
Vol.:(0123456789)1 3

Amino Acids (2018) 50:1131–1143 
https://doi.org/10.1007/s00726-018-2590-y

ORIGINAL ARTICLE

Tailoring acyclovir prodrugs with enhanced antiviral activity: rational 
design, synthesis, human plasma stability and in vitro evaluation

Radoslav L. Chayrov1 · Evgenios K. Stylos5,6 · Maria V. Chatziathanasiadou5 · Kiril N. Chuchkov1 · 
Aleksandra I. Tencheva1 · Androniki D. Kostagianni5 · Tsenka S. Milkova1 · Assia L. Angelova2,3 · Angel S. Galabov3 · 
Stoyan A. Shishkov4 · Daniel G. Todorov4 · Andreas G. Tzakos5 · Ivanka G. Stankova1

Received: 5 March 2018 / Accepted: 12 May 2018 / Published online: 19 May 2018 
© Springer-Verlag GmbH Austria, part of Springer Nature 2018

Abstract
Bile acid prodrugs have served as a viable strategy for refining the pharmaceutical profile of parent drugs through utilizing 
bile acid transporters. A series of three ester prodrugs of the antiherpetic drug acyclovir (ACV) with the bile acids cholic, 
chenodeoxycholic and deoxycholic were synthesized and evaluated along with valacyclovir for their in vitro antiviral activ-
ity against herpes simplex viruses type 1 and type 2 (HSV-1, HSV-2). The in vitro antiviral activity of the three bile acid 
prodrugs was also evaluated against Epstein–Barr virus (EBV). Plasma stability assays, utilizing ultra-high performance 
liquid chromatography coupled with tandem mass spectrometry, in vitro cytotoxicity and inhibitory experiments were con-
ducted in order to establish the biological profile of ACV prodrugs. The antiviral assays demonstrated that ACV-cholate 
had slightly better antiviral activity than ACV against HSV-1, while it presented an eight-fold higher activity with respect to 
ACV against HSV-2. ACV-chenodeoxycholate presented a six-fold higher antiviral activity against HSV-2 with respect to 
ACV. Concerning EBV, the highest antiviral effect was demonstrated by ACV-chenodeoxycholate. Human plasma stability 
assays revealed that ACV-deoxycholate was more stable than the other two prodrugs. These results suggest that decorating 
the core structure of ACV with bile acids could deliver prodrugs with amplified antiviral activity.
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Abbreviations
ACV  Acyclovir
HSV-1  Herpes simplex virus type 1
HSV-2  Herpes simplex virus type 2
EBV  Epstein–Barr virus
LC–MS/MS  Liquid chromatography–tandem mass 

spectrometry
RT  Retention time
ΜRΜ  Multiple reaction monitoring
MTC  Maximum tolerable concentration
MIC  Minimum inhibitory concentration

Introduction

Acyclovir (ACV) is a potent agent used in the treatment of 
infections caused by herpes viruses such as Herpes simplex 
1 and 2, Varicella-zoster virus, Herpesvirus type 6 and 7, 
EBV etc. (Kimberlin and Whitley 2007). Despite its potency, 
the very low aqueous solubility (< 1.3 mg/mL) and the poor 
oral bioavailability have hampered the exploitation of its 
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full therapeutic window (de Miranda and Blum 1983; de 
Miranda et al. 1981, 1982; Bruni et al. 2013; Bras et al. 
2001). ACV’s poor solubility, low gastrointestinal absorp-
tion and poor membrane permeability have been linked 
with its severe side effects after administering it at higher 
doses in humans, such as nausea, vomiting, diarrhea, loss 
of appetite, stomach pain etc. (de Miranda and Blum 1983; 
Klysik et al. 2018; Johnston et al. 2012). Furthermore, it 
has been reported that the oral bioavailability is highly vari-
able among species ranging from 75.3 ± 1.3% in dogs to 
3.7 ± 0.5% in rhesus monkey (de Miranda and Blum 1983; 
de Miranda et al. 1981, 1982). In humans ACV oral bioavail-
ability is limited to only 20% due to its reduced intestinal 
permeability, thus for an effective treatment, 200 mg doses 
are required five times daily (de Miranda and Blum 1983; 
Kimberlin and Whitley 2007).

Therefore, several strategies including formulation and 
“prodrug” approaches have been developed as viable alter-
natives to enhance the delivery of ACV (Beauchamp et al. 
1992; Park et al. 1992; Colla et al. 1983; Bando et al. 1994; 
Shao et al. 1994; Karaman et al. 2012; Santos et al. 2009). 
The active nutrient transport systems have become a promis-
ing target for prodrug design due to recent advances in the 
identification and cloning of cDNAs for individual carriers 
(Yang et al. 2001). Along these lines, it has been recently 
reported that oral administration of amino acid ester prod-
rugs of ACV increases its urinary excretion in rats without 
prodrug detection, indicating that these esters are subjected 
to extensive in vivo hydrolysis (Burnette and de Miranda 
1994; Beauchamp et al. 1992; Beauchamp and Krenitsky 
1993; Katragadda et al. 2008).

A successful prodrug approach has been described for 
valacyclovir, succeeding to enhance the oral bioavailability 
of the parent ACV to 54% (Soul-Lawton et al. 1995; Han 
et al. 1998; Bomgaars et al. 2008; Antman and Gudmunds-
son 2007). Valacyclovir is an l-valine ester prodrug of ACV 
targeting hPepT1 peptide transporters present in the intestine 
(Han et al. 1998; Guo et al. 1999). Also the oral administra-
tion of l-valine-ACV produced the greatest increase in uri-
nary excretion of ACV (~ 63%) among the examined amino 
acid ester prodrugs of ACV (Soul-Lawton et al. 1995; Han 
et al. 1998).

Bile acids belong to another type of scaffolds that have 
been utilized in prodrug formulations by enhancing the 
absorption of the molecules that are conjugated to, via spe-
cific transporting routes. Specifically, bile acids, are steroid 
carboxylic acids derived from the catabolism of cholesterol, 
which facilitates the digestion and absorption of lipids and 
lipid-soluble vitamins and they are transferred by both active 
and passive transport processes during enterohepatic cir-
culation (St-Pierre et al. 2001; Hofmann 1988; Carey and 
Cahalane 1988; Turley and Dietschy 1988; Petzinger 1994; 
Stedronsky 1994; Enhsen et al. 1998; Staels and Fonseca 

2009; Chiang 2009). These transport processes occur 
through  Na+-dependent transporters that mediate the com-
pound uptake from the portal circulation into hepatocytes 
as also the compound reabsorption from the intestine and 
biliary epithelium and an ATP-dependent transporter that 
pumps bile acids into bile. In addition to these classes of 
transporters,  Na+-independent organic anion carriers with 
broad multi-substrate specificities have been also identi-
fied (St-Pierre et al. 2001). Bile acids intestinal absorption 
involves the  Na+/K+-ATPase and the human apical sodium-
dependent bile acid transporter (hASBT) (Lack 1979; Love 
and Dawson 1998; Balakrishnan and Polli 2006; Duane 
et al. 2007). Several reports have appeared in an effort to 
take advantage of the organotropism of bile acids for phar-
maceutical applications targeting primarily the bile acid 
transporters (Enhsen et al. 1998; Kramer and Wess 1996; 
Kramer and Glombik 2006; Stojančević et al. 2013; Elnag-
gar 2015). hASBT has been utilized as a prodrug target for 
enhancing the oral bioavailability and intestinal permeation 
of compounds with low intrinsic intestinal permeability. Bile 
acid transporters are a promising route for refining oral drug 
absorption through conjugating a drug to a bile acid, form-
ing a prodrug. This prodrug approach has been successfully 
exploited with various compounds (Kagedahl et al. 1997; 
Kramer et al. 1992, 1997; Kim et al. 1993; Swaan et al. 
1997a; Rais et al. 2011; Zhang et al. 2016; Sievanen 2007).

Formerly a successful example has been established dem-
onstrating the potency of the bile acid prodrug strategy in 
improving the oral bioavailability of the intestinal perme-
ability-limited compounds by the group of J. Polli (Tolle-
Sander et al. 2004). In this work, ACV was conjugated to a 
bile acid via a valine linker and it was revealed that this ACV 
prodrug, upon utilizing the human apical sodium-dependent 
bile acid transporter, enhanced the oral bioavailability of 
ACV in rats by two-fold (Tolle-Sander et al. 2004).

Additionally, herpes simplex virus (HSV) strains are 
responsible for several health complications, with hepatitis 
being one of the most severe (Berger and Houff 2008; Pyles 
2001; Arkin et al. 2009). Herpes infection of the liver can 
lead to liver failure (ALF), liver transplantation (LT) and 
even death in untreated cases (Norvell et al. 2007; Chaud-
hary et al. 2017). ACV has not demonstrated any promis-
ing results in the treatment of these diseases, due to its low 
cellular permeability and poor penetration in the liver cells 
(Longerich et al. 2005; Chaudhary et al. 2017). Furthermore, 
ACV’s side effects and nephrotoxicity, render the targeted 
delivery of acyclovir to the liver as a matter of great impor-
tance (Gupta et al. 2013). It has been shown that conjugates 
with bile acids have the ability to target the liver in a way 
that mimics the hepatic uptake of native bile acids (Viv-
ian and Polli 2014). Moreover, the use of bile acid prod-
rugs could potentially substitute the established treatment 
with valacyclovir since it has been shown that hPEPT1 is 
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primarily expressed in the small intestine and to a lesser 
degree in the liver cells (Bockman et al. 1997; Thamotharan 
et al. 1997; Liang et al. 1995; Wang et al. 2017).

Along these lines, the objective of the present study is 
to synthesize bile acid prodrugs of ACV and evaluate their 
potency in vitro against HSV-1, HSV-2 and EBV. We aimed 
to enhance the pharmaceutical profile of ACV following the 
bile acid prodrug strategy taking advantage of the estab-
lished oral bioavailability of such prodrugs through using 
the human apical sodium-dependent bile acid transporter 
(Tolle-Sander et al. 2004). For this purpose, three bile acids 
(cholic, deoxycholic, chenodeoxycolic) were utilized for the 
synthesis of ACV prodrugs. The intrinsic amphiphilic char-
acter of bile acids, its rigid steroidal backbone along with the 
hydroxyl groups on the steroid ring which can be functional-
ized in various ways, enantiomeric purity and low cost make 
them ideal building blocks for conjugation to ACV (Davis 
1993; Li and Dias 1997; Wallimann et al. 1997; Tamminen 
and Kolehmainen 2001; Virtanen and Kolehmainen 2004; 
Mukhopadhyay and Maitra 2004).

The three synthesized bile acid ACV prodrugs were eval-
uated for their biological efficiency against HSV-1, HSV-2 
and EBV as also for their cytotoxic effect on normal cells. 
Also evaluation of the stability of the synthesized conju-
gates in human plasma was performed through establishing 
UHPLC–MS/MS assays.

Materials and methods

Chemicals and reagents

ACV (≥ 99% purity), valacyclovir hydrochloride (≥ 98% 
purity) and bile acids (cholic, deoxycholic, chenodeoxy-
cholic) were purchased from Sigma-Aldrich. 4-Dimethyl-
aminopyridine (DMAP) and N,N′-dicyclohexylcarbodiimide 
(DCC) were purchased from Merck. Formic acid (98%, 
LC–MS grade) and dimethylformamide (DMF) were 
obtained from Fluka. Acetonitrile, methanol, deionized 
water, LC–MS grade all, were purchased from Fisher Sci-
entific. DMSO (LC–MS grade) was purchased from Thermo 
Scientific. Membrane filters with 0.2 μm pore size and 
47 mm diameter were purchased from Phenomenex. High 
purity argon was used as collision gas. TLC analysis was 
performed on aluminum silica gel 60 F254 plates (Merck) 
and detection was performed using an UV lamp at 254 nm. 
Drug-free human plasma from healthy donors for the stabil-
ity studies, was a kind offer from Blood Donation Center of 
the University Hospital of Ioannina.

General synthetic procedure for preparation of ACV 
prodrugs

A mixture of bile acids (0.480 g, 2 mmol) and DCC (0.191 g, 
2 mmol) in DMF was stirred for 1 h at 0 °C under nitrogen 
atmosphere (Fig. 1). A solution of ACV (0.225 g, 1 mmol) 
and DMAP (0.244 g, 2 mmol) in DMF was added to the 
reaction mixture and stirred for 24 h. Then DMF was evapo-
rated in vacuo, and the residue was purified on silica gel 

Fig. 1  Chemical structures of bile acids and ACV
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chromatography, using gradient of MeOH/CH2Cl2 (1:4). 
For the identification of the three analogues NMR and mass 
spectrometry were applied. The 1H, 13C NMR spectra were 
obtained on a Bruker Avance DRX-500 spectrometer, oper-
ating at 500.13 MHz. The ESI mass spectra were obtained 
on Bruker EVOQ Elite ER TQ. The IR spectra were obtained 
on a Thermo Scientific Nicolet iS10 FT-IR.

LC–MS/MS assays

Liquid chromatography conditions

Reversed phase liquid chromatography assay was performed 
using a Bruker Advance Ultra High Performance Liquid 
Chromatography (UHPLC) system (Bruker, Germany). Τhe 
separation of ACV esters and valacyclovir was performed 
on a Kinetex C18 column 100 mm × 2.1 mm, 2.6 um, with 
proguard column 2.1 mm (Phenomenex). Column temper-
ature was maintained stable at 40 °C. The mobile phases 
were composed of deionized water with formic acid 0.1% 
(A) and acetonitrile with formic acid 0.1% (B). For gradient 
elution of the three bile acid esters the following profile, at 
constant flow rate of 200 uL/min, was used: initial phase 
(B) concentration 20%, increased to 100% within 2.0 min, 
then kept constant for 2 min and reduced to 20% till the end 
of the run at 5 min. For the separation of valacyclovir, the 
following gradient at constant flow rate of 200 uL/min was 
used: initial phase (B) concentration 5%, increased to 70% 
within 2.0 min, then kept constant for 2 min and reduced 
to 5% till the end of the run at 5 min. The injection volume 
was set at 5 uL while the temperature in auto-sampler was 
maintained at 25 °C.

Mass spectrometric conditions

For the ionization and detection of the four prodrugs, EVOQ 
Elite ER (Bruker) triple quadrupole mass spectrometer was 
operated in positive ionization electrospray mode (ESI+) in 
multiple reaction monitoring (MRM). Using MRM builder, 
a feature of MS workstation software of Bruker, the optimal 
MRM transitions selected for monitoring the four analogues 
were m/z 616 → 562.3 and 616 → 152.1 for ACV-cholate, 
600 → 564.2 and 600 → 582.2 for ACV-deoxycholate, 
600 → 582.3 and 600 → 564.3 for ACV-chenodeoxycholate 
and 325.1 → 152.2 and 325.1 → 146.3 for valacyclovir. Opti-
mum ESI conditions were determined as follows: spray volt-
age 4500 V; heated probe gas flow, 50 units; heated probe 
temperature 350 °C; cone gas flow, 20 units; cone tempera-
ture, 350 °C; nebulizer gas flow, 50 units. Total control of 
LC and MS as also data acquisition were performed with 
MSWS software, version 8.2.1, provided by Bruker.

Human plasma stability of ACV esters and valacyclovir

The stock solutions of 1 mg/mL for each compound were 
prepared by dissolving the appropriate amounts in DMSO. 
The final working solutions of 60 uM where prepared by 
further dilution of the stock solutions with methanol. Plasma 
samples were prepared by incubating 10 uL of each analogue 
separately, with 90 uL human plasma (pH adjusted to 7.4) 
for 0, 1, 2, 3, 5, 7, 14, 18 h at 37 °C. In order to quench the 
reactions, 500 uL of cold-ice acetonitrile were added to each 
sample, giving a final concentration of 1 uM for each ana-
lyte. The samples were then vortex-mixed and centrifuged 
at 10,000g for 5 min. The supernatant was taken, filtered 
and transferred to vials for UHPLC-MS/MS analysis. Each 
sample was studied at triplicates and the plot of the percent-
age of the parent compound remaining in every time point 
in comparison to 0 time against time was designed for the 
four compounds.

Assays for the antiviral activity of the synthesized 
esters of ACV and valacyclovir against HSV‑1 
and HSV‑2

Viruses and cells

The two laboratory strains, Da (HSV-1) and Bja (HSV-
2), were kindly provided by Prof. S. Dundarov (National 
Center of Infectious and Parasitic Diseases, NCIPD, Bul-
garia). Madin–Darby bovine kidney (MDBK) cells were 
cultured at 37 °C as monolayers in RPMI-1640 medium 
(Flow Laboratories, USA), supplemented with antibiotics 
(penicillin: 100 IU/mL, streptomycin: 100 ug/mL) and 10% 
bovine serum (NCIPD, Bulgaria). Serum concentration was 
reduced to 5% in order to examine the growth of the viruses 
and to identify the cytotoxicity of the synthesized esters and 
valacyclovir.

Cytotoxicity assay—determination of the maximum 
tolerable concentration (MTC)

In order to determine and compare the maximum tolerable 
(nontoxic) concentration (MTC) values of compounds to 
that of ACV, uninfected confluent cell monolayers were 
covered with media that contained different concentrations 
of the tested compounds (1.6–162.3 uM for ACV-cholate 
and 1.7–166.7 uM for ACV-deoxycholate and ACV-cheno-
deoxycholate) or ACV (4.4–88.8 uM) and cultured at 37 °C 
for 96 h. Samples of cells that grew in prodrug-free medium 
served as control. The maximum nontoxic concentration, 
which did not alter neither the morphology nor the viability 
of the cells, was established as MTC.
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Antiviral assay

Experiments were performed under multicycle growth con-
ditions. Confluent cell monolayers were washed and infected 
with 320 cell culture infectious doses  (CCID50) per 0.1 mL 
of the appropriate virus strain (Da and Bja). After 1 h, cells 
were covered with maintenance media that included the four 
prodrugs (synthesized esters and valacyclovir) of ACV in 
the tested concentrations (1.6–162.3 uM for ACV-cholate, 
1.7–166.7 uM for ACV-deoxycholate and ACV-chenodeox-
ycholate and 3.1–61.7 uM for valacyclovir). The effect on 
viral replication was determined after 48 h (for strains Da 
and Bja) culturing at 37 °C by reduction of infectious virus 
titres as compared to that of untreated viral control. The 50% 
inhibitory concentration  (IC50) for virus-induced cytopathic 
effect (CPE) for each compound, including ACV, was deter-
mined by a dose–response curve charted out by the obtained 
data. To calculate the standard deviation of  IC50 for every 
compound, each experiment was conducted in triplicate for 
HSV-1 (strain Da) and duplicate for HSV-2 (strain Bja).

Assay for the antiviral activity of the synthesized 
esters of ACV against EBV

Cells and compounds

For the evaluation of the three synthesized prodrugs of 
ACV against EBV, B95-8 cells (cotton-top tamarin monkey 
B-lymphoblastoid cell line, ATCC) were exposed to EBV 
infection. The resulting continuous cell line harbors the 
EBV genome in a latent state. However, infectious EBV is 
released in the culture supernatant, due to the fact that 5–8% 
of the cells spontaneously enter the lytic cycle of virus repli-
cation (Miller and Lipman 1973). Cells were maintained in 
RPMI 1640 medium (Sigma) supplemented with 10% fetal 
bovine serum (Sigma) and antibiotics (penicillin: 100 IU/
mL, streptomycin: 100 ug/mL). All tested compounds were 
dissolved in DMF to a 3.3 mM concentration for ACV-deox-
ycholate and ACV-chenodeoxycholate and 3.2 mM for ACV-
cholate while ACV was dissolved in DMSO to a 22.2 mM 
stock concentration. Stock solutions were further diluted in 
RPMI medium to reach the final concentrations required: 
166.7, 66.7, 33.3, 16.7, 8.3, 1.7 uM for ACV-deoxycholate 
and ACV-chenodeoxycholate, 162.3, 64.9, 32.5, 16.2, 8.1, 
1.6 uM for ACV-cholate and 44.4, 22.2, 8.9, 4.4 uM for 
ACV.

Cytotoxicity assay

Cells were seeded in 96-well plates (Nunc) at 2  ×  103 
cells per well. At 24  h post seeding, the conjugates 
were added to the medium to a final concentration rang-
ing from 1.7 to 166.7  uM for ACV-deoxycholate and 

ACV-chenodeoxycholate, 1.6 to 162.3 uM for ACV-cholate 
and 4.4 to 44.4 uM for ACV. Mock-treated cells were used 
as controls. Cells cultured in the presence of DMF or DMSO 
were used to control solvent toxicity. The compound-related 
cellular toxicity was determined by using the CellTiter  96® 
AQueous One Solution Cell Proliferation Assay (Promega). 
The maximum (nontoxic) concentration that did not induce 
neither overt alteration on the cellular morphology nor cel-
lular death, was established as MTC.

Antiviral activity assay

Cells were seeded in 10-cm dishes (Nunc) at  105 cells per 
dish. 24 h after seeding, cells were treated by adding the 
respective concentrations of conjugates (1.7–166.7 uM 
for ACV-deoxycholate and ACV-chenodeoxycholate and 
1.6–162.3 uM for ACV-cholate) and ACV (4.4–44.4 uM) to 
the culture medium. Mock-treated cells were used as con-
trols. At 72 h after the treatment, cells were harvested and 
stained against the EBV envelope glycoprotein gp350/220. 
For this purpose, the following antibodies were used: mouse 
monoclonal anti-gp350/220, 1:250 in PBS (ATCC, 7A21 
hybridoma), and goat anti-mouse Cy3-coupled IgG, 1:300 
in PBS (Dianova). Fluorescence was observed using a Leica 
fluorescent microscope (Leica, Germany) and the percentage 
of gp350/220-positive cells was determined for each experi-
mental condition. The minimum inhibitory concentration 
(MIC) as well as the MTC/MIC ratio was determined for 
each compound.

Results and discussion

Design and synthesis of ACV prodrugs

Formerly it was established that bile acid prodrugs of acy-
clovir conjugated by a valine linker presented a two-fold 
enhancement on acyclovir oral bioavailability by utilizing 
the human apical sodium-dependent bile acid transporter 
(hASBT) (Tolle-Sander et  al. 2004). A hydrogen bond 
acceptor at C-24 as also a steroid nucleus have been identi-
fied as required structural determinants for hASBT recog-
nition (Swaan et al. 1997b). To conform to these structural 
prerequisites and also to enable the formation of metaboli-
cally labile ester functioning as a hydrogen bond acceptor 
to retain recognition for hASBT we conjugated different 
bile acids, via their C24 carboxylic acid, to acyclovir alco-
hol through ester bonds. The structures of the new ACV 
prodrugs with the bile acids (cholic, deoxycholic, chenode-
oxycholic) were confirmed by 1H NMR, 13C NMR, IR and 
ESI–MS spectrometry (Fig. 2). The three synthesized ACV 
prodrugs were identified through the NMR spectra which 
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consisted of peaks derived both from the bile acid scaffold 
and the ACV part as listed below.

ACV-cholate (500 MHz NMR, DMSO-d6, 25  °C): δ 
0.69 (3H, s, H-18), 0.86 (3H, s, H-19), 1.01 (3H, s, H-21), 
2.53 (4H, d, J = 3.5  Hz, CH2), 3.23 (1H, m, 3α-OH), 
3.42 (1H, s, 7α-OH), 4.01 (1H, s, 12α-OH); 4.21 (m, 2H, 
 CH2OC(O), ACV), 5.01 (s, 2H, N–CH2–O, ACV), 6.43 (s, 
2H, 2-NH2, ACV), 7.13 (s, 1H, H-8, ACV), 10.78 (s, 1H, 
ACV-NH); 13C-NMR (500 MHz, DMSO-d6, 25 °C) (35.25 

–CH2), (31.0 –CH2), (71.4–CH), (39.9 –CH2), (41.9 –C), 
(35.7 –CH2), (70.8 –CH), (41.7 –CH), (26.6 –CH), (34.8 
–C), (27.6 –CH2), (72 –CH), (46.2 –C), (39.85 –CH), (23.1 
–CH2), (28.9 –CH2), (46.4 –CH), (12.7 –CH3), (22.9 –CH3), 
(35.25 –CH), (17.3 –CH3), (30.9 –CH2), (30.8 –CH2), (62.9 
–C Acycl), (67.0 –C Acycl), (116.9 –C Acycl), (137.9 –C 
Acycl), (151.8 –C Acycl), (154.3 –C Acycl), (157.1 –C 
Acycl), (173.6 –C); IR, functional groups: OH (3334 cm−1), 
C–H (2931  cm−1), C–H (2866  cm−1), ester group 

Fig. 2  Ester prodrugs of ACV with bile acids (ACV-cholate, ACV-deoxycholate, ACV-chenodeoxycholate) and valacyclovir
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(1688 cm−1),  NH2 (1628 cm−1), C–H (1487 cm−1), C–H 
(1447 cm−1), Ether C–O (1308 cm−1), N–H (1221 cm−1); 
ESI MS: [M+H]+ was found 616, calculated 615.78; 
yield = 0.117 g (19%, white powder).

ACV-deoxycholate (500 MHz NMR, DMSO-d6, 25 °C): 
δ 0.61 (3H, s, H-18), 0.87 (3H, s, H-19), 1.01 (3H, s, H-21), 
2.83–2.85 (4H, d,  CH2), 3.57 (1H, m, 3α-OH), 4.02 (1H, 
s, 12α-OH), 4.02 [m, 2H,  CH2OC(O), ACV], 5.24 (s, 
2H, N–CH2–O, ACV), 6.34 (s, 2H, 2-NH2, ACV), 7.19 
(s, 1H, H-8, ACV), 10.91 (s, 1H, ACV-NH); 13C-NMR 
(500 MHz, DMSO-d6, 25 °C) (36.5 –CH2), (31.2 –CH2), 
(72.6 –CH), (37.1 –CH2), (43.4 –C), (35.7 –CH2), (69.1 
–CH), (40.1 –CH), (34.0 –CH), (36.1 –C), (21.8 –CH2), 
(41.0 –CH), (43.6 –C), (51.3 –CH), (24.5 –CH2), (29.1 
–CH2), (57.1 –CH), (12.1 –CH3), (24.6 –CH3), (36.6 –CH), 
(18.7 –CH3), (32.4 –CH2), (32.3 –CH2), (62.5 –C Acycl), 
(66.5 –C Acycl), (118.0 –C Acycl), (138.0 –C Acycl), 
(151.2 –C Acycl), (153.9 –C Acycl), (157.1 –C Acycl), 
(173.0 –C); IR, functional groups: OH (3334 cm−1), C–H 
(2920 cm−1), C–H (2861 cm−1), ester group (1694 cm−1), 
 NH2 (1628 cm−1), C–H (1487 cm−1), C–H (1447 cm−1), 
ether C–O (1307  cm−1), N–H (1219  cm−1); ESI MS: 
[M+H]+ was found 600, calculated 599.78; yield = 0.138 g 
(23%, white powder).

ACV-chenodeoxycholate (500 MHz NMR, DMSO-d6, 
25 °C): δ 0.63 (3H, s, H-18), 0.90 (3H, s, H-19), 0.91 (3H, 
s, H-21), 2.83–2.85 (4H, d,  CH2), 3.21 (1H, m, 3α-OH), 
3.65 (1H, s, 7α-OH), 3.82 (t, 2H,  CH2O, ACV), 4.28 [m, 
2H,  CH2OC(O), ACV], 5.16 (s, 2H, N–CH2–O, ACV), 6.73 
(s, 2H, 2–123  NH2, ACV), 7.97 (s, 1H, H-8, ACV), 10.69 
(s, 1H, ACV-NH); 13C-NMR (500 MHz, DMSO-d6, 25 °C) 
(36.3 –CH2), (30.8 –CH2), (72.4 –CH), (36.9 –CH2), (43.6 
–C), (28.7 –CH2), (27.8 –CH), (37.1 –CH), (34.6 –CH), 
(35.1 –C), (29.8 –CH2), (74.0 –CH), (44.2 –C), (49.0 –CH), 
(24.7 –CH2), (28.1 –CH2), (48.1 –CH), (13.1 –CH3), (23.6 
–CH3), (36.25 –CH), (17.5 –CH3), (32.9 –CH2), (32.0 
–CH2), (61.9 –C Acycl), (67.0 –C Acycl), (117.7 –C Acycl), 
(139.1 –C Acycl), (150.8 –C Acycl), (154.4 –C Acycl), 
(156.9 –C Acycl), (173.2 –C); IR, functional groups: OH 
(3327 cm−1), C–H (2927 cm−1), C–H (2865 cm−1), ester 
group (1689 cm−1),  NH2 (1628 cm−1), C–H (1487 cm−1), 
C–H (1447  cm−1), ether C–O (1308  cm−1), N–H 
(1221 cm−1); ESI MS: [M+H]+ was found 600, calculated 
599.78; yield = 0.162 g (27%, white powder).

The severe overlapping of the signals from the bile acids 
leads to complicated patterns in the COSY spectrum. Much 
more useful was the one-bond hetero-correlation HSQC 
experiment, allowing easy assignment of proton chemical 
shifts, along with proton–carbon connectivity. Thus, for 
example, the signals at 72.2, 67.0 and 62.9 were assigned 
to the methylene fragments from the acyclovir and the three 
CH signal between 66 and 71 ppm were assigned to the 
OH-bearing fragments from the cholic acid. Although the 

full assignment of the compounds is far from trivial, the 
edited HSQC experiments is sufficient to confirm the struc-
tures of the compounds, when combined with DEPT135 
experiment as complementary technique for 13C multiplic-
ity determination.

Antiviral activity against HSV‑1 and HSV‑2

Cytotoxicity in vitro in MDBK cells

The synthesized prodrugs and valacyclovir were applied 
in concentration ranging from 1.6 to 32.5 uM for ACV-
cholate, 1.7 to 33.3 uM for ACV-deoxycholate and ACV-
chenodeoxycholate and 3.1 to 61.7 uM for valacyclovir. No 
morphological changes in the cell monolayer were observed 
within these concentration ranges. Due to lack of toxicity for 
the tested compounds at the defined concentration limits, 
MTC was not determined. This lack of toxicity could be 
attributed to the natural components (bile acids, valine) of 
the conjugates.

Inhibitory effect of the prodrugs on the replications 
of HSV‑1 and HSV‑2

The ACV prodrugs were added in concentrations 1.6, 4, 
8.1, 16.2, 32.5 uM for ACV-cholate, 1.7, 4.1, 8.3, 16.6, 
33.3 uM for ACV-deoxycholate and ACV-chenodeoxy-
cholate and 3.1, 7.7, 15.4, 30.8, 61.7 uM for valacyclovir 
in the MDBK cell cultures and exhibited similar or even 
enhanced inhibitory activity with respect to ACV against 
HSV-1 and HSV-2 strains. The experimental data suggested 
dose-depend effects. Valacyclovir presented enhanced anti-
viral properties with respect to the parent compound. The 
synthesized prodrugs significantly inhibited viral replication 
in dose-dependent manner without apparent cytotoxicity, 
presenting markedly similar effect with this of ACV. The 
results from treatment of the MDBK cells, infected with 
HSV-1 and HSV-2 strains, with the prodrugs are illustrated 
in Fig. 3. ACV-deoxycholate did not suppress the replica-
tion of HSV-1 and HSV-2. Against both viruses, most potent 
inhibition between the three synthesized prodrugs was moni-
tored for the ACV-cholate with  IC50 4.7 uM towards HSV-1 
and 6.2 uM towards HSV-2. The results also pinpointed that 
ACV-cholate was approximately eight-fold more potent than 
ACV in the case of HSV-2 and slightly more effective in the 
case of HSV-1. Along the same lines, ACV-chenodeoxycho-
late exhibited approximately six-fold higher potency against 
HSV-2 than ACV presenting an  IC50 8 uM with respect to 
46.6 uM of ACV. The viral replication of both HSV-1 and 
HSV-2 after addition of 33.3 uM ACV-chenodeoxycholate 
and 32.5 uM ACV-cholate was completely suppressed.
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Antiviral activity against EBV

Maximum tolerable concentration

ACV-deoxycholate and ACV-chenodeoxycholate were 
not toxic for B95-8 cells in the whole concentration range 
tested (1.7–166.7 uM). ACV-cholate demonstrated strong 
toxicity when it was applied at 64.9 and 162.3 uM. On the 
other hand, ACV suppressed B95-8 cell proliferation at the 
concentration of 44.4 uM. The MTC values were therefore 
determined as follows in Table 1.

Suppression of EBV lytic replication in B95‑8 cells

The ability of the synthesized esters of ACV to suppress 
the spontaneous infectious EBV release from the infected 
B95-8 cells was determined through fluorescence micros-
copy. The percentage of envelope glycoprotein gp350/220-
positive cells was compared between treated and non-treated 
cultures. As shown in Table 2, the three tested compounds 
inhibited the lytic EBV replication when applied in the con-
centration range of 33.3–166.7 uM for ACV-chenodeoxy-
cholate, 66.7–166.7 uM for ACV-deoxycholate and 32.5 uM 
for ACV-cholate. On the other hand, ACV was active for 
a concentration rage of 8.9–44.4 uM. The calculated MIC 

values indicated that ACV-cholate and ACV-chenodeoxy-
cholate had the best MIC values among the analogues.

The MTC/MIC ratio was also determined, with high val-
ues indicating low toxicity and strong antiviral activity. Tak-
ing into consideration the above results and under the experi-
mental conditions described, ACV-chenodeoxycholate was 
found to be the most promising anti-EBV candidate since it 
demonstrated the best toxicity versus activity index among 
the prodrugs evaluated and is as effective in suppressing lytic 
EBV replication as ACV (Fig. 4).

Evaluation of human plasma stability of ACV 
prodrugs

Having determined the efficacy of the different prodrugs 
we then evaluated their human plasma stability. For this, 
we established novel UHPLC-MS/MS protocols to monitor 
the stability of the ACV prodrugs, as also to quantify their 
concentration in human plasma in a time dependent manner.

Several chromatography tests were conducted to maxi-
mize resolution for sharper peak shapes and shorter run 
times. These tests included various ratios of mobile phases, 
addition of salts (ammonium formate, ammonium acetate) 
in the aqueous phase and/or acids (formic, acetic). The pres-
ence of 0.1% formic acid in phase A and B improved peak 
shapes and increased the signal for all analogues. The total 
run time was 5 min and the elution time for ACV-cholate 
was 2.5 min for ACV-deoxycholate and ACV-chenodeoxy-
cholate 2.8 min while for valacyclovir 2.3 min.

Tandem mass spectrometry was used for the detection 
and quantification of the targeted conjugates in positive 
electrospray ionization since the precursor > product tran-
sition for all analogues was optimum in this mode. Utiliz-
ing MRM builder, a feature of MSWS software of mass 

Fig. 3  Effects of ACV prodrugs on the replication of a HSV-1 and b HSV-2

Table 1  Maximum tolerable concentration (MTC) of ACV prodrugs

ACV prodrugs MTC (uM)

ACV-cholate 32.5
ACV-deoxycholate 166.7
ACV-chenodeoxycholate 166.7
ACV 44.4
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spectrometer, during direct infusion in mass spectrom-
eter, the most abundant transitions in terms of sensitivity 
were found to be: m/z 616 → 562.3 and 616 → 152.1 for 
ACV-cholate, 600 → 564.2 and 600 → 582.2 for ACV-
deoxycholate, 600 → 582.3 and 600 → 564.3 for ACV-
chenodeoxycholate and 325.1 → 152.2 and 325.1 → 146.3 

for valacyclovir. Along with chromatography tests, several 
trials with different ESI parameters like nebulizer, spray 
voltage and heated probe temperature were optimized in 
order to obtain a consistent and reliable response for all 
analytes.

The degradation rate of the four analogues, after incu-
bation in human plasma for 0, 1, 2, 3, 5, 7, 14 and 18 h is 
presented in Fig. 5. It is notable that after 18 h of plasma 
incubation, all analogues were completely eliminated from 
plasma esterases activity. Valacyclovir presented the highest 
stability profile among the four prodrugs. ACV-chenode-
oxycholate demonstrated the fastest degradation rate while 
ACV-deoxycholate presented the slowest rate in compari-
son to the three synthesized prodrugs of ACV. Despite the 
limited monitored stability of ACV-cholate, this prodrug 
along with ACV-chenodeoxycholate, demonstrated simi-
lar antiviral activity with ACV against HSV-1 and HSV-
2. Same applies for ACV-chenodeoxycholate since this 
analogue exhibited the most promising profile as antivirus 
agent against EBV. This could be attributed to the fact that 
all analogues are prodrugs and their beneficial effects are 

Table 2  Minimum inhibitory 
concentration (MIC) of esters 
and ACV

Compound Percentage of gp350/220-positive cells compared 
to mock-treated controls

MIC (uM)

ACV-cholate (uM)
 32.5 11
 16.2 100 (no effect) 32.5
 8.1 100 (no effect)
 1.6 100 (no effect)

ACV-deoxycholate (uM)
 166.7 0
 66.7 19
 33.3 100 (no effect) 66.7
 16.7 100 (no effect)
 8.3 100 (no effect)
 1.7 100 (no effect)

ACV-chenodeoxycholate (uM)
 166.7 0
 66.7 0
 33.3 33 33.3
 16.7 100 (no effect)
 8.3 100 (no effect)
 1.7 100 (no effect)

ACV (uM)
 44.4 22
 22.2 44 8.9
 8.9 33
 4.4 100 (no effect)

Fig. 4  MTC:MIC ratio of ACV prodrugs and ACV against EBV
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based on the optimum release of the drug, in this case of 
ACV. On the contrary, ACV-deoxycholate demonstrated the 
most stable stability profile, nonetheless, the slow release of 
ACV, potentially rationalize its diminished biological activ-
ity against HSV-1, HSV-2 and EBV.

Conclusions

Three ACV prodrugs with bile acids (cholic, deoxycholic, 
chenodeoxycolic) were synthesized and their antiviral activ-
ity against three human herpesviruses was evaluated. Even 
if, it was revealed that the ACV-cholate prodrug adopted 
similar antiviral activity with ACV against HSV-1, it dem-
onstrated an approximately eight-fold higher activity against 

Fig. 5  Human plasma stability of the ACV prodrugs at concentration 1 uM: a ACV-cholate, b ACV-deoxycholate, c ACV-chenodeoxycholate, d 
valacyclovir and e overlaid graph of the four prodrugs (standard deviation is indicated with error bars)
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HSV-2. Furthermore, an approximately six-fold higher anti-
viral activity for ACV-chenodeoxycholate against HSV-2 
with respect to ACV was observed. The bile acids prodrugs 
were also evaluated against EBV, and ACV-chenodeoxycho-
late presented the highest antiviral effect. To explore the 
stability of the different prodrugs in human plasma UHPLC-
MS/MS assays were established and revealed ACV-deoxy-
cholate to be more stable than the other two bile acid prod-
rugs, potentially corroborating to the monitored diminished 
antiviral activity against HSV-1, HSV-2 and EBV. Thus, 
although the bile acid prodrug strategy has been established 
as a tool to improve the oral bioavailability of intestinal 
permeability-limited compounds, we hereby suggest that it 
can also amplify the antiviral activity of the parent antiviral 
compounds.
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