test was used to evaluate the statistical differences between the ICs) of the compounds.
3+ p < 0.0001; ns means no statistical difference.

4. Conclusions

In this study, N-methyl-N-phenyl dithiocarbamate complexes of silver(l), bismuth(III),
copper(Il), indium(Ill), and antimony(Ill) were synthesized and characterized, and their
antiviral properties were determined against HIV-1 in vitro. The findings revealed that the
copper(ll)-bis (N-methyl-N-phenyl dithiocarbamate) complex can be explored for use as a
suitable entry inhibitor for HIV. Moreover, the compound could be improved to further
enhance its antiviral properties before use as an alternative treatment regimen for HIV. The
inhibitory action of the copper dithiocarbamate complex was more pronounced (over 90%
inhibition) against HIV-1 subtype C (CAP 210) while it showed less inhibition (>50%) of
HIV-1 subtype A (Q168) at a non-toxic concentration of 1.23 pg/mL. Thus, the complex
warrants further study on its long-term effects on cells in vitro and in vivo. Moreover,
the mechanism of action of these dithiocarbamate complexes against HIV needs to be
investigated further.
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