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a b s t r a c t

We evaluated the effects of a potent NO donor, S-nitroso-N-acetylcysteine (SNAC), on

microsomal triglyceride transfer protein (MTP) expression in ob/ob mice. NAFLD was

induced in male ob/ob mice using a methionine–choline deficient diet (MCD) concomitantly

with oral SNAC fed solution (n = 5) or vehicle (control; n = 5) by gavage daily for 4 weeks.

Livers were collected for histology and for assessing MTP by RT-qPCR, Western blot,

immunohistochemistry and immunogold electron microscopy analyses. Histological ana-

lysis showed diffuse macro and microvesicular steatosis, moderate hepatocellular balloon-

ing and moderate inflammatory infiltrate in ob/ob mice fed the MCD diet. With SNAC, mice

showed a marked reduction in liver steatosis ( p < 0.01), in parenchymal inflammation

( p = 0.02) and in MTP protein immunoexpression in zone III ( p = 0.05). Moreover, SNAC

caused reduction of MTP protein in Western blot analysis (p < 0.05). In contrast, MTP mRNA

content was significantly higher ( p < 0.05) in mice receiving SNAC. Immuno-electron

microscopy showed MTP localized in the rough endoplasmic reticulum of hepatocytes in

both treated and untreated groups. However with SNAC treatment, MTP was also observed

surrounding fat globules. Histological improvement mediated by a nitric oxide donor is

associated with significantly altered expression and distribution of MTP in this animal

model of fatty liver disease. Further studies are in progress to examine possible mechanisms

and to develop SNAC as a possible therapy for human fatty liver disease.
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1. Introduction

Nonalcoholic steatohepatitis (NASH) is an important form

of liver disease that may progress to cirrhosis and liver failure

[1–3]. The mechanisms that mediate the transition from

steatosis to NASH remain unknown. The ‘two-hit’ hypothesis

has been proposed to explain the pathogenesis of NASH, with

an initial metabolic disturbance causing steatosis and a

second pathogenic stimulus promoting oxidative stress,

increased generation of reactive oxygen species (ROS), lipid

peroxidation, and resultant NASH [4–6]. Insulin resistance

plays a major role in hepatic fat accumulation through

increased influx of free fatty acids (FFA) from peripheral fat

stores due to enhanced lipolysis, increased de novo hepatocyte

triglyceride synthesis from glucose and reduced apoB produc-

tion, which diminishes fat export from the liver [7,8].

Microsomal triglyceride transfer protein (MTP) has a

pivotal role in lipoprotein assembly in the endoplasmic

reticulum (ER). MTP is an ER resident protein that forms a

heterodimer with protein disulfide isomerase (PDI) [9]. It is

known that apoB inserted in the ER undergoes disulfide bond

formation followed by association with triglycerides by the

complex formed by PDI/MTP [10]. In addition, interaction of

MTP with PDI likely stabilizes the alpha subunit of MTP,

inducing its retention within the ER, through the PDI C-

terminal sequence Lys-Asp-Glu-Leu (KDEL) [9]. It has been

demonstrated that, in vitro, MTP mobilizes neutral lipids

from donor vesicles to acceptor vesicles [11]. This lipid

transfer activity of MTP appears to be essential for the

lipidation of apoB and for its assembly in lipoproteins and

secretion from the liver and intestine [12]. This claim is

reinforced by the finding that defects in MTP lead to

abetalipoproteinemia, an autosomal recessive disease char-

acterized by exceedingly low levels of apoB-containing

lipoproteins in the plasma [13]. In addition, pharmacological

inhibitors of the transfer activity of MTP were shown to

decrease apoB and triglyceride secretion by cells in culture,

to block the production of VLDL (very low density lipopro-

tein) in rodents, and to normalize plasma lipoprotein levels

in animal models, without increasing hepatic triglycerides

[14]. Down-regulation of MTP gene expression facilitates

intracellular fat accumulation in hepatocytes increasing the

susceptibility to hepatic steatosis. These observations point

to an inverse correlation between MTP expression and

NAFLD development.

Previous studies have shown that treatment with S-

nitroso-N-acetylcysteine (SNAC), a potent inhibitor of lipid

peroxidation, prevented nonalcoholic fatty liver disease

(NAFLD) induced by a choline deficient diet in rats [15] and

promoted down-regulation of several genes linked to fatty

acid metabolism [16].The aim of this study was to further

investigate the effect of oral administration of SNAC in the

prevention of NASH in ob/ob mice fed a methionine–choline

deficient diet and to correlate this effect with MTP expres-

sion. While no animal model perfectly replicates human

NASH, this two hit model including leptin deficiency which

produces steatosis and choline deficiency which provokes

cell injury (including hepatocyte ballooning and inflamma-

tion) offers a reliable model for investigating potential forms

of therapy.
2. Materials and methods

2.1. SNAC synthesis

SNAC was synthesized through the S-nitrosation of N-acetyl-

L-cysteine (Sigma Chemical, St. Louis, MO) in an acidified

sodium nitrite solution [17]. Stock SNAC solutions were

further diluted in PBS. Solutions were diluted to

2.4 � 10�4 mol/L in PBS (pH 7.4) before administration. All

the experiments were carried out using analytical grade water

from a Millipore Milli-Q Gradient filtration system.

2.2. Animals

Male ob/ob mice (Jackson Laboratories, Bar Harbor, Maine,

USA), weighing 30–40 g, were housed in temperature and

humidity controlled rooms, kept in a 12-h light/dark

cycle and provided unrestricted amounts of food and water.

All procedures for animal experimentation were in accor-

dance to the Helsinki Declaration of 1975 (NIH Publication

No. 85-23, revised 1996) and the Guidelines of Animal

Experimentation from the University of São Paulo School

of Medicine. NASH was induced in the ob/ob mice by

methionine/choline deficient (MCD) diet (62.5% carbohy-

drate with starch and sucrose; 17% protein with casein

without methionine–choline; 7% lipid with soybean oil;

1% AIN-93M vitamin mix; 3.5% AIN-93M mineral mix

[Rhoster Ind. Com. Ltd., SP, Brazil]) for 4 weeks. NASH

was defined in this animal model by the presence of both

macro- and microvesicular steatosis, hepatocellular bal-

looning, as well as a mixed lobular inflammatory infiltrate in

zone III.

Ob/ob mice were randomly assigned to receive oral SNAC

solution (1.4 mmol/kg) (n = 5) (MCD + SNAC group) or vehicle

(physiologic Ringer’s) (n = 5) (MCD group) both by gavage, daily.

Ob/ob mice with standard diet were used as controls (Control

group). After 4 weeks of treatment with SNAC or vehicle

associated with MDC diet, ob/ob mice were sacrificed and

samples of liver tissue were taken for histopathological

analysis. RT-qPCR for mRNA MTP content and Western blot

for 97-kDa murine MTP protein were performed in all liver

samples as described below.

2.3. Laboratory evaluation

Serum alanine amininotransferase (ALT), aspartate amino-

transferase (AST), cholesterol and triglycerides levels

were analyzed by standard methods using automated

techniques.

2.4. Histopathology and immunohistochemistry analyses

Fragments of liver tissues were fixed in formaldehyde saline

(4%) and processed for hematoxylin–eosin (HE) and Masson

Trichrome stains. Histological markers of NAFLD activity

(steatosis 0–3, ballooning 0–2 and lobular inflammation 0–3)

were assessed according to Histological Scoring System for

Nonalcoholic Fatty Liver Disease (NASH Activity Score or NAS),

recently published by the Pathology Committee of the NASH

Clinical Research Network [18].
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2.5. Immunohistochemical detection of MTP

After treatment of tissue sections with 3%, H2O2, antigen

retrieval was achieved by incubation with a sodium citrate

solution, pH 6.0 for 40 min in a steamer. MTP primary antibody

was a rabbit nonspecific polyclonal IgG anti-MTP (Bristol-

Myers-Squibb, USA), at a dilution 1:200. Incubation for 30 min

at 37 8C was followed by additional 16 h (overnight) at 4 8C.

Signal amplification was achieved through non-biotin method

ENVISION-PLUS [DAKOCytomation, USA (cod. K4003)] for

30 min at 37 8C. Signal development was provided by a

solution with 3,3-diaminobenzidine tetrahydrochloride

(DAB) (Sigma Chemical Co., USA) and 0.01% H2O2. Positive

and negative controls were performed in the same batch. MTP

immunoexpression was semi-quantitated in hepatocytes

from each acinar zone as follows: 0 = negative; 1+ = staining

of less than 5% of hepatocytes; 2+ = 5–25%; 3+ = > 25%.

2.6. Immuno-electron microscopy for the assessment of
MTP

The ultrastructural distribution of MTP was studied, applying

the immunogold method, in liver samples of two cases of

SNAC-treated mice and in liver samples of two cases of mice

without SNAC treatment. All samples were chosen randomly

from the collected material of this study. LRWhite-resin thin

sections (60–80 nm thick) were cut with a Diatome diamond

knife on a Leica Ultracut R ultramicrotome and were collected

onto 200 mesh Formvar-coated nickel grids. MTP immunogold

labeling was carried out according to the method of Polak and

Van Noorden [19], modified as described previously [20].

Incubations were carried out by floating the grids on drops of

solutions at room temperature (RT), except for the primary

antibody step. The multiwell Terasaki plates were used as

humid chambers. Grids were first incubated for 4 min on drops

of 0.05 M Tris/HCl buffer, pH 7.4, and then on blocking buffer

[0.05 M Tris/HCl, pH 7.4 + 1% bovine serum albumin

(BSA) + 0.1% coldwater fish gelatin + 5% normal goat serum

(NGS) + 0.1% Tween-20] for 30 min. Grids were then incubated

with primary rabbit polyclonal IgG anti-MTP (Bristol-Myers-

Squibb, USA) diluted 1:10 and incubated in Terasaki plate

overnight at 4 8C. Control sections were incubated in the

absence of primary antibody. The grids were rinsed in 0.05 M

Tris/HCl, pH 7.4 and washed in 0.05 M Tris/HCl, pH 7.4

containing 0.1% Tween-20 (solution I), then in 0.05 M Tris/

HCl, pH 7.2 containing 0.4% BSA and 0.1% Tween-20 (solution

II) and finally in 0.05 M Tris/HCl, pH 8.2 containing 2% BSA and

0.1% Tween-20 (solution III). The grids were incubated for 1 h

at room temperature in the secondary colloidal gold antibody

(goat anti-rabbit IgG conjugated to 15 nm gold particles),

diluted 1:40 in solution III. Consequently, the grids were

washed in solution II, solution I and distilled water. Finally,

they were dried and counterstained with ethanolic uranyl

acetate and lead citrate. Using a random digit table, sections

were selected from the grid boxes and viewed in a Zeiss EM 900

at 80 kV accelerating voltage, with an objective aperture of

30 mm. By means of a calibrated motorized stage, fields were

selected at random and electron micrographs were taken for

the statistical evaluation of the immunogold labeling. The

photomicrographs were recorded on Kodak Electron Image
film SO-163 (gelatin plates, 8 cm � 10 cm, code no.: 1679257),

which were subsequently developed with the Kodak D-19

developer. Electron micrographs were printed on a Xerox

N2025 high resolution laser printer at 1200 dpi. For quantifica-

tion, a special grid (with 25 squares) was applied on each

sample photomicrograph and immunoreactive granules were

counted. Number of granules per grid square, total number of

granules and mean/photograph was noted for each case. The

number of granules per grid square as well as the total number

of granules and mean/photograph were noted in each case.

2.7. Liver RNA extraction

After liver tissue pulverization (�50 mg) with a dismembrator

(B. Braun Biotech International, Melsungen, Germany) at

liquid nitrogen temperature, total RNA was prepared using

Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA,

USA) according to the manufacturer’s recommendations.

Total RNA was dissolved in RNase-free water and RNA

concentration was determined spectrophotometrically. RNA

integrity was judged appropriate at a 260/280 nm ratio >1.8

and without signs of degradation on agarose gel. Samples were

kept at �80 8C until processing by reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) analyses.

2.8. RT-qPCR analyses

Transcript levels of MTP were determined by RT-qPCR and the

results were normalized according to corresponding values of

housekeeping b-actin mRNA. Gene-specific primer pairs were

located on two adjacent exons to achieve a high level of

specificity and to avoid detection of genomic DNA. Primers were

designed to have similar GC contents and annealing tempera-

tures using the Primer3 Program (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi) [21]:
� b
-Actin (165-bp product) [NM_007393]:

� Sense: 50-TGT TAC CAA CTG GGA CGA CA-30

� Antisense: 50-GGG GTG TTG AAG GTC TCA AA-30
� M
TP (171-bp product) [NM_008642]:

� Sense: 50-CCT CTT GGC AGT GCT TTT TC-30

� Antisense: 50-ATT TTG TAG CCC ACG CTG TC-30
mRNA analyses expressions were carried out in a Rotor-

Gene RG-3000 (Corbett Research, Sidney, Australia) using

Quantitect SYBR Green RT-PCR for quantitative, real time,

one step RT-PCR (Qiagen GmbH, Hilden, Germany), according

to the instructions provided by the manufacturer. Reactions

lacking reverse transcriptase were also run to generate

controls for assessment of genomic DNA contamination. The

reaction mixture consisted of 12.5 mL of SYBR RT-PCR Master

Mix, 0.25 mL of QuantiTect RT Mix, 0.2 mM sense/antisense

primers and 5 mL (20 ng/mL) of total RNA template. The

reaction was incubated under the following cycling condi-

tions: 50 8C for 30 min for RT, heating to 95 8C for 15 min,

and then 35 cycles at 94 8C for 20 s, 56 8C for 30 s and 72 8C for

30 s. Fluorescence changes were monitored after each cycle,

and melting curve analysis was performed at the end of

cycles to verify PCR product identity (72 8C ramping to 99 8C at

0.2 8C/s with continuous fluorescence readings). Specificity

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi


Table 1 – Levels of alanine amininotransferase (ALT), aspartate aminotransferase (AST), cholesterol and triglycerides in
the serum of ob/ob mice fed with methionine–choline deficient diet (MCD) which received or not SNAC by gavage for 4
weeks (MCD + SNAC)

Group N AST (U/L) ALT (U/L) Triglycerides (mg/dL) Cholesterol (mg/dL) Weight change (%)

Control 6 146 � 63 25 � 2 75 � 35 89 � 31 +14.6*

MCD 6 624 � 461 230 � 165 93 � 27 105 � 49 +4.8

MCD + SNAC 6 193 � 18d 22 � 13d 62 � 23 89 � 44 �1.0

References values, AST: 10–34 mg/dL; ALT: 10–44 mg/dL. cholesterol and triglycerides: 45–89 mg/dL.
d p < 0.05; MCD �MCD/SNAC
* p < 0.05; data expressed as mean � S.D.
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of amplicons was also ensured by agarose gel electrophoresis

to visualize a unique product fragment of the appropriate

size.

mRNA content of MTP was determined as the number of

transcripts relative to those of b-actin and additionally

normalized to the mean value of control liver (obtained from

the Control group). To evaluate the amplification efficiency of

each target and housekeeping genes, standard curves were
Fig. 1 – Morphological and Immunohistochemical features. MCD

depicting steatosis grade 3 and lobular inflammation (HE, 200T

(3+) (MTP, Envision, 100T); (C) strong MTP immunoexpression in

treated with SNAC (MCD + SNAC): (D) portal and periportal area

centilobular areas almost devoid of steatosis (HE, 100T); (F) minim

100T).
constructed from a control liver RNA sample using duplicate

serial dilutions with five different RNA concentrations (500,

100, 20, 4 and 0.8 ng/mL). To evaluate the relative expression

ratio of MTP gene compared with b-actin and efficiency values

of both set of primers, the mathematical model described by

Pfaffl was used [22], once the amplification efficiency with

control gene was different. Amplification of MTP and house-

keeping control gene was done in duplicate from each sample.
-fed mice without SNAC (MCD group): (A) steatohepatitis

); (B) MTP immunoexpression in innumerous hepatocytes

zone 3 hepatocytes (MTP, Envision, 200T). MCD-fed mice

s without relevant histological lesions (HE, 100T); (E)

al MTP immunoexpression in zone 3 area (MTP, Envision,



Table 2 – Median of mRNA expression by RT-qPCR and immunoexpression by immunohistochemistry (IHQ) of MTP in the
liver of ob/ob mice fed a methionine–choline deficient diet (MCD group) and which received oral SNAC solution by gavage
for 4 weeks (MCD + SNAC group)

N MCD group MCD + SNAC group p value

MTP mRNA expression [median (min–max)] AU 5 1.10 (0.72–1.20) 1.66 (1.06–1.79) 0.007

MTP expression by lHQ [median (min–max)] 5 3.00 (2.00–3.00) 1.00 (1.00–3.00) 0.05

AU: arbitrary unit; IHQ: immunohistochemistry.

Fig. 2 – Hepatic microsomal triglyceride transfer protein

(MTP) expression in MCD and MCD + SNAC groups.

Microsomal protein was isolated from mouse livers and

used for determination of triglyceride transfer protein

expression by Western blot as described in methods.

Bands were visualized using enhanced

chemiluminescence (Amersham) and exposed to X-ray

film. MTP expression was reduced in SNAC-treated ob/ob

mice.
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Inter-assay variation was investigated in two different

experimental runs performed on different days.

2.9. Microsomal triglyceride transfer protein (MTP)
Western blots

Livers from six mice were dissected, washed with ice-cold

buffer (5 mM Tris, pH 7.4), and minced into pieces with a razor

blade. The pieces were homogenized in ice-cold homogeniza-

tion buffer (250 mM sucrose, 8 mM Tris, pH 7.4). The homo-

genate was centrifuged at 60 � g for 10 min. The supernatant

fluid was removed and centrifuged again at 600 � g, 8,500 � g

and 17,500 � g for 10 min each. The postmitochondrial super-

natant fluid was removed and centrifuged at 105,000 � g for

90 min. The pellet, representing the microsomal vesicles, was

resuspended in fresh lysis buffer (20 mM Hepes, 150 mM NaCl,

10% Glycerol, 1% Triton, 1 mM EDTA, 1.5 mM MgCl2, 1 mg/mL

aprotinin, 1 mg/mL leupeptin, 1 mM PMSF). The proteins were

size-fractionated on a 10% polyacrylamide/SDS gel (30 mg of

protein per lane); the separated proteins were then electro-

phoretically transferred to a nitrocellulose membrane. The

Western blot was probed with a rabbit antiserum against MTP

(Bristol-Myers Squibb, USA). The membranes were blocked in

blocking buffer (TBS-T 0.1% supplemented with 5% nonfat

milk) at room temperature for 2 h. After the primary antibody

incubation (1:1000 dilution) overnight at 4 8C, the blots were

washed with TBS-T 0.1% and incubated for 1 h with horse-

radish peroxidase-conjugated goat anti-rabbit IgG (Amersham

Corp., Arlington Heights, USA). Bands were visualized using

enhanced chemiluminescence (Amersham Corp., Arlington

Heights, USA) and exposed to X-ray film.

2.10. Statistical analysis

Since most of the variables studied herein were semi-

quantitative, non-parametric approach was provided for

multiple comparison methods. For biochemical analysis, the

results of the groups were compared using univariate analysis

of variance. Regarding immuno-electron microscopy, since

the granules were directly counted, an assessement of

whether the distribution of the results was normal or not,

Kolmogorov–Smirnov and Shapiro–Wilk tests were perfomed

with values = 0.2000 and 0.528, respectively, thus showing a

non-normal distribution. Among the non-parametric tests, we

assessed our results to immuno-electron microscopy and

Immunohistochemical by Mann–Whitney and by x2, with

pretty similar results. Concerning RT-qPCR, since assump-

tions for a parametric test were not valid, data was evaluated

by Wilcoxon Mann–Whitney Test for analyzing the overlap

between distributions of two independent groups. The Mann–

Whitney U-test was used to evaluate statistical significance of
MTP Western blots expression among the groups. Statistical

significance was set at p value <0.05.
3. Results

Biochemical analysis demonstrated that serum AST and ALT

concentrations were highly elevated in the MCD group. SNAC

treatment led to a marked decrease in the concentrations of

ALT and AST. Nevertheless, cholesterol and triglycerides

levels were unaltered with SNAC treatment (Table 1).

Histopathological analysis showed that ob/ob mice in the

Control group (standard diet) there was only mild ballooning

and minimal inflammation while in the MCD group ob/ob mice

developed diffuse macro- and microvesicular steatosis,

moderate hepatocellular ballooning and a moderate lobular

mixed inflammatory infiltrate (Fig. 1A). As previously shown

[16], MCD + SNAC group mice demonstrated a marked

decrease in liver steatosis (p < 0.01) and in parenchymal

inflammation ( p = 0.02) (Fig. 1D and E). These results show that

SNAC treatment can abolish the development of NAFLD in

these animal models. We also observed strong MTP immu-

noexpression in zone 3 hepatocytes in the MCD group (Fig. 1B

and C) which was reduced in zone 3 with SNAC therapy

( p = 0.05) (Fig. 1F, Table 2). Similarly, the expression of hepatic

MTP in microsomes evaluated by Western blot was reduced in

SNAC-treated ob/ob mice (p = 0.05) (Fig. 2).

Ultrastructural examination showed that MTP-immuno-

gold granules were localized to the rough ER membrane, as

well as in its lumen in both groups (Fig. 3A). SNAC treatment

promoted an alteration in the intracellular distribution of MTP

as shown by the increased detection of MTP around the fat

vesicles localized in ER (Fig. 3B). Quantitation of MTP

immunoreactive granules in SNAC-treated samples showed



Fig. 3 – (A and B) MCD group: MTP immunogold localization on rough endoplasmic reticulum (RER) membrane and in its

lumen (original magnification 20,000T). (C and D) MCD + SNAC group: MTP-immunoreactive granules are also observed in

RER vesicles (arrow) (original magnification 20,000T).
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no significant difference (0.5699 � 0.2286) in comparison to

non-treated animals (0.4533 � 0.1887) (p = 0.467).

In contrast to the findings of protein expression, as shown

Table 2, mRNA content of MTP was significantly higher

(p < 0.05) in livers of SNAC-treated mice (1.46 � 0.36) in

comparison to the MCD group (1.00 � 0.22).
4. Discussion

In the present study, we found that administration of SNAC

was associated with reduction in histological criteria of

experimental NASH concomitantly with reduction of MTP

protein expression measured by both Western blot and

immunohistochemistry, increase of MTP mRNA content and

an alteration in the intracellular distribution of MTP.

A series of investigations in NAFLD have demonstrated

several different rodent models that exhibit histological

evidence of hepatic steatosis. Nevertheless, the features of

true NASH that should include at least ballooning hepatocyte

degeneration in addition to fatty change and an inflammatory

infiltrate [18] have been less frequently demonstrated in these

models [23]. One of the models that has been employed by

many researchers is the genetic leptin-deficient (ob/ob) or

leptin-resistant (db/db) mouse [23,24]. However, the limited

fibrotic capacity of a leptin-deficient model [25] means that it is
best suited to studies investigating the mechanisms behind

the development of steatosis and the transition to NASH.

Although ob/ob mice develop spontaneous liver steatosis, the

development of a more significant injury requires the

administration of a so-called ‘‘second metabolic hit’’ such

as a MCD diet, a classical model of NAFLD, in which the animal

develop steatosis, NASH and fibrosis [15,24]. In the present

study, ob/ob mice receiving the MCD diet developed moderate

diffuse macro- and microvesicular steatosis, hepatocellular

ballooning, and a diffuse mixed lobular inflammatory infil-

trate. The presence of cellular ballooning is characteristic of

NASH although fibrosis was not observed because of the leptin

deficiency.

The development of NASH in mice is dependent on the

activation of pathways of hepatic lipid turnover, which are

modulated by genes such as PPARs, ChREBP, SREBP1 and MTP

which lipidates apolipoprotein B into triglyceride-rich VLDL

particles [26–29]. Phillips et al. showed a significantly

increased MTP mRNA in liver of obese rats and noted a

correlation between MTP mRNA and MTP activity [30].

However, the relationship between expression of MTP mRNA

and the activity or expression of MTP protein has not as yet

been elucidated as exemplified by a report of dissociation

between MTP mRNA levels and MTP activity [31]. These

conflicting findings suggest that MTP mRNA might not strictly

parallel MTP protein expression as our findings also suggest,



b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 2 9 0 – 2 9 7296
since we observed a reduction of MTP protein expression

concomitantly with an increased mRNA content after SNAC

treatment.

As it has been shown that inhibition of MTP activity in

mice results in impaired hepatic lipoprotein secretion

and steatosis [32] and, in the present study, the opposite

effect was observed, it seems improbable that the decrease

in MTP protein following SNAC treatment be a primary

event, alternatively, it might occur secondary to other

beneficial effects associated to SNAC, since it has been

previously demonstrated that this NO donor elicits down-

regulation of genes belonging to fatty acid biosynthesis

pathways [16], possibly resulting in prevention of fatty

accumulation.

We could also hypothesize that SNAC treatment induces a

posttranslational modification of the MTP-PDI complex

through a transnitrosation reaction with free sulfhydryl

residues of the PDI, as demonstrated for other NO donors.

Both, MTP and PDI possess free –SH moieties that can be

nitrosated generating –SNO groups [33]. It remains to be

elucidated if this posttranslational mechanism would explain

the altered intracellular distribution of MTP observed by

immuno-electronic microscopy after SNAC treatment. As

lipidation of apoB can occur by two different pathways, i.e.,

through free MTP or through MTP associated with lipid

vesicles and knowing that the latter pathway results in a

faster assembly of apoB-containing lipoproteins [34–36], we

speculate that the pattern of increased detection of MTP

around the fat vesicles localized in ER could favor a more

efficient apoB lipidation, contributing to prevention of NASH

in this experimental model. However, SNAC treatment did not

promote an augmentation in serum triglycerides and further

studies using Triton injection are necessary to establish the

final effect of MTP modulation on hepatic lipoprotein secre-

tion.

Although the exact mechanism underlying the beneficial

effect of SNAC is still unknown, the findings that this

compound modulates MTP expression open new perspectives

on the study of the effects of SNAC not only in the liver, but

also in the small intestine, where MTP plays a pivotal role in

lipid absorption. Further studies are underway to examine

these questions and to develop SNAC as a possible therapy for

NASH.
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