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a b s t r a c t 

Rotavirus is one of the leading causes of severe acute gastroenteritis in children under 5 years of age, 

mainly affecting developing countries. Once the disease is acquired, no specific treatment is available; 

as such, the development of new drugs for effective antirotaviral treatment is critical. Ursolic acid is a 

pentacyclic triterpenoid with antiviral activity, which has been studied extensively in vitro and in vivo . 

To study the potential antirotaviral activity of ursolic acid, its toxic potential for viral particles (virucidal 

effect) and cultured cells (cytotoxicity) was analysed. No effect on virion infectivity was observed with 

treatments of up to 40 μM ursolic acid, while incipient cytotoxicity started to be evident with 20 μM 

ursolic acid. The antiviral potential of ursolic acid was evaluated in in-vitro rotavirus infections, demon- 

strating that 10 μM ursolic acid inhibits rotavirus replication (observed by a decrease in viral titre and 

the level of the main viral proteins) and affects viral particle maturation (a process associated with the 

endoplasmic reticulum) 15 h post infection. Interestingly, ursolic acid was also found to hamper the early 

stages of the viral replication cycle, as a significant reduction in the number and size of viroplasms, con- 

sistent with a decrease in VP6 and NSP2 viral proteins, was observed 4 h post infection. As such, these 

observations demonstrate that ursolic acid exhibits antiviral activity, suggesting that this chemical could 

be used as a new treatment for rotavirus. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

Rotavirus (RV) remains one of the most significant pathogens

ssociated with childhood diarrhoeal deaths in the vaccine era, and

s estimated to cause approximately 129,0 0 0 diarrhoeal deaths in

nfants worldwide, of which > 90% occur in countries in Africa and

sia [1] . Since 2006, two live oral antiRV vaccines have been pre-

ualified by the World Health Organization (WHO) and are com-

ercially available worldwide: Rotarix and RotaTeq. The incidence

f diarrhoea does not differ substantially between regions, but

ase fatality and mortality rates are much higher in low-income

ountries compared with middle and high-income countries due to

uboptimal performance of vaccination plans [2] . The presence of

aternal antibodies, poor nutrition, environmental enteropathies,

lterations in gut microbiota, micronutrient deficiency and
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xposure to other gut pathogens are some of the reasons af-

ecting the impact of vaccines on child health. In this context,

t is important to explore therapeutic alternatives that could aid

nfected children. 

Ursolic acid (UA) ( Fig. 1 A) is a widespread, natural triterpene

ompound with many pharmaceutical properties. Triterpenes are

omposed of six isoprene units from mevalonic acid, most of them

ith 30 carbon atoms. According to their molecular classification,

riterpenes can be divided into acyclic, monocyclic, bicyclic, tri-

yclic, tetracyclic and pentacyclic triterpenoids (including UA) and

iscellaneous compounds [3] . Tetracyclic and pentacyclic triter-

enoids are the most studied in the field of bioactive compounds

xtracted from medicinal plants and natural materials. In recent

ears, the medicinal values of pentacyclic triterpenoids have been

tudied increasingly because of their anti-inflammatory, antibacte-

ial, antioxidant, antitumour and antiviral effects, amongst others

4] . UA is a pentacyclic triterpene carboxylic acid present as a

ree acid or as an aglycone part of saponins [5] . To date, the most

emarkable application of UA is as an anticancer agent. UA is cur-

ently undergoing phase I trials to evaluate its safety and adverse
rved. 
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Fig. 1. Analysis of the viability of MA104 cells and virucidal effect of ursolic acid (UA). (A) UA chemical structure. (B) MA104 cells were grown in an M6 multi-well plate to 

100% confluence and treated with the vehicle [dimethyl sulfoxide (DMSO)] or 10, 20, 30 or 40 μM UA in Dulbecco ́s modified Eagle medium (DMEM) for 24 h. The cytotoxic 

effect was first evaluated in vitro by direct observation using an inverted light microscope. (C) MA104 cells were grown in an M96 multi-well plate to 100% confluence and 

treated with DMSO, 10 or 20 μM UA in DMEM in the presence of 1 μg/mL trypsin for 8, 12 and 24 h. At each time point, cellular viability was determined by Alamar blue 

assay as described in the text. The bar graphic represents the statistically analysed data out of three independent experiments employing Student’s t -test: ∗P < 0.05, ∗∗P < 0.01 

and ∗∗∗P < 0.001. (D) Trypsin-activated RV SA11 strain virus suspensions were incubated for 1 h at 37 °C with DMSO or 10, 20, 30 or 40 μM UA and after serial dilutions, 

titres were determined by plaque-forming assay as described in the text. The bar graphic represents the statistically analysed data out of three independent experiments 

employing Student’s t -test. PFU, plaque-forming unit. 
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effects in patients with solid tumours. In addition, UA exhibits

antimicrobial features against numerous strains of bacteria, human

immunodeficiency virus [6] , hepatitis C virus [7] and plasmodium

(a protozoa causing malaria). UA has been shown to have positive

effects in vitro and in vivo on glucose and lipid metabolism, body

weight and visceral fat usually altered in metabolic syndrome [8] .

These observations, together with those demonstrating the role

of lipid droplets in RV replication [9] , constituted the authors’

rationale to study UA as an antirotaviral compound. 

UA was found to have antiviral activity at 15 h post infection

(p.i.), while no virucidal effect was observed on the viral particles.

The steps of the viral cycle affected were analysed, and UA was

found to hamper the early stages of the replication cycle as a

significant reduction in the number and size of viroplasms was

observed at 4 h p.i. Taken together, these results constitute the

first platform for further study of UA as an antiviral compound

and its mechanism of action. 

2. Materials and methods 

2.1. Cell culture conditions and viruses 

Epithelial monkey kidney cells (MA104 ATCC CRL-2378.1)

from the Virology Institute [Instituto Nacional de Tecnología

Agropecuaria (INTA), Castelar, Argentina] and NSP5-EGFP MA104

cells provided by Dr Burrone (International Centre for Genetic

Engineering and Biotechnology, Rome, Italy) [10] were grown

in Dulbecco ́s modified Eagle medium (DMEM; Thermo Fisher

Scientific. Waltham, MA, USA) containing 10% fetal bovine serum

(Natocor, Argentina) at 37 °C in 5% CO 2 . 

The SA11 RV strain (VP7 and VP4 genotype G3P5 [2] ) was pro-

vided by the Biotechnology Institute (INTA). For stock production,

RV viruses were activated with 20 μg/mL trypsin (Sigma-Aldrich-

Merck, Argentina) at 37 °C for 30 min prior to the infection of

3-day-old confluent MA104 monolayers at a multiplicity of in-

fection (MOI) of 0.05 plaque-forming units per cell (PFU/cell).

One hour after adsorption at 37 °C, DMEM containing 1 μg/mL
rypsin was added and left until the full cytopathic effect was

bserved. Viruses were purified using 10% polyethylene glycol

Sigma-Aldrich-Merck) and 2.3% ClNa as described previously [11] . 

.2. Drug treatments and antibodies 

UA, dimethyl sulfoxide (DMSO), methyl-ß-cyclodextrin (MßCD)

nd 18-ß-glycyrrhethinic acid (18ß-GRA) were purchased from

igma-Aldrich-Merck, and Brefeldin A (BFA) was purchased from

hermo Fisher Scientific, and used in accordance with the manu-

acturers’ instructions. For Western blot analysis, rabbit anti-SA11

pecific serum was provided by the Biotechnology Institute (INTA),

nd rabbit anti-NSP2 serum was provided by the group of J.M.

odriguez and D. Luque (CNM, ISCIII, Madrid, Spain). Mouse an-

ivinculin and anti- β-actin antibodies and horseradish peroxidase

HRP)-conjugated anti-rabbit and anti-mouse secondary antibodies

ere purchased from Sigma-Aldrich-Merck. For viral titration by

uorescent focus assay, mouse anti-VP6 monoclonal antibody was

urchased from Santa Cruz Biotechnology (Argentina), and goat

nti-mouse secondary antibody conjugated with Alexa Fluor 488

nd Hoechst 33342 was purchased from Molecular Probes (Thermo

isher Scientific). 

.3. Cytotoxicity and viability assays 

MA104 cells were incubated for 24 h with 10, 20, 30 and 40 μM

f UA or DMSO in DMEM. After treatment, the cells were analysed

y direct observation using an inverted microscope (Olympus

KX41). Alamar blue dye reagent (Thermo Fisher Scientific) was

sed to quantify the viability of UA-treated cells. Two concentra-

ions of UA were tested: 10 μM and 20 μM. MA104 cells were

rown in an M96 multi-well plate and treated with UA or DMSO

or 8, 12 and 24 h in the presence of 1 μg/mL trypsin. Alamar blue

ye reagent was added and incubated for 4 h; subsequently, the

pectrophotometric signal was measured in each condition using a

ultiskan FC photometer. 
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.4. SDS-Page and Western blot 

Mock or infected MA104 cells were mixed with Laemmli ́s

ample buffer and heated at 95 °C for 10 min prior to separation

y electrophoresis, employing a 12% polyacrylamide gel, and then

ransferred to Hybond-ECL nitrocellulose membranes (GE Health-

are, Argentina). The membranes were blocked for 1 h with 5%

on-fat milk in phosphate buffered saline (PBS) and incubated

ith primary antibodies [anti-SA11 (1:500), anti-VP6 (1:500),

nti-NSP2 (1:50 0), anti-vinculin (1:150 0) or anti-ß-actin (1:50 0 0)]

vernight at 4 °C. After washing with PBS-Tween 0.05%, membranes

ere incubated for 1 h 30 min at room temperature (RT) with the

orresponding HRP-conjugated secondary antibodies. Immunore- 

ctive bands were detected using an enhanced chemiluminescence

etection kit from Millipore (Argentina). Data were collected with

 LAS-40 0 0 imaging system (Fujifilm, Minato, Japan). The intensity

f the bands from three independent experiments was quantified

sing Adobe Photoshop CS5 software. 

.5. Virus titration 

.5.1. Titration by immunofluorescence focus assay and by 

laque-forming assay 

MA104 cells were grown on cover slips in 24 multi-well plates

p to confluence and infected with 10-fold serial dilutions of RV.

fter viral adsorption, viral inoculums were removed and fresh

edia was added for the immunofluorescence focus assay (IFA),

ollowing the protocol described in the ‘Manual of rotavirus de-

ection and characterization methods’ [12] . Fluorescent foci were

ounted employing a Nikon TE 20 0 0 fluorescence microscope.

he viral titres were estimated as focus-forming units per mL

s described previously [13] . For the plaque-forming assay (PFA),

fter viral adsorption, cells were overlaid with a 1:1 mixture of

MEM 2X and 1.4% low melting point agarose (Thermo Fisher Sci-

ntific), supplemented with 1 μg/mL trypsin, and maintained for 7

ays at 37 °C. Afterwards, cells were fixed with 10% formaldehyde

Anedra, Research S.A. Argentina) for 1 h. The semi-solid medium

as removed, and the monolayers were stained with crystal

iolet 1% aqueous solution for 15 min. The plaques were counted

o determine the viral titre in PFU/mL, as described previously

14] . 

.6. Virucidal assay 

For the virucidal assay, 1 × 10 5 PFU were trypsin activated and

ncubated with 10, 20, 30 or 40 μM UA or DMSO for 1 h at 37 °C.

oth DMSO- and UA-treated viral samples were diluted to a final

olume of 200 μL in fresh DMEM, and employed for viral titration

y PFA. 

.7. Total antiviral assay 

Confluent MA104 cells were pre-treated with 10 μM UA or

MSO for 1 h before infection with trypsin-activated RV at a MOI

f 0.1, 1 or 2 PFU/cell. After adsorption, viral inoculums were

emoved and cells were maintained in culture media containing

0 μM UA or DMSO, supplemented with 1 μg/mL trypsin. At 15

 p.i., the supernatants were collected to perform extracellular

irus titration, and cellular pellets were harvested and disrupted

y three freeze–thaw cycles, and clarified by centrifugation for

ntracellular virus titration by PFA. The intracellular relative

mounts of VP6 and VP7 proteins were analysed by Western

lot. 
.8. Early and late stages of RV replication cycle assays 

.8.1. Quantification of viral proteins and viroplasms at early stages 

f infection 

MA104 cells were pre-treated with DMSO, 10 μM UA or 10

M MßCD for 1 h at 37 °C and infected with trypsin-activated

V at an MOI of 2 PFU/cell. The inhibitors and control vehicle

ere maintained during viral adsorption. The viral inoculums

ere removed and DMEM containing DMSO, 10 μM UA or 20 μM

8 β-GRA was added. At 4 h p.i., MA104 cells were processed to

estern blot. NSP5-EGFP MA104 cells were grown on cover slips,

re-treated and infected as described previously, and at 4 h p.i.,

he cells were fixed with 4% paraformaldehyde for 15 min at RT

nd mounted in Mowiol-Hoechst (1 μg/mL). Images were obtained

ith an Olympus FV-10 0 0 laser scanning confocal microscope,

nd the number and size of viroplasms were counted in 150

ells of each condition from three independent experiments, and

uantified using Image J software. 

.8.2. Quantification of viral yield at early and late stages of infection

For early stages of RV infection, confluent MA104 cells were

re-treated and infected as described. At 4 h p.i., the media was

eplaced by fresh DMEM without inhibitors, and the cells were

ncubated until 15 h p.i. For late stages of RV infection, confluent

A104 monolayers were infected with trypsin-activated RV at

n MOI of 2 PFU/cell. After viral adsorption, the inoculums were

emoved and fresh medium was added. At 4 h p.i., the media was

eplaced by DMEM containing DMSO, 10 μM UA or 5 μg/mL BFA,

nd the infection was left to proceed up to 15 h. The supernatants

ere collected to perform extracellular virus titration, and cellular

ellets were processed for intracellular virus titration by PFA. 

.9. Transmission electron microscopy 

MA104 cells were grown in 100-mm tissue culture dishes up

o confluence, pre-treated and infected as described above. At 15

 p.i., the cell monolayers were fixed for 1 h at RT with 2.5% glu-

araldehyde in 0.1 M sodium cacodylate buffer at pH 7.4. Next, the

amples were post-fixed in 2% osmium tetroxide in 0.1 M sodium

acodylate buffer (pH 7.4) for 1 h at RT, dehydrated with acetone,

mbedded in a low-viscosity Spurr resin and polymerized at 56 °C
or 48 h. Ultrathin sections were prepared using a Leica Ultracut

 (Leica Microsystems, Wetzlar, Germany). Finally, sections of 60–

00 nm were contrasted with 2% uranyl acetate/0.5% plumb citrate

nd viewed under a Zeiss 900 electron microscope (Oberkochen,

ermany) adapted with a high-resolution CCD camera (Gatan

C10 0 0). To quantify enveloped and non-enveloped RV viral par-

icles, 12 images of each condition were analysed by counting

he viral structures and differentiating them into enveloped and

on-enveloped as described by Poruchynsky et al. [15 , 16] . The

nveloped/non-enveloped particle ratios were determined. 

.10. Statistical analysis 

Statistical analyses were performed using Student’s t -test for

npaired data from three independent experiments. Data were

xpressed as mean ± standard deviation, with P values of ≤0.05,

0.01 and ≤0.001. 

. Results 

.1. UA is not cytotoxic for MA104 cells at 10 μM 

To define the range of non-cytotoxic concentrations of UA in

A104 cells, 10, 20, 30 or 40 μM UA or DMSO were added to

he culture media and the morphology of cell monolayers was
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analysed using an inverted microscope at 24 h post treatment.

Concentrations ≥ 20 μM UA were noted to affect the attachment

of MA104 cells ( Fig. 1 B). Two concentrations of UA were tested

and viability was measured in each condition, employing Alamar

blue stain reagent to evaluate the metabolic activity of MA104

cells. So, 10 and 20 μM UA or DMSO were assayed with 1 μg/mL

trypsin in each condition for 8, 12 and 24 h of treatment. While

a pronounced decrease in cell viability was observed 24 h post

treatment in cells treated with 20 μM UA, MA104 cells treated

with 10 μM UA remained 90% viable ( Fig. 1 C) (DMSO: 100.0 ±
0.0 0 04997; 10 μM UA: 94.31 ± 1.210). As such, 10 μM UA was

employed in further antiviral assays. 

3.2. UA does not have a virucidal effect on RV particles 

Trypsin-activated RV virions were incubated with 10, 20, 30 or

40 μM UA or DMSO for 1 h at 37 °C. Viral suspensions were diluted

and titrated by PFA. No significant differences in RV yields were

observed in RV pre-treated with UA ( Fig. 1 D) (DMSO: 1; 10 μM UA:

1.212 ± 0.2885; 20 μM UA: 0.7308 ± 0.2692; 30 μM UA: 0.6615 ±
0.2615; 40 μM UA: 1.288 ± 0.2115). No direct virucidal effect was

observed when infective RV virions were pre-treated with UA. 

3.3. UA has an antiviral effect in RV infections 

Two concentrations of UA were tested to identify a dose-

dependent antiviral activity. MA104 cells were pre-treated with 5

or 10 μM UA or DMSO for 1 h, and infected with trypsin-activated

RV at an MOI of 0.1 PFU/cell. UA or DMSO was added to the cell

culture media during the viral adsorption and post-adsorption

stages. The viral progeny generated at 15 h p.i. was analysed by

immunofluorescence focus assay. The results showed that the pres-

ence of 5 μM UA did not cause a significant difference in the infec-

tive progeny yield of RV, while 10 μM UA significantly decreased

intra- and extracellular infective progeny ( Fig. 2 A) (DMSO 10 μM

intracellular: 1; UA 10 μM intracellular: 0.1867 ± 0.06839; DMSO

10 μM extracellular: 1; UA 10 μM extracellular: 0.2500 ± 0.1250).

Additionally, a non-significant difference in viral protein levels was

observed in cells treated with 5 μM UA, while the presence of 10

μM UA caused a significant decrease in VP6 and VP7 accumulation

in infected cells ( Fig. 2 B) (VP6 DMSO 10 μM: 1; VP6 UA 10 μM:

0.5533 ± 0.1291; VP7 UA 10 μM: 0.4900 ± 0.1290). Higher MOIs

were used to test if the antiviral effect achieved by UA was also

observed when higher concentrations of infective particles were

used. MA104 confluent monolayers were pre-treated with 10 μM

UA or DMSO and infected with RV at a MOI of 0.1, 1 or 2 PFU/cell.

When 10 μM UA was present in the culture media, the cytopathic

effect was markedly reduced at all MOIs tested ( Fig. 2 C). To define

this difference quantitatively, viruses were titrated by PFA. As

expected, the treatment with 10 μM UA resulted in a significant

decrease in RV yield compared with the control conditions, with a

more pronounced reduction in RV yield when increasing the MOI

( Fig. 2 D) (DMSO MOI 0.1: 1; UA MOI 0.1: 0.4100 ± 0.07234; DMSO

MOI 1: 1; UA MOI 1: 0.3417 ± 0.05465; DMSO MOI 2: 1; UA

MOI 2: 0.2850 ± 0.03123). Finally, the accumulation of VP6 was

evaluated by Western blot analysis. Treatment with 10 μM UA was

found to cause a significant reduction in intracellular VP6 levels at

15 h p.i., even when the MOI was as high as 2 PFU/cell ( Fig. 2 E)

(DMSO MOI 0.1: 1; UA MOI 0.1: 0.6750 ± 0.0650; DMSO MOI 1:

1; UA MOI 1: 0.4050 ± 0.1750; DMSO MOI 2: 1; UA MOI 2: 0.4400

± 0.070 0 0) Taken together, these results reinforce the notion that

10 μM UA has an antiviral effect in RV infections, both at a low

MOI (0.1) or higher MOI (2) and in a dose-dependent manner,

demonstrated by a reduction in virus yield and a decrease in the

intracellular level of the main RV structural proteins, VP6 and VP7.
Finally, in order to analyse the ultrastructural phenotype of

iral particles produced in MA104 cells after UA treatment, the

ells were pre-treated with 10 μM UA or DMSO and infected with

n MOI of 0.1 PFU/mL as described above. At 15 h p.i., the infected

ells were processed and analysed by transmission electron mi-

roscopy. As expected, a higher number of total viral particles was

bserved in the control condition compared with the UA-treated

ondition. It was also feasible to identify ‘enveloped’ immature

i.e. membrane enveloped particles (MEPs)] (intermediaries in

he RV cycle) and ‘non-enveloped’ mature particles [i.e. triple

ayer particles (TLPs)] ( Fig. 3 ). Therefore, both types of structures

ere determined quantitatively in UA- and DMSO-treated cells to

btain an immature/mature particle ratio for each condition. An

nbalanced ratio was observed after treatment with 10 μM UA,

ndicating a prevalence of MEPs inside the endoplasmic reticulum

ER) compared with the control (bottom of Fig. 3 ). This latter

bservation suggested an accumulation of enveloped particles

ithin the ER lumen in UA-treated cells, leading the authors to

onsider the impact of UA on virus maturation. 

.4. UA affects early stages of the RV replication cycle 

The infectious cycle of RV was divided into two stages: (i)

early stages’ from attachment to viroplasm formation; and (ii)

late stages’ including progeny maturation and egress [17] . MßCD

nd 18ß-GRA were used as positive controls of inhibition of early

tages, and BFA for late stages of the viral infectious cycle [18–20] .

n order to assess the impact of UA treatment in early stages of

he RV infectious cycle, viral protein accumulation and viroplasm

ormation was evaluated at 4 h p.i. in the presence or absence of

he compounds. MA104 cells were pre-treated with DMSO, 10 μM

A or 10 mM MßCD, and infected at an MOI of 2 PFU/cell. At 1 h

ost adsorption, viral inoculums were removed and fresh medium

as added with DMSO, 10 μM UA or 20 μM 18- βGRA. At 4 h p.i.,

he intracellular levels of a structural (VP6) and non-structural

NSP2) RV protein were evaluated in each condition, observing a

ignificant decrease in VP6 and NSP2 accumulation in UA-treated

ells. Treatment of the cells with the inhibitors, M βCD and 18-

GRA, caused a drastic decrease in viral protein accumulation of

nfected cells ( Fig. 4 A) (VP6 DMSO: 1; VP6 UA: 0.6578 ± 0.08257;

P6 M βCD and 18- βGRA: 0.07257 ± 0.01357; NSP2 DMSO: 1;

SP2 UA: 0.7759 ± 0.04212; NSP2 M βCD and 18- βGRA: 0.1101 ±
.03317). NSP5-EGFP MA104 cells were used to analyse viroplasm

ormation in UA-treated cells. The cells were treated and infected

s described, and the number and size of RV viroplasms were

nalysed at 4 h p.i. UA-treated and infected NSP5-EGFP MA104

ells showed a significant decrease in the number and size of

iroplasms compared with control-infected cells ( Fig. 4 B) (size of

iroplasms – DMSO: 0.9543 ± 0.02708; UA: 0.5099 ± 0.01774;

 βCD and 18- βGRA: 0.09171 ± 0.01369; number of viroplasms –

MSO: 12.52 ± 0.6029; UA: 6.427 ± 0.4831; M βCD and 18- βGRA:

.676 ± 0.2490). Finally, to evaluate if the generation of a new

V infective progeny was affected, MA104 cells were pre-treated

nd infected as described. At 4 h p.i., the media containing the

nhibitors was removed and replaced by fresh DMEM to reach

5 h incubation. A significant decrease in viral yield in both UA-

nd M βCD-treated conditions was observed ( Fig. 5 A) (intracellular

MSO:1; UA 10 μM: 0.5167 ± 0.01667; M βCD: 0.4167 ± 0.1500;

xtracellular DMSO: 1; UA 10 μM: 0.2861 ± 0.06389; M βCD:

.04064 ± 0.02970). 

To evaluate the possible effect of UA in late stages of the RV

nfectious cycle, virus yields were determined by PFA. MA104 cells

ere infected as described. In contrast to the inhibitory effect

bserved in BFA-treated cells, UA did not cause an inhibitory effect

n the late stages of the RV cycle ( Fig. 5 B) (intracellular DMSO: 1;

A 10 μM: 0.6018 ± 0.3968; BFA: 0.6791 ± 0.07907; extracellular
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Fig. 2. Ursolic acid (UA) inhibits rotavirus (RV) replication. (A) MA104 cells were grown in an M6 multi-well plate to 100% confluence, pre-treated with dimethyl sulfoxide 

(DMSO), 5 or 10 μM UA for 1 h and infected with trypsin-activated RV SA11 strain at a multiplicity of infection (MOI) of 0.1 plaque-forming units (PFU)/cell in the presence 

of the compounds. After 1 h of viral adsorption, the viral inoculum was removed and the infection was left to proceed in the presence of UA. At 15 h post infection, 

the supernatants were collected for extracellular virus titration, and cellular pellets were processed for intracellular virus titration by immunofluorescence focus assay as 

described in the text. The bar graphic represents the statistically analysed data out of three independent experiments performed ( ∗∗P < 0.01 and ∗∗∗P < 0.001). (B) MA104 

cells were grown in an M6 multi-well plate to 100% confluence, pre-treated with DMSO, 5 or 10 μM UA for 1 h and infected with trypsin-activated RV SA11 strain at 

an MOI of 0.1 PFU/cell in the presence of the compounds. After 1 h of viral adsorption, the viral inoculum was removed and the infection was left to proceed in the 

presence of UA. At 15 h post infection, the relative amounts of intracellular VP6 and VP7 RV proteins were analysed by Western blot as described in the text. Corresponding 

horseradish-peroxidase-conjugated anti-mouse and anti-rabbit secondary antibodies were used to detect immunoreactive bands using a chemiluminiscence detection kit. 

A representative experiment from three independent experiments is shown, and quantitative data are represented in the normalized bar graphic with statistical analysis 

( ∗P < 0.05 and ∗∗P < 0.01). (C) MA104 cells were grown in an M6 multi-well plate to 100% confluence, pre-treated with DMSO or 10 μM UA for 1 h and infected with trypsin- 

activated RV SA11 strain at an MOI of 0.1, 1 or 2 PFU/cell, respectively. A cytopathic effect was evaluated 15 h post infection in vitro by direct observation using an inverted 

light microscope. (D) All virus produced 15 h post infection as explained in (C) was titrated by plaque-forming assay as described in the text. Data are represented normalized 

in a bar graphic with statistical analyses ( ∗∗∗P < 0.001). (E) MA104 cells were infected as described in (C), and the infection was left to proceed for 15 h in the presence or 

absence of 10 μM UA. The relative amount of intracellular VP6 RV protein was quantified by Western blot analysis, as described in the text. A representative experiment out 

of three experiments is shown, and quantitative data are represented in the normalized graphic with statistical analysis ( ∗P < 0.05 and ∗∗P < 0.01). FFU, focus-forming unit. 
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Fig. 3. Ursolic acid (UA) causes an imbalance in membrane enveloped particles (MEPs) vs non-enveloped [triple layer particles (TLPs)] rotavirus (RV) viral particles. (A) 

MA104 cells were grown in a 100-mm tissue culture dish to 100% confluence, pre-treated with dimethyl sulfoxide (DMSO) or 10 μM UA for 1 h and then infected with 

trypsin-activated RV SA11 strain at a multiplicity of infection of 0.1 plaque-forming units/cell in the presence of the compound. After 1 h of viral adsorption, the viral 

inoculum was removed and the infection was left to proceed in the presence of UA. At 15 h post infection (p.i.), the cells were processed for thin-section transmission 

electron microscopy as described in the text. Representative micrographs of cells treated with DMSO and 10 μM UA are depicted. Black arrows indicate non-enveloped viral 

particles and white arrows indicate enveloped particles. Scale bars represent 100 nm. Fifteen cells per condition were analysed and the ratio of MEPs to TLPs associated with 

the endoplasmic reticulum in DMSO- and UA-treated cells was determined as described in the text. 
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DMSO: 1; UA 10 μM:1.406 ± 0.4063; BFA: 0.5458 ± 0.1275). Taken

together, these results indicated that UA treatment of the cells

had a negative effect on viral protein accumulation and viroplasm

formation in the early stages of the RV cycle. 

4. Discussion 

Gastroenteritis and dehydration in young children, caused

by RV infections, comprise important issues in public health,
articularly for low-income countries. Several compounds such as

hiazolides, ML-60218, proteasome inhibitors, actin cytoskeleton

nhibitors and oxysterols have been described as anti-RV, affecting

ifferent stages of the RV infectious cycle [21–24] . UA caused a

ignificant decrease in the intracellular levels of RV viral proteins

nd in the production of new RV progeny when added before

nd during the infectious cycle, an observation that became clear

ith simple analysis of the cytopathic effect of UA-treated cells

s control cells. To further understand the UA-mediated anti-RV
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Fig. 4. Ursolic acid (UA) affects both viroplasm formation/maturation and viral protein synthesis. (A) MA104 cells were grown in an M6 multi-well plate to 100% confluence, 

pre-treated with dimethyl sulfoxide (DMSO), 10 μM UA or 10 mM methyl-ß-ciclodextrin (MßCD) for 1 h and infected with trypsin-activated RV SA11 strain at a multiplicity 

of infection of 2 plaque-forming units/cell for 1 h in presence of the drugs. The medium was removed and replaced by fresh Dulbecco ́s modified Eagle medium with DMSO, 

10 μM UA or 20 μM 18- β-glycyrrhetinicacid (18- β-GRA), respectively. At 4 h post infection, the relative amounts of VP6 and NSP2 were quantified by Western blot analysis as 

described in the text. A representative experiment out of three is shown and quantitative data are represented in the normalized graphic with statistical analysis ( ∗P < 0.05, 
∗∗P < 0.01 and ∗∗∗P < 0.001). (B) NSP5-EGFP MA104 cells were grown on cover slips in an M24 multi-well plate to 100% confluence, pre-treated and infected as described 

in (A). At 4 h post infection, the cells were fixed and observed by fluorescence confocal microscopy. The number and average size of viroplasms were quantified using 

MacBiophotonics ImageJ. In total, 150 cells for each condition were counted from three independent experiments, and the quantitative data are represented in the graphics 

with statistical analysis ( ∗∗∗P < 0.001). All images were obtained with the same magnification and the scale bar represents 20 μm. 
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Fig. 5. Ursolic acid (UA) affects the early stages of the rotavirus (RV) replication cycle. (A) MA104 cells were grown in an M6 multi-well plate to 100% confluence, pre- 

treated with dimethyl sulfoxide (DMSO), 10 μM UA or 10 mM methyl-ß-ciclodextrin (M βCD) for 1 h and infected with trypsin-activated RV SA11 strain at a multiplicity of 

infection (MOI) of 2 plaque-forming units (PFU)/mL for 1h in the presence of the drugs. After adsorption, the viral inoculum was removed and fresh Dulbecco ́s modified 

Eagle medium (DMEM) containing the respective drugs was added for 4 h. At 4 h post infection (p.i.), the media was replaced and the infection was left to proceed for 15 

h. Cytopathic effect was evaluated in vitro by direct observation using an inverted light microscope. Supernatants were collected for extracellular virus titration and cellular 

pellets were processed for intracellular virus titration by plaque-forming assay, as described in the text. The right panel shows normalized quantitative data in a bar graphic 

with statistical analysis ( ∗P < 0.05 and ∗∗∗P < 0.001). (B) MA104 cells were grown in an M6 multi-well plate to 100% confluence and infected with trypsin-activated RV SA11 

strain at an MOI of 2 plaque-forming units/cell. After adsorption, media containing virus was removed and replaced by fresh DMEM, and 10 μM UA or 5 μg/mL Brefeldin A 

(BFA) was added at 4 h p.i. At 5 h p.i., the supernatants and pellets were processed as in (A). The right panel shows the normalized quantitative data in a bar graphic with 

statistical analysis ( ∗P < 0.05 and ∗∗P < 0.01). 
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activity, the effect of UA when added for the initial 4 h of infection

(early stages of infection) or at 4 h p.i. (late stages of infection)

was analysed. A significant effect on viroplasm formation, de-

creased accumulation of structural and non-structural proteins,

and inhibition of RV intra- and extracellular infective progeny were

observed for UA during the initial 4 h of infection. In contrast, no

significant effect on intra- and extracellular infective progeny yield

was observed in the late stages of replication. 

The authors’ hypothesis relies on the impact of UA on viral

entry and viroplasm formation, likely due to the effect of UA

on cellular lipid metabolism. Several studies have reported the

effect of UA on different biologically relevant lipids [8 , 25–30] ,

and solid evidence exists regarding the role of cholesterol in RV

entry, as well as the role of lipid droplets in viroplasm formation

[9 , 31] . The reduction in viral entry caused by UA could explain

the observed decrease in viral protein accumulation, viroplasm
ormation and infective progeny. Additionally, a negative impact

n the metabolism of lipid droplets, exerted by UA, could explain

he observed decrease in the number and size of viroplasms and,

s a consequence, the decreased infective progeny. Experiments to

orroborate these hypotheses are currently underway. 

Characteristically, RV morphogenesis and maturation occur

ithin the ER, one of the main cellular calcium (Ca 2 + ) reser-

oirs, required for structural stability of mature TLPs [32] . Several

uthors have described a mechanism by which UA may cause

R stress in vitro , by emptying the intraluminal Ca 2 + reservoirs

33 , 34] , leading to activation of the unfolded protein response

35] . It has also been described that dissipation of the ER Ca 2 + 

radient during infection affects RV maturation, arresting the

rocess at MEP stage [16 , 36] . In light of these observations, it is

ypothesized that when UA is present at every stage of the cycle,

his has a significant effect on the ER, leading to a decrease in
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a 2 + intraluminal levels, misfolding of VP7 protein and incomplete

lycosylation of both NSP4 and VP7, generating accumulation

f MEPs and an unbalanced MEP/TLP ratio. The observation of

n unbalanced immature/mature RV particle ratio when UA was

resent during the infectious cycle is in good agreement with this

ypothesis. However, no significant effect on viral titre was noted

uring the late stages of viral replication, when ER-associated

irus maturation and release take place. A feasible explanation

s that the bulk of the viral progeny had already been produced

hen UA was added to the infection media. Further experiments

re needed to explore this hypothesis. 
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