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Abstract

Ammonia production is implicated in the pathogenesis of hepatic encephalopathy (HE), being intestinal glutaminase
activity the main source for ammonia. Management of ammonia formation can be effective in HE treatment by lowering
intestinal ammonia production. The use of glutaminase inhibitors represents one way to achieve this goal. In this work, we
have performed a search for specific inhibitors that could decrease glutaminase activity by screening two different groups
of compounds: i) a group integrated by a diverse, highly pure small molecule compounds derived from thiourea ranging
from 200 to 800 Daltons; and ii) a group integrated by commonly use compounds in the treatment of HE. Results shown
that THDP-17 (10 mM), a thiourea derivate product, could inhibit the intestinal glutaminase activity (57.466.7%). Inhibitory
effect was tissue dependent, ranging from 4065.5% to 8067.8% in an uncompetitive manner, showing Vmax and Km values
of 384.62 mmol min21, 13.62 mM with THDP-17 10 mM, respectively. This compound also decreased the glutaminase
activity in Caco-2 cell cultures, showing a reduction of ammonia and glutamate production, compared to control cultures.
Therefore, the THDP-17 compound could be a good candidate for HE management, by lowering ammonia production.
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Introduction

Ammonia plays a major role in the pathogenesis of hepatic

encephalopathy (HE). Systemic hyperammonemia has been

largely found in patients with cirrhosis and HE. Ammonia derived

from the gut and kidneys must be detoxified in the liver and

muscle. In cirrhotic patients with impaired capacity for detoxifi-

cation of ammonia into urea, peripheral glutamine synthase

(mainly in muscle tissue) serves as the main alternative for

ammonia detoxification pathway. In the brain, hyperammonemia

promotes astrocyte swelling and impairment of neurotransmission

[1,2]. In muscle tissue, it has been shown that glutaminase activity

is increased in an animal model undergoing bile duct ligation and

glutamine synthase has been shown to have an important role in

detoxification of plasma ammonia in acute liver failure [3].

Moreover, the development of portosystemic shunting and

alteration of blood flow is thought to affect circulating ammonia

levels in cirrhosis [4]. These findings suggest that approaches to

target glutaminase (by inhibition) may provide targets for

ammonia detoxification as a valid therapeutic strategy for HE.

Glutamine deamidation by intestinal GA has been proposed as

one of the main sources of ammonia production in patients with

cirrhosis [5]. However, hyperammonemia found after portacaval

shunt in rats is similar in both germ-free and non-germ-free

animals [6,7] supporting the hypothesis that hyperammonemia

and encephalopathy can be developed without the participation of

bacteria [8].

Another supporting evidence is that the greatest hyperammo-

nemia has been found in portal-drained viscera and derived

mainly from glutamine deamidation in cirrhotic patients by

phosphate-activated glutaminase (PAG) [9,10]. Glutamine synthe-

sis is an effective mechanism to reduce the levels of ammonia;

however, much of the newly synthesized glutamine is subsequently

metabolized in mitochondria by phosphate-activated glutaminase,

yielding glutamate and ammonia. In this manner, glutamine (the

Trojan horse) is transported in excess from the cytoplasm to

mitochondria serving as a carrier of ammonia [11].

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | e109787

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by idUS. Depósito de Investigación Universidad de Sevilla

https://core.ac.uk/display/51401063?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0109787&domain=pdf


PAG catalyzes the deamidation of glutamine to yield glutamate

and ammonia. There are two genes that encoding two main

isoforms of PAG: the kidney-type PAG (K-PAG) and the hepatic-

type PAG (L-PAG). The K-PAG is the ubiquitous form. It can be

found in kidney, brain, stomach, pancreas, muscle, or villus

enterocyte; while L-PAG was thought to be restricted to the liver

but in the last years it has also been found in nuclei of mammalian

brain [12], and granule in human neutrophils [13]. The presence

of LGA and/or KGA, together with GAC (Glutaminase C) form

has also been reported in different tumour cells [14–16].

In healthy people, the higher PAG activity along the

gastrointestinal tract has been found in the small intestine, being

higher than 80% of the activity [17]. Lower but still substantial

activity was found in the large intestine, approximately the 15%.

In rats, the distribution of the PAG activity was found to be similar

to humans [18]. Duodenal PAG activity, measured in mucosal

biopsies from the first portion of the small intestine, has been

found to be nearly four-times higher in cirrhotic patients than in

healthy controls [10].

As the main source of ammonia in cirrhotic patients derives

from portal-drained viscera owing to glutamine deamidation, PAG

activity in the intestine seems to be responsible, largely, for

systemic hyperammonemia production in these patients [5].

Besides, in portacaval shunted rats, a model for minimal HE

[19], PAG activity has been found to be increased in duodenum

and ileum compared to sham-operated rats [20]. All these data

suggest that PAG is implicated in the production of systemic

hyperammonemia from the intestine and could play a major role

in the pathogenesis of HE. Therefore, a decrease of ammonia

production in the small intestine by PAG inhibition may

contribute to lower ammonia concentration in the systemic

circulation. The aim of this work was the search for glutaminase

inhibitors in order to find new ammonia-lowering drugs that could

be used in the management of HE.

Materials and Methods

All chemicals used in this work were from high analytical grade

and were obtained mainly from Sigma-Aldrich.

Compounds
Two groups of compounds were used:

The first group was integrated by a collection of diverse, highly

pure, small molecule compounds derived from thiourea ranging

from 200 to 800 Daltons. These compounds were named as

THDP-xx, being xx an assigned number to each product.

Compounds were received as powder and then dissolved in

dimethyl sulfoxide (DMSO) to constitute a 10 mM stock

concentration and stored at 220uC. Maximum DMSO concen-

tration in the reaction mixture was 0.5% (vol/vol) to avoid toxic

effects. Most of the compounds in the library can be dissolved at

50 mg/ml. For those compounds that did not dissolve (,5%),

concentration was decreased to 10–25 mg/ml. All compounds

were synthesized at the Departamento de Quı́mica Orgánica y

Farmacéutica of Universidad de Sevilla (Spain) [21–23] as the

result for a new simple thiourea derivatives library with potential

use as enzymatic inhibitors.

The second group was integrated by compounds used or tested

for the treatment of HE: metformine, metronidazole, neomicine,

rifaximin, lactulose and lactitol (all purchased from Sigma-

Aldrich).

In vitro inhibition screening
PAG inhibition analysis by different thiourea derivatives

(THDP) was assayed in vitro, using the method of Heini for

glutaminase activity determination [24], adapted to a microtiter

procedure. This assay is based on the use of o-phthaldialdehyde/

mercaptoethanol as a reagent for estimating ammonia released

from glutamine. Briefly, 25 ml samples were added to 35 ml of a

mixture of 150 mM potassium phosphate, 171 mM glutamine,

1 mM ammonium chloride, pH 8.0 and then incubated at 37uC
for 45 min. The reaction was stopped by adding 10 ml 7%

trichloroacetic acid, kept on ice for 15 min and centrifuged 5 min

at 10006g. Aliquots of 5 ml/well were then mixed with 150 ml o-

phthalaldehyde/mercaptoethanol reagent (14.4 ml 200 mM po-

tassium phosphate, pH 7.4, 0.8 ml 72 mM mercaptoethanol in

ethanol and 0.8 ml 186 mM o-phthaldialdehyde in ethanol). The

samples were kept at room temperature in the dark and

absorbance measured at 410 nm with a UV-Visible spectropho-

tometer (BioRad) after 45 min.

Kinetic assays
K-PAG activity was assayed, in presence and absence of the

inhibitor; using isolated mitochondria from rat intestine and

kidney, solubilized with 1% Triton X-100 as a source of

glutaminase [25]. Enzymatic activity was measured using a two-

step assay as described by Lund [26]. Protein concentration was

Figure 1. Inhibitory effect on glutaminase activity of several compounds tested in this study. Data are shown in log scale (inhibitor
concentration), being 100% activity measured without inhibitor. There was not significant differences among compounds tested (Student t test; p.
0.05). THDP-17 was chosen on toxic effect base.
doi:10.1371/journal.pone.0109787.g001
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determined following Bradford method using serum albumin as

standard [27].

Cell culture
Caco2 cells were purchased from Sigma-Aldrich (St. Louis,

MO, USA) and grown with DMEM (Dulbecco’s Modified Eagle

Medium) medium supplemented with 2 mM L-Glutamine, 15%

FBS, 1X antinbiotic/antimicotic solution, 1X non-essential amino

acids (PAA Laboratories GmbH, Linz, Germany). Cells were

incubated at 37uC and 5% CO2.

Cytotoxicity assay
Cytotoxicity was evaluated in Caco-2 cells after 24 h-exposure

to selected inhibitors using neutral red (NR) assay (Zhang et al.

1990) [28]. Regression analysis of dose-response curves and

calculation of IC50 were done according to standard procedure

using appropriated software.

Inhibition assay in cell culture
Inhibition assay was carried out by measuring the concentration

of glutamate produced from glutamine by Caco-2 cells using

HPLC, in presence and absence of the selected inhibitor (THDP-

17) at different concentrations (0, 5, 20 and 100 mM) and time

points (24 and 48 h). 6-Diazo-5-oxo-L-norleucine (DON) (0–

100 mM) was used as positive control. The presence of the THDP-

17 in the cells was checked by HPLC-MS.

Lethal Dose 50
Lethal dose was determined by oral administration of the

compounds to C57BL/6 mice. Thirty mice were supplied by the

Centre of Production and Experimental animal of Espartinas,

University of Seville, Spain. The animals were housed ten per

cage, and maintained at constant room temperature (22uC 62uC),

with artificial light-dark cycle of 12 h and a relative humidity of

65%270%, and free access to food and water during 2 weeks for

acclimation. All animal procedures were performed with approval

from the Sevilla University Animal Ethics Committees, under the

Figure 2. Molecular structure of N-(3-methyl 3-butenyl)-N9 phenyl thiourea (THDP17).
doi:10.1371/journal.pone.0109787.g002

Figure 3. THDP17 inhibition kinetics. A lineal double reciprocal plot (1/v against 1/[Gln]) in absence (0) and presence (10 mM) of the
inhibitor is shown. Vmax and KM values for PAG were 0.67 mmol min21, and 19.33 mM, respectively. In the presence of THDP-17 both parameters
were modified: Vmax-ap = 0.38 mmol min21, and KM-ap = 13.62 mM, indicating an uncompetitive inhibition. All experiments were performed in
triplicates; p.0.05.
doi:10.1371/journal.pone.0109787.g003
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guidelines of the directive 86/609/CEE of the European Union.

Two assays in different conditions were performed. In the first

assay fasted mice were divided in four groups of three animals and

were administered 0, 50, 300 or 2000 mg THDP-17/kg,

respectively. They were sacrificed 24 h latter and a macroscopic

analysis of the tissues (lungs, heart, liver, stomach and intestine)

was performed. In the second assay the mice were feed ad libitum,

separated into three groups of four animals per group and

administered them 0, 5 or 300 mg THDP-17/kg, respectively. In

this case, mice were sacrificed 24 or 72 h latter and the same

macroscopic analysis was performed.

Statistical analysis
The results were expressed as means and standard deviations (or

standard errors) of three independent experiments. The results

were analyzed with the Student t test. P,0.001, P,0.01, and P,

0.05 were considered statistically significant.

Results and Discussion

Ammonia-lowering drugs have received great interest in the

management of HE in the last few years. In order to develop

adequate and selective inhibitors of intestinal PAG activity, we

performed a screening of three different groups of compounds: i) a

group integrated by a collection of diverse, highly pure, rationally

selected small molecule compounds derived from thiourea ranging

from 200 to 800 Daltons; ii) a group integrated by products

showing some structural analogy with the compound THDP-17,

and iii) a group integrated by compounds usually used in the

treatment of HE.

i) Thiourea derived products
The first group analysed in this work is integrated by a small

molecule compounds library derived from thiourea [21]. We

found that some products derived from thiourea were able to

reduce ammonia production in vitro from glutamine by an

enriched preparation of glutaminase obtained from both kidney

and intestine mitochondria (data not shown). For the screening, we

have used the Heini’s method to assay the glutaminase activity. Six

synthetic inhibitors derived from thiourea were selected and

extensively characterized. These products (THDP-17, THDP-33,

THDP-39, THDP-41, THDP-42, and THDP-43) could inhibit K-

PAG activity and were tested for toxicity and grade of inhibition

on a cell culture based method, using the neutral red (NR) assay.

- Effects of selected inhibitors on cytotoxicity. Acute

toxicity test in animals is typically the first step in the evaluation of

the effects of a chemical compound, and its primary purpose is to

provide information on potential health hazards that may result

from a short-term exposure. Recent studies suggest that in vitro
methods might be helpful in predicting acute toxicity and

estimating toxic chemical concentrations in vivo [29]. In the

Figure 4. In vivo inhibitory effect on glutaminase activity at different concentrations of THDP17 and DON (6-Diazo-5-oxo-L-
norleucine) was tested in Caco-2 cell cultures. PAG inhibition by THDP-17 in cell cultures is effective at concentration higher than 5 mM,
showing an inhibition of 1862.1% and 4663.4% at 20 and 100 mM, respectively (* p,0.05).
doi:10.1371/journal.pone.0109787.g004

Table 1. THDP-17 was administered orally after 12 h fasted mice.

Group N
Vehicle
(DMSO)

THDP-17
(mg/Kg) Deaths before Sacrificed 24 h

6 h 12 h

I 3 + 0 1 1 1

II 3 + 50 1 1 1

III 3 + 300 1 1 1

IV 3 + 2000 2 1 –

Animals were divided in 4 groups and deaths after treatment were recorded.
doi:10.1371/journal.pone.0109787.t001
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present work, cytotoxicity of a 24 h-exposure to selected inhibitors

was evaluated in Caco-2 cells using the MTT method developed

by Mosmann [30] and modified by Denizot and Lang [31]. Based

on cell viability the inhibitors THDP-41, THDP-42 and THDP-

43 were rejected due to their high toxicity and the remaining

compounds (THDP-17, THDP-33 and THDP-39) were selected

for further inhibition studies.

- In vitro inhibition analysis. To evaluate the performance

of the PAG-inhibitors THDP-17, THDP-33 and THDP-39 we

used swine K-PAG (from kidney) in an in vitro optimised kinetic

assay with and without the addition of the inhibitors. First,

increasing concentration of inhibitors (ranging from 1 mM to

10 mM) were added to standard and optimized enzymatic assay

conditions with 99 mmol/l glutamine, 150 mmol/l phosphate and

100 mg K-PAG (Figure 1). THDP-33 and THDP-39 were able to

inhibit PAG completely at 10 mM. IC50 values were

19.161.3 mM for THPD-33, 31.662.7 mM for THDP-39 and

3.960.1 mM for THDP-17, indicating that THPD-33 and

THPD-39 were less powerful inhibitors than THDP-17. THDP-

33 and THDP-39 were able to completely inhibit PAG activity at

low milimolar level (Figure 1) which can be harmful for the

enterocyte, being discarded for future analysis.

THDP-17, N-(3-methyl-3-butenyl)-N9-phenylthiourea (Fig-

ure 2), was selected because it did not show cytotoxicity in cell

culture, and because it inhibits PAG activity partially at low

milimolar concentrations. In fact, there is a plateau (the enzyme

activity is no longer affected by increasing the inhibitor

concentration). This finding is highly relevant, since partial

inhibition of PAG could be beneficial for the reduction of

ammonia and the excess of glutamate production in the

management of HE, without affecting the viability of the

enterocyte.

PAG kinetic parameters were analyzed in absence and presence

of THDP-17, at different concentrations (1 and 10 mM), under

optimal analytical conditions, at different glutamine concentration

(0 to 200 mM). A lineal double reciprocal plot (1/v against 1/

[Gln]) in absence and presence of the inhibitor (Figure 3) shows

that the Vmax and KM values for PAG were 0.67 mmol min-1, and

19.33 mM, respectively, indicating that in presence of the

inhibitor THDP-17 both parameters changes: Vmax-ap = 0.38 m-

mol min21, and KM-ap = 13.62 mM). Data show an uncompetitive

inhibition model indicating that THDP-17 binds PAG at a site

created after enzyme-substrate complex formation. We propose

that THDP-17 is a not-pure-uncompetitive inhibitor because the

Ki value obtained from Vmax-ap and KM-ap (23.2 mM and

40.5 mM, respectively) is different.

- in vivo inhibition. Since in vitro inhibition by THDP-17

does not guarantee that the inhibitor also works in vivo, we

evaluated the production of ammonia and glutamate from

glutamine by enterocyte cells (Caco-2) in the presence and

absence of THDP-17 at different concentrations (0, 5, 20 and

100 mM). Glutamate concentration was determined by HLPC in

the supernatants and the presence of THDP-17 in the cells was

analyzed by HPLC-MS. Results are shown on Figure 4. These

data indicate that PAG inhibition by THDP-17 in cell cultures is

effective at a concentration higher than 5 mM, showing an

inhibition of 1862.1% and 4663.4% at 20 and 100 mM,

respectively. This fact can be explained assuming that the inhibitor

can diffuse or transported through the plasma and the outer

mitochondrial membranes, reaching the PAG located at the inner

mitochondrial membrane, interfering its function and lowering its

activity. Since there is no direct evidence that this transport is

taking place, we have studied the evolution of the concentration of

THDP in the medium along the cultivation period, showing that
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56% and 72% of the inhibitor is diffused or transported into the

cells at 20 and 100 mM, respectively.

- Acute Toxicity of THDP17. Although THDP-17 did not

show any cytotoxic effect in cell cultures, we have studied the effect

of this compound in vivo using an animal model (C57BL mice)

since thiourea-derived compounds can be toxic in vivo [32]. Two

different assays were carried out: first, THDP-17 was administered

orally after 12 h fasted. In this case deaths were observed at 6, 12

and 24 h in all groups (Table-1), including control group (without

THDP-17) where only vehicle (DMSO) was administered.

Figure 5. Metformin inhibits glutaminase activity in a dose dependent manner: from 17.5% at 10 mM up to 68% at 100 mM (A) (*
p,0.05). This effect, analyzed by Dixon plot, showed competitive inhibition kinetics, with a Ki of 14.28 mM (B). In Caco2 cells, metformin 20 mM
showed 24% inhibition of glutaminase activity at 72 hours compared to control cultures (p,0.05) (glutamate production was decreased from
26.8560.74 mM to 19.962.05 mM; p,0.05) (C).
doi:10.1371/journal.pone.0109787.g005
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However, lethality of DMSO-treated mice did not differ signifi-

cantly in its lethality as compared to the groups treated with

THDP-17. The undiluted compound has low systemic toxicity but

a marked local necrotizing and inflammatory effect when it is

administered orally. Animals showed gastrointestinal ulcers and

duodenum bleeding (Figure S1). There were few fluctuations in

histopathological values but no changes appear to be drug-related

or of significance. No essential or histopathological damages were

seen in mice treated with THDP-17 including lungs, heart or liver

when compared to DMSO alone. We interpreted these results as

DMSO and/or THDP-17 was toxic for the animals in fasted state.

Therefore, we repeat the assay using feed animals. THDP-17 and/

or DMSO were then administered orally to animals after free

access to food and water overnight, and mice were sacrificed at

24 h and 72 h randomly. In this case, no deaths were observed

during the experimental period (Table 2); probably due to

protective effect of food. Macroscopic organs analysis from

animals sacrificed at 24 and 72 h showed gastrointestinal ulcers

and duodenum bleeding, although less pronounced than in the

case of the first group (fasted group).

These results demonstrate that THDP-17 is no toxic in vivo
and suggest that DMSO enhanced the toxicity of THDP in mice.

Therefore, this compound is currently used as a primary group for

the synthesis amphiphilic derivatives.

ii) Products currently used in HE therapy
A second group of compounds integrated by drugs habitually

used in the treatment of HE was also tested for glutaminase

inhibition: metformin, metronidazole, neomicine, rifaximin, lac-

tulose and lactitol. PAG activity inhibition was analyzed using

10 mM concentration. PAG activity in vitro was no affected by

neomycin, lactitol and lactulose, rather, an increased activity was

observed.

Since metformin seems to be protective against hepatic

encephalopathy in diabetic cirrhotic patients [33], we decided to

analyze in vitro PAG inhibition by metformin. Results in Figure-5

show that PAG was inhibited in a dose dependent manner: from

17.5% at 10 mM up to 68% at 100 mM. This effect, analyzed by

Dixon plot, showed competitive inhibition kinetics, with a Ki of

14.28 mM (Figure 5B). In Caco2 cells, metformin 20 mM showed

24% inhibition of glutaminase activity at 72 hours compared to

control cultures (p,0.05) (glutamate production was decreased

from 26.8560.74 mM to 19.962.05 mM; p,0.05) (Figure-5C).

Higher metformin concentrations (50, 100 and 200 mM) did not

yield higher inhibition rates. These results demonstrated that

metformin could serve as a new therapeutic option for HE

management, although THDP17 was able to inhibit glutaminase

(4663.4%) in a higher extent.

Conclusions
The major findings in this work are: i) although THDP-17 was

reported first in 1960, this is the first time that its use as

glutaminase activity inhibitor is described. THDP17 shows a

partial uncompetitive inhibition in vitro and a significant reduc-

tion of ammonia and glutamate production in vivo. Therefore,

THDP-17 could be a good candidate for HE management by

lowering ammonia production. ii) Moreover, we have shown that

metformin, an insulin sensitizer drug used for diabetes therapy,

could also inhibit PAG activity, resulting in new therapeutic option

for HE by reducing splenic ammonia production.

Supporting Information

Figure S1 Fasted C57BL/6 mice were treated with
either DMSO (vehicle) or THDP-17. Both groups showed

acute toxicity effects. A- Internal general appearance, showing

gastrointestinal ulcers and bleeding in the duodenum; B- Bowels;

C- Stomach.
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