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Abstract:

Nicotinamide N-methyltransferase (NNMT), which converts nicotinamide (NA) to 1-methylnicotinamide (MNA), is up-regulated

in the cirrhotic liver. Because MNA displays PGI�-dependent anti-inflammatory effects, the up-regulation of NNMT may play

a regulatory role in liver inflammation. In the present work, we analyzed changes in NNMT activity in the liver and concomitant

changes in the concentration of endogenous MNA in plasma in T-cell dependent hepatitis induced by concanavalin A (ConA) in

BALB/c mice. Furthermore, we tested whether exogenous MNA possessed a protective effect against ConA-induced hepatitis. De-

velopment of liver injury induced by ConA (10 mg/kg, iv) was characterized by measurements of plasma concentration of alanine

aminotransaminase (ALT), inflammatory cytokines (INF� and TNF�) and by histopathological examination. ConA-induced hepati-

tis was characterized by an early activation of inflammatory cytokines (IFN�; from below 0.05 ng/ml to 23.72 ± 8.80 ng/ml; TNF�;

from 0.07 ± 0.01 ng/ml to 0.71 ± 0.12 ng/ml, 2 h after ConA), an elevation of ALT (from 40.65 ± 3.2 U/l to 5,092.20 ± 1,129.05 U/l,

8 h after ConA) and by morphological signs of severe liver inflammation and injury (24 h after ConA). In mice injected with ConA,

NNMT activity in the liver was up-regulated approximately 2-fold to 3-fold, 8–24 h after ConAinjection. The concentration of MNA

and its metabolites (Met-2PY and Met-4PY) in plasma were elevated approximately 2-fold 8 h after ConA injection. Exogenous

MNA (100 mg/kg, iv) diminished ConA-induced liver injury, and this effect was reversed by an antagonist of the prostacyclin recep-

tor, RO 3244794 (10 mg/kg, po). In conclusion, the present study demonstrated that hepatic NNMT activity and MNA concentration

in plasma significantly increased during the progression of ConA-induced hepatitis in mice. This response may play a hepatoprotec-

tive role compatible with the PGI�-releasing properties of MNA.
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Abbreviations: ALT – alanine aminotransaminase, INF� – inter-

feron-�, Met-2PY – 1-methyl-2-pyridone-5-carboxamide, Met-

4PY – 1-methyl-4-pyridone-5-carboxamide, MNA – 1-methyl-

nicotinamide, NA – nicotinamide, NNMT – nicotinamide N-

methyltransferase, TNF� – tumor necrosis factor-�

Introduction

Nicotinamide N-methyltransferase (NNMT) is a cyto-

solic enzyme, catalyzing the N-methylation of nicoti-

namide (NA). This reaction is based on the transfer-

ring of a methyl group of S-adenosylmethionine (SAM)

to NA resulting in the synthesis of 1-methylnicotinamide

(MNA) and S-adenosylhomocysteine (SAH) [1]. At

least 39 SAM-dependent methyltransferases have been

described in mammals [10]. NNMT, which is structur-

ally and functionally related to S-methyltransferase

and phenylethanolamine N-methyltransferase [10],

has been cloned and characterized in mouse and hu-

mans [1, 47]. NNMT is present mainly in the liver but

is also found in other organs such as kidney, lung, pla-

centa, heart, brain, tumor cells and adipose tissue [1,

23, 32, 38].

Although the mechanisms of the regulation of

NNMT expression are largely unknown, it has been

suggested that in human cancer cells, NNMT expres-

sion is regulated by signal transducer and activator of

transcription 3 (Stat3) [44]. NNMT activity is also in-

fluenced by genetic polymorphisms [33, 39].

MNA, a major product of NA methylation by

NNMT, was considered an inactive compound. How-

ever, this view is challenged by recent studies show-

ing that MNA displays anti-thrombotic [8], anti-

inflammatory [6], vasoprotective [4], gastroprotective

[7] and anti-diabetic [45] activities related to the abil-

ity of MNA to stimulate COX-2/PGI2-dependent

pathway and possibly also to other mechanisms.

Interestingly, significant up-regulation of NNMT

was demonstrated in numerous pathologies including

Parkinson’s disease [2, 27], cancer [22, 23, 25, 36, 43],

in children with burns [3], atherosclerosis [26] and

liver diseases [11, 31]. In numerous studies, an upregu-

lation of NNMT or an increase in NNMT-derived

MNA formation was suggested to be a novel disease

biomarker [23, 30, 34, 43]. Some authors suggest

a pathological [27, 46] or beneficial [26, 31] role of

the NNMT-dependent pathway in various diseases.

In our previous study, we demonstrated that the ac-

tivity of NNMT and the subsequent formation of

MNA were substantially increased in atherosclerosis

[26]. This response was evident prior to the develop-

ment of atherosclerotic plaques and intensified paral-

lel to the progression of vascular inflammation. Given

the anti-thrombotic and anti-inflammatory activities of

exogenous MNA related to PGI2-dependent mecha-

nisms [6, 8] as well as the anti-atherosclerotic activity

of PGI2 [19], we proposed that the robust activation of

the endogenous NA-MNA pathway may play an im-

portant vasoprotective role in atherogenesis [26].

Enhanced activity of NNMT and increased plasma

and urine concentrations of MNA were also detected

in patients with virus C positive liver cirrhosis [11,

31]. An increased expression of NNMT was reported

in a mouse model of bacteria-induced fulminant hepa-

titis [13]. These results suggest a possible involve-

ment of NNMT pathway in acute and chronic liver in-

flammation. Although methylation activity in the

liver is inversely related to ATP content, and an in-

creased activity of the NNMT-MNA pathway may be

tightly linked to metabolic or hypoxic insult [12],

both the mechanism and the biological significance of

NNMT up-regulation in the course of the liver inflam-

mation are unclear.

The aim of the present work was to characterize in

more detail the response of the NNMT-MNA pathway

in relation to the development of hepatitis. For that

purpose, we analyzed changes in liver NNMT activity

and the plasma concentration of endogenous MNA in

relation to the progression of ConA-induced hepatitis.

The progression of hepatitis was assessed on the basis

of inflammatory cytokine concentrations (IFN� and

TNF�), alanine aminotransaminase (ALT) concentra-

tion in plasma and liver histopathology. In addition,

we tested whether exogenous MNA afforded protec-

tion against ConA-induced hepatitis.

Materials and Methods

Animals and protocol of experiments

Female specific pathogen-free BALB/c mice (3 months

old, 22–25 g body weight) were obtained from the

Animal House of the Jagiellonian University. Mice

were housed under controlled conditions (22–24°C,

55% humidity, 12-h day/night cycle with free access

to food and water until the day of experiment). All
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animal procedures conformed with the Guidelines for

Animal Care and Treatment of the European Commu-

nity and were approved by the local Jagiellonian Uni-

versity Ethical Committee on Animal Experiments.

To induce liver hepatitis, concanavalin A (ConA, type

V, Jack bean, Sigma-Aldrich, St. Louis, MO, USA)

was injected into a tail vein (10 mg/kg) under light in-

halational anesthesia using 2% isoflurane (Abbott

Laboratories Ltd., UK) delivered with a Combi-vet

Anesthesia System (Rothacher-Medical GmbH, Bern,

Switzerland). For the final surgical procedures (col-

lection of blood samples from the heart, and liver

samples for histological examinations and the nicoti-

namide N-methyltransferase assay), animals were anes-

thetized with thiopental (Sandoz Biochemie GmbH,

Kundl, Austria; 10 mg/kg, ip). Blood samples were taken

from the left ventricle of the heart and anticoagulated

with heparin (2 UI/ml, final concentration). Blood

samples were centrifuged for 6 min (4000 × g) to ob-

tain plasma.

To characterize the progression of ConA-induced

hepatitis, and parallel changes in NNMT activity

blood samples and liver samples were taken 2, 8, 16,

and 24 h after ConA administration for the measure-

ment of plasma concentrations of alanine aminotrans-

aminase (ALT), interferon-� (IFN�), tumor necrosis

factor-� (TNF�), MNA and its metabolites and liver

NNMT activity, respectively.

To analyze the effect of exogenous MNA on

ConA-induced hepatitis, BALB/c mice were injected

with ConA (20 mg/kg, iv) and MNA (100 mg/kg, iv)

in the presence or absence of the PGI2 (IP) receptor

antagonist RO 3244794 (10 mg/kg, oral administra-

tion for two days before ConA injection). Blood sam-

ples for measurements of ALT concentration were

taken 8 h after ConA challenge.

Determination of alanine aminotransaminase,

interferon-� and tumor necrosis factor-�

ALT concentration in blood samples was assayed us-

ing the colorimetric method of Burtis and a Reflovet

Plus analyzer (Roche). ALT was also measured in

plasma using classical spectrophotometric methods

and commercially available kits (Cormay, Lublin, Po-

land). Because the results were similar, only results

from blood samples are shown.

The concentration of IFN� and TNF� in plasma

was determined by ELISA using commercially avail-

able kits (R&D System, UK).

Determination of NNMT activity

To evaluate the activity of NNMT, liver homogenates

were assayed for the enzymatic conversion of 4-methyl-

nicotinamide (4-MNA) to 1,4-dimethylnicotinamide (1,4-

MNA) by the modified fluorometric method of Sano

et al. [35]. The method consists of a determination of

the product, 1,4-MNA, where 4-MNA is the methyl

acceptor substrate in the presence of cofactor S-

adenosyl-L-methionine (AdoMet). Liver samples

were collected and washed with cold 0.9% (w/v) so-

dium chloride, immediately frozen in liquid nitrogen

and kept at –80°C. The tissue was homogenized 1:9

(w/v) in cold PBS buffer with a teflon-glass ho-

mogenizer and centrifuged at 12,000 × g for 20 min at

4°C.

The supernatant was used immediately to assay

NNMT activity. Protein concentration was deter-

mined by the method of Bradford [5] using BSA as

the standard. The reaction mixture consisted of

12.5 µl of 2 mM dithiothreitol, 12.5 µl of 0.8 M Tris-

HCl buffer (pH = 8.6), 25 µl of 16 mM 4-MNA, 50 µl

of 0.4 mM AdoMet in 0.1 mM sulfuric acid and

100 µl of the enzyme preparation. The mixture was

incubated at 37°C for 80 min. The enzyme reaction

was terminated by heating in a boiling water bath for

2 min. To prepare the blank, the same procedure was

used but the reaction was stopped immediately with-

out incubation. Reaction mixtures were centrifuged at

13,000 × g for 5 min at room temperature. A 100-µl

aliquot of the supernatant was poured into 1.5-ml stop-

per test tubes containing 1 ml of 0.02 M 4-methoxy-

benzaldehyde in 35% (v/v) aqueous ethanol and 100 µl

of 0.5 M aqueous sodium hydroxide. The tube was

heated in a boiling water bath for 15 min. After cool-

ing, the mixture was centrifuged again at 13,000 × g

for 10 min at room temperature. The fluorescence in-

tensity was measured with excitation at 418 nm and

emission at 490 nm.

To quantify the reaction product, 1,4-MNA was

calculated using a calibrating curve for 1,4-DMN at

the concentration range 0.2–2.0 nM, where the curve

was linear.

Measurement of plasma concentrations of NA,

MNA and its metabolites (Met-2PY and Met-4PY)

Plasma concentrations of nicotinamide (NA), 1-methyl-

nicotinamide (MNA), 1-methyl-2-pyridone-5-carboxamide

(Met-2PY) and 1-methyl-4-pyridone-5-carboxamide
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(Met-4PY) were determined using liquid chromatog-

raphy mass spectrometry (LC-ESI/MS/MS). An inter-

nal standard, 6-chloronicotinamide, was used. Purifi-

cation of the samples was performed by a protein pre-

cipitation procedure. After centrifugation, plasma

supernatant was transferred into a conical vial and

evaporated to dryness under the stream of nitrogen

gas in a water bath at 37°C. Dry residue was reconsti-

tuted in the ACN/water mixture, and 20 µl was in-

jected into an HPLC system (Agilent 1100, Agilent

Technologies, Waldbronn, Germany). Chromatogra-

phy was performed on Waters Spherisorb® 5 µm

CNRP 4.6 × 150 mm analytical column with a gradi-

ent elution using a mobile phase containing acetoni-

trile and water. The full separation of all compounds

was achieved within 15 min of analysis using a gradi-

ent elution. Detection was performed by an Applied

Biosystems MDS Sciex API 2000 triple quadrupole

mass spectrometer set at unit resolution. The mass

spectrometer was operated in the selected reactions

monitoring mode (SRM), monitoring the transition of

the protonated molecular ions m/z 153 to 110 for

Met-2PY, 153 to 136 for Met-4PY, 123 to 80 for NA

and 137 to 94 for MNA. The mass spectrometric con-

ditions were optimized for each compound by con-

tinuously infusing the standard solution at a rate of

5 µl/min using a Harvard infusion pump. Electrospray

ionization (ESI) was used for ion production. The

validated quantitation ranges for this method were

from 10 to 2,000 ng/ml for all analyzed compounds

with precision from 1.3–13.3% and accuracy from

94.43–110.88%. No significant matrix effect was ob-

served. Stability of compounds was established in

a battery of stability studies, i.e., bench-top, autosam-

pler and long-term storage stability as well as

freeze/thaw cycles. The complete method and valida-

tion parameters are described elsewhere [41].

Histological examination

For light microscopy, liver tissue was washed with

cold 0.9% sodium chloride immediately after isola-

tion and fixed in 10% buffered formalin (pH 7.4) for

24 h at room temperature. Liver samples were dehy-

drated through a graded ethanol series, placed in

xylene (3 times for 15 min), embedded in paraffin

(58°C, 3 h), and cast into blocks. Tissue samples were

cut into approximately 4 µm thick sections by micro-

tome, placed on glass slides and stained by hematox-

ylin and eosin. Light microscopic examination was

performed using an Olympus, CX 41 microscope and

photographic documentation was achieved using an

Axiophot-Zeiss microscope with a digital camera

(Nikon DXM1200F).

Statistical analysis

Results are presented as the means ± SEM. Differ-

ences between means were evaluated by the Kruskal-

Wallis test followed by Dunn’s multiple comparison

test; p < 0.05 was considered significant. GraphPad

Prism 5 software (San Diego, CA, USA) was used for

statistical analysis.

Results

Development of liver hepatitis induced by ConA

ConA-induced ALT release

As shown in Figure 1, basal level of ALT was 40.65 ±

3.20 U/l. There was no elevation of ALT 2 h after
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ConA (36.1 ± 4.2 U/l), but there was a substantial in-

crease in ALT 8 h after ConA (5,092.2 ± 1,129 U/l)

which was sustained 16–24 h after ConA challenge

(5,256.7 ± 1,475.5 U/l).

ConA-induced IFN� and TNF� production

In control mice, the plasma concentration of IFN� was

below 0.05 ng/ml and the concentration of TNF� in

plasma averaged 0.07 ± 0.01 ng/ml. In response to

ConA (10 mg/kg, iv), INF� and TNF� concentrations

substantially increased, reaching a maximum as early as

2 h after ConA (23.72 ± 8.80 ng/ml, 0.71 ± 0.12 ng/ml,

for IFN� and TNF�, respectively), and returning to

low levels 24 h after ConA administration (Fig. 2).

ConA-induced liver pathology

Although at 2 h after ConA administration minimal

hyperemia and infiltration of a mixed leukocyte popu-
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lation within sinusoids could be detected, only at 8 h

after ConA were these changes of notable intensity

(Fig. 3). At later stages, 16 and 24 h after ConA, hy-

peremia was less pronounced, but liver pathology was

characterized by intensive lymphocytic infiltration

within the portal tract and dispersed areas of coagula-

tive necrosis of hepatocytes (covering up to 10–20%

of the cut liver surface) with concomitant neutrophilic

infiltration. Interestingly, at the late stage of ConA-

induced damage (24 h after ConA), the histological

picture was similar to that of chronic hepatitis (peri-

portal hepatitis) (Fig. 3).

ConA-induced changes in NNMT activity in the
liver and MNA concentration in plasma

NNMT activity in the liver of control mice was 2.06 ±

0.14 pm/min/mg and stayed at approximately the

same level 2 h after ConA (1.75 ± 0.24 pm/min/mg).

However, NNMT activity rose approximately 3-fold 8

and 24 h after ConA administration (Fig. 4).

As shown in Figure 5, changes in the plasma con-

centration of NA, MNA, Met-2PY and Met-4PY were

compatible with the increased activity of NNMT in-

duced by ConA. Basal plasma concentrations of NA

and MNA were 294.8 ± 41.1 and 96.5 ± 12.5 ng/ml,

respectively, and increased as early as 2 h after ConA

administration. Plasma concentrations of NA and

MNA reached a maximum 8 h after ConA injection

(806.2 ± 308.2 ng/ml, 162.6 ± 27.4 ng/ml for NA and

MNA, respectively) and returned back to low levels

16 and 24 h after ConA injection (Figs. 5A, B). Similar

patterns of change were noted for the plasma concen-

trations of the MNA metabolites, Met-2PY and Met-

4PY, with a maximum increase of approximately 3-

fold 8 h after ConA, followed by a decline to control

levels 16 and 24 h after ConA (Figs. 5C, 3D).

Effect of exogenous MNA on ConA-induced liver
injury

In response to ConA, the basal concentration of ALT

rose from 34.1 ± 5.9 U/l (n = 8) to 4,283.1 ± 640.8 U/l

(n = 8) 8 h after ConA challenge. If ConA was in-

jected together with MNA (100 mg/kg), the ConA-

induced rise in ALT concentration was significantly

reduced to 1,329.4 ± 216.6 U/l (n = 6). In the presence

of the IP receptor antagonist, RO 3244794, the MNA-

induced protective effect on ConA-induced liver injury

was lost (ALT was 3,027 ± 1,104.3 U/l; n = 5).

Discussion

In the present study, we demonstrated that ConA-

induced hepatitis was associated with an increased ac-

tivity of NNMT in the liver and a subsequently ele-

vated concentration of endogenous MNA in the

plasma. We demonstrated that the up-regulation of the

NNMT-MNA pathway was parallel or subsequent to

the early release of IFN� and TNF� induced by ConA

(2 h after ConA injection) but proceeded the develop-

ment of ConA-induced advanced stage hepatitis (24 h

after ConA injection). In the present work, we also re-

vealed that exogenously administered MNA protected

against ConA-induced liver injury by a PGI2-depen-

dent mechanism because in the presence of the PGI2

receptor (IP receptor) antagonist RO 3244794, the

beneficial effects of exogenous MNA on ConA-

induced hepatitis was lost.

Our findings suggest that the early increase in the

activity of the NNMT-MNA pathway in ConA-
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induced hepatitis may reflect an endogenous defen-

sive mechanism limiting the inflammatory processes

in the liver by a PGI2-dependent mechanism.

ConA-induced hepatitis is a well-established model

of T-cell dependent liver inflammation [42] that re-

flects some of the changes occurring during viral in-
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fections or autoimmunological hepatitis. ConA-

induced stimulation of lymphocytes results in a rapid

increase in IFN� release, a subsequent activation of

macrophages and the release of a plethora of pro-

inflammatory cytokines including TNF�. Both cyto-

kines (IFN�, TNF�) play critical roles in the develop-

ment of hepatocellular apoptosis and necrosis in

ConA-induced liver injury [17, 24]. The early release

of the inflammatory cytokines, IFN� and TNF�, 2 h

after ConA followed by ALT release 8 h after ConA,

is compatible with previous studies [37]. In the pres-

ent work, we characterized in more detail liver mor-

phological changes induced by ConA. We found that

early changes (2 and 8 h after ConA) involved hy-

peremia and a marked infiltration of mixed cellular

leukocytes within sinusoids. Later (16 and 24 h after

ConA), an intense lymphocyte infiltration in portal

tracts was evident with penetration into limiting plates

and surrounding of single hepatocytes undergoing ne-

crosis. To some extent, this picture (periportal hepati-

tis) resembles the histological changes of chronic

hepatitis. The characteristic feature of the late stage of

ConA-induced hepatitis consisted of the presence of

dispersed areas of coagulative necrosis of hepatocytes

with neutrophilic infiltration covering up to 10% of

the cut surface.

The characterization of ConA-induced liver injury

in terms of IFN�, TNF� and ALT release and the de-

velopment of pathology allowed us to relate changes

in NNMT-MNA pathway activity with the natural

evolution of hepatitis in this model. Our results dem-

onstrated that the up-regulation of the NNMT-MNA

pathway was an early event in the ConA-induced re-

sponse that was parallel or subsequent to the release

of IFN� and TNF� induced by ConA (2 h after ConA

injection) but preceded full-blown hepatitis. This re-

sult suggests a close link between the cytokine-

mediated inflammatory liver response and the up-

regulation of NNMT. Interestingly, it was demon-

strated that NNMT may be regulated by IL-6 and

STAT-3-dependent mechanisms [44] suggesting that

pro-inflammatory cytokines, such as IL-6, that are

also released concomitantly to IFN� and TNF� in

ConA-induced hepatitis [37], may provide the stimu-

lus for the increased NNMT activity in the liver. Ob-

viously, the mechanisms of NNMT up-regulation

needs to be addressed in more detail. Nevertheless,

our results suggest that NNMT represents a novel

player in the liver inflammatory response.

Although our report was the first to analyze the

changes in MNA plasma concentration in ConA-

induced hepatitis, previous studies have demonstrated

that in CCl4-induced and D-galactosamine-induced liver

injury, the urinary excretion of MNA was decreased [15,

16]. In contrast to the ConA model, however, these two

models represent a toxic rather than an inflammatory liver

injury that could explain the discrepancy.

It could be argued that MNA concentration in

plasma is not only regulated by NNMT activity but

also by aldehyde oxidase or, in a minor part, by xan-

thine oxidase [40] as well as by renal function; MNA

and its pyridine metabolites are all excreted in urine.

Yet, the contribution of these mechanisms to the al-

teration of MNA concentration during ConA-induced

hepatitis is presently not known.

In previous studies, the up-regulation of NNMT or

increase in NNMT-derived MNA formation was sug-

gested to be a disease biomarker in cancer [23, 30, 34,

43], possibly involved in tumor growth, migration and

metastasis [36, 46]. The increased activity of NNMT

has also been implicated in the pathogenesis of Park-

inson disease [27]. In contrast, we recently demon-

strated the increased activity of the NNMT-MNA

pathway in atherosclerosis [26] and suggested that

this phenomenon may afford an anti-atherosclerotic

activity compatible with the profile of pharmacologi-

cal activity of exogenous MNA including anti-

thrombotic and anti-inflammatory activities that are

mediated by the COX-2/PGI2 pathway [6, 8] and a re-

versal of endothelial dysfunction that involves an un-

known mechanism [4]. In the present work, we claim

that the increased activity of NNMT in liver inflam-

mation may afford hepatoprotective activity via

PGI2-dependent pathways. Indeed, previous studies

have demonstrated that the deficiency of PGI2 aggra-

vates hepatic damage [9, 28] whereas, PGI2 analogues

afford protection of liver injury induced by ischemia-

reperfusion or by ConA [18, 29]. In the present work,

we have not proven that the increased activity of the

endogenous NNMT-MNA pathway is associated with

the increased activity of endogenous PGI2. To over-

come this limitation, we provided preliminary evi-

dence that exogenous MNA limited ConA-induced

liver injury by a PGI2-dependent mechanism. Obvi-

ously, the concentrations of MNA in MNA-treated

animals increases by several folds [4] whereas the

concentration of endogenous MNA increased less

than 2-fold in response to ConA in the present work.

Nevertheless, our results suggest that the up-regulated
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endogenous NNMT-derived MNA in ConA-induced

hepatitis may limit liver injury by a PGI2-dependent

mechanism.

There are also other mechanisms that could con-

tribute to the beneficial effect of an upregulation of

endogenous NNMT and to the effects of exogenous

MNA. Increased methylation of NA to MNA may

limit the detrimental effect of NA accumulation de-

rived from the catabolic stage of liver injury [31]. In-

deed, increased methylation of NA was suggested to

represent a mechanism that protects liver cells against

NA toxicity [12]. On the other hand, in isolated liver

slices, MNA displays an ATP-sparing effect due to the

inhibition of NAD synthesis [21] and is suggested to

stimulate hepatocellular DNA synthesis [20]. In con-

trast, the enhancement of NNMT activity in the liver

induced by barbiturates lead to the depletion of pyri-

dine nucleotides (NAD+, NADH, NADP+, NADPH)

and to the attenuation of pyridine nucleotide-dependent

protective systems, including NADPH-dependent GSH

peroxidase and GSSG reductase [14].

Obviously, the mechanisms of hepatoprotective ef-

fects of endogenous and exogenous MNA, the recip-

rocal links between NNMT activity and the metabolic

state of hepatocytes, warrants further study.

In summary, the present study demonstrated that

hepatic NNMT activity and MNA concentration in

plasma significantly increased during the progression

of ConA-induced T-cell dependent hepatitis in mice.

This response may play a hepatoprotective role com-

patible with PGI2-dependent mechanisms of the phar-

macological activity of MNA.

Further studies on NNMT-dependent pathway may

have implications in the prediction of clinical out-

come and the discovery of novel treatment modalities

in inflammatory liver diseases.
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