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Intravenous administration of multipotent stromal cells prevents
the onset of non-alcoholic steatohepatitis in obese mice
with metabolic syndrome
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Background & Aims: Metabolic syndrome is secondary to
obesity and characterized by dyslipidemia, insulin resistance,
and hypertension. Non-alcoholic fatty liver disease is its hepatic
manifestation, whose progression-limiting step is non-alcoholic
steatohepatitis (NASH). The latter is characterized by lipid
accumulation, hepatocyte damage, leukocyte infiltration, and
fibrosis. NASH is a prodrome to cirrhosis and hepatocellular
carcinoma. Multipotent stromal cells (MSCs) have been shown
to be immunomodulatory and contribute to liver regeneration
in acute failure conditions.

Our aim was to evaluate whether MSC administration prevents
the onset of NASH in obese mice with metabolic syndrome.
Methods: C57BL/6 mice were chronically fed with high-fat diet.
At week 33, mice received intravenously either the vehicle (obese
untreated) or two doses of 0.5 x 10 syngeneic MSCs (obese
MSC-treated). Four months later, liver function and structure,
and metabolic syndrome markers were assessed. The persistence
of donor MSCs®* in obese mice was evaluated 17 weeks after
their administration.

Results: Obese untreated mice presented high plasma levels of
hepatic enzyme, hepatomegaly, liver fibrosis, inflammatory cell
infiltration, and hepatic triglyceride accumulation. Furthermore,
they showed high expression levels of fibrosis markers and pro-
inflammatory cytokines. By contrast, obese MSC-treated mice
only presented steatosis. Mice kept obese, hypercholesterolemic,
hyperglycemic, and insulin resistant irrespective of whether they
received MSCs or not. Donor MSCs®” were found in liver, bone
marrow, heart, and kidney of obese mice.

Conclusions: MSC administration prevents the onset of NASH in
obese mice. Observed hepatoprotection is not related to a rever-
sion of the metabolic syndrome but to the preclusion of the
inflammatory process.
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Introduction

Changes in lifestyle, mainly hypercaloric diet ingestion and seden-
tarism, result in a dramatic increase in the incidence of the meta-
bolic syndrome, a cluster of clinical features linked to visceral
obesity and characterized by dyslipidemia, insulin resistance,
and hypertension [1]. Its hepatic manifestation is known as non-
alcoholic fatty liver disease (NAFLD) [2]. According to morpholog-
ical and functional alterations, three stages of NAFLD have been
described [3]. First, steatosis that corresponds to lipid accumula-
tion; second, non-alcoholic steatohepatitis (NASH) characterized
by steatosis, hepatocyte damage, leukocyte infiltration, and fibro-
sis; and third, cirrhosis due to scarring accompanied by a rear-
rangement of organ circulation and a major impairment of liver
function [4,5]. A two-hit theory has been proposed to explain
NAFLD progression [6]. The first hit depends on insulin resistance.
Liver free fatty acids augment and are esterified to triglycerides
that accumulate into the hepatocytes, increasing their susceptibil-
ity to damage. The second hit relates to oxidative stress and pro-
inflammatory environment. It results in the death of hepatocytes,
and leads to Kupffer cell activation and hepatic inflammation.
Infiltrating leukocytes produce fibrogenic factors, which stimulate
hepatic stellate cells to overproduce collagen type I, resulting in
fibrosis and further cirrhosis [3,7]. NASH is a critical turning point
in NAFLD progression and associates with cirrhosis and hepatocel-
lular carcinoma development [8,9].

To treat patients with NAFLD there is an algorithm that
includes body weight control and physical exercise [10], however,
it is useful only for some individuals. On the other hand, pharma-
cological treatments targeted to improve insulin resistance or
antioxidant defenses are modestly effective. Therefore, nowadays
medical interventions focus on the management of risk factors,
early detection of patients who progress to cirrhosis, and liver
transplantation in patients with end-stage disease [11,12]. The
growing list of patients needing a transplant, the exclusion of sev-
eral patients as recipient due to the presence of comorbid factors,
and the limited availability of organ donors, make chronic liver
diseases untreatable for most of the patients [13].

Recently, stem cells have been envisioned as a promising tool
for the development of therapeutic strategies to treat patients with
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liver diseases [14,15]. Among the different types of bone marrow-
derived stem cells, multipotent stromal cells (MSCs) also referred
to as mesenchymal stem cells seem to be excellent candidates
since they: (i) can be easily isolated from bone marrow aspirates,
and efficiently ex vivo expanded [16]; (ii) do not require host con-
ditioning before their administration, as in the case of transplanta-
tion of whole bone marrow or hematopoietic stem cells [17]; (iii)
home into acute damaged liver when systemically administered
[18]; (iv) have the ability to manage oxidative stress [19]; (v) are
hypoimmunogenic and immunomodulatory, so besides not being
recognized by the recipient’s immune system when allogeneic
transplanted, they could manage exacerbated inflammatory pro-
cess [17,20]; (vi) can be differentiated, among other cells, into
hepatocytes [21]; (vii) produce trophic factors that prevent the
apoptosis of parenchymal cells, and induce the proliferation and
differentiation of endogenous progenitors [22,23].

Here, our aim was to evaluate whether the intravenous admin-
istration of MSCs prevents the onset of NASH. For this, obesity was
induced in C57BL/6 mice by chronic feeding with a standardized
high-fat diet (HFD). Under this condition, animals develop
metabolic syndrome and NAFLD [24,25]. Thirty-three weeks after
obesity induction, mice were distributed into two experimental
groups matched for average body weight (Fig. 1). One group
received the vehicle (obese untreated) and the other group
received intravenously two doses, with an elapse of one month,
of 0.5 x 10° syngeneic MSCs each (obese MSC-treated). Obese
untreated and obese MSC-treated mice continued eating HFD up
to 50 weeks. A third group of animals were fed with regular
diet all along the study period (normal). Body weight of each ani-
mal was monitored twice a week. Before and 17 weeks after MSC
administration (weeks 33 and 50 after obesity induction), liver
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Fig. 1. Experimental design. After 33 weeks of HFD feeding, male C57BL/6 mice
were separated into two groups matched for average body weight. One group
received two doses of 0.5 x 106 MSCs (obese MSCs-treated). The other group
received the vehicle (obese untreated). Both groups were fed HFD during all study
period (50 weeks). A third group of mice was fed exclusively with regular diet
(normal). During the follow up period, body weight was determined twice a
week. At weeks 33 and 50, listed parameters were evaluated.
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blood chemistry (albumin, total bilirubin, lactate dehydrogenase,
alkaline phosphatase, alanine aminotransferase, and aspartate
aminotransferase), liver mass, liver histology (fibrosis, inflamma-
tion, fatty infiltration), liver gene expression of fibrosis markers,
pro-inflammatory cytokines and lipid metabolism genes, and liver
lipid (total lipids, triglycerides, cholesterol) content were
determined. Also, triglyceridemia, cholesterolemia, glycemia,
insulinemia, and glucose tolerance were assessed. In addition,
persistence of donor cells was evaluated 17 weeks after the intra-
venous administration of the first of two doses of 0.5 x 10% MSCs
isolated from C57BL/6-Tg ACTB-EGFP 10sb mice that constitu-
tively express GFP (MSCs®f"), into normal or obese (33 weeks after
obesity induction) C57BL/6 mice.

Materials and methods
Animals

Male C57BL/6 and C57BL/6-Tg ACTB-EGFP 10sb mice were housed at constant
temperature (22 + 2 °C) and 60% relative humidity, with a 12:12 light-dark cycle.
Mice had ad libitum access to food and autoclaved water. When required, animals
were lightly anesthetized with sevofluorane (Abbott, Japan) or sacrificed by intra-
cardiac injection of thiopental after being anesthetized by intramuscular injection
of xylazine and ketamine. All animal protocols used were approved by the Ethics
Committee of Facultad de Medicina Clinica Alemana-Universidad del Desarrollo.

Diets

Regular diet: 10 cal% fat, 20 cal% proteins, and 70 cal% carbohydrates (Champion,
Chile).

HFD: 60 cal% fat (lard), 20 cal% proteins, and 20 cal% carbohydrates (D12492)
(Research Diets Inc., NJ, USA).

Obesity induction

Up to five week-old mice were fed with regular diet. Then, mice were switched to
HFD and maintained under this diet for 50 weeks.

Blood triglycerides, cholesterol, glucose, and insulin determination

After 4 h of fasting, mice were sacrificed and blood samples were collected. Serum
triglycerides and cholesterol levels were determined in the Abbott Architect
c8000 autoanalyzer. Blood glucose levels were measured with the glucometer
system Accu-Chek Go (Roche Diagnostic, Germany). Plasma insulin levels were
assayed using a mouse-specific insulin ELISA kit (Ultrasensitive Mouse Insulin
ELISA; Mercodia, Sweden).

Glucose tolerance test

After 6 h of fasting, mice were lightly anesthetized and injected intraperitoneally
with 2 mg glucose/g body weight. Blood glucose levels were determined 15 min
before and 15, 30, 60, 90, 120, and 180 min after glucose administration. Area
under the curve was determined by the trapezoidal rule.

Liver blood chemistry

After 4 h of fasting, mice were sacrificed and blood samples were collected. Serum
albumin, total bilirubin, lactate dehydrogenase, alkaline phosphatase, alanine
aminotransferase, and aspartate aminotransferase levels were determined in
the Abbott Architect c8000 autoanalyzer.

Liver histology

Liver samples were fixed overnight in 4% paraformaldehyde in phosphate buffer
saline (PBS) at 4 °C. Serial 3 um sections of the right lobes of the liver were
stained with hematoxylin and eosin (H&E) and Masson’s trichrome. Frozen sec-
tions were stained with Oil Red O. Images were captured with a digital camera
and analyzed blindly by two observers.
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Liver lipid determination

Liver samples were homogenized and lipids were extracted by the method
described by Bligh and Dyer [26], with slight modifications. Briefly, 100 mg of tis-
sue were homogenized in 0.5 ml PBS, and the homogenate was added to 5 ml of
methanol-chloroform (1:2 V/V). The mixture was extracted overnight at 4 °C
and centrifuged at 2000g for 10 min. The lower chloroform phase was withdrawn,
and lipids in this phase were dried with a stream of nitrogen and weighed for
total lipids determination. Total lipids were dissolved in 1 ml of hexane and ali-
quots were used to determine triacylglycerol and cholesterol with assay kits TG
color and Colestat, respectively (Wiener Lab., Argentina).

Liver gene expression analysis

Expression levels of collagen type I, TGF-betal, alpha-smooth muscle actin, IL-1beta,
INF-gamma, TNF-alpha, FAT-CD36, SRBEP1a, FAS, ACO, ACC1, CYP2E1, CYP4A10,
CYP4A14, and GAPDH in liver samples were assessed by quantitative RT-PCR.

A . B

For this, total RNA was purified using TRIzol (Invitrogen, CA, USA) and quantify
by absorbance at 260 nm. One pg of total RNA was used for reverse transcription.
Real time PCR was performed in a final volume of 10 pl containing 50 pig of cDNA,
PCR LightCycler-DNA Master SYBRGreen reaction mix (Roche, IN, USA), 3 mM
MgCl,, and 0.5 uM of each specific primer (Supplementary Table 1), using a Light-
Cycler thermocycler (Roche). To ensure that amplicons were from mRNA and not
from genomic DNA amplification, controls without reverse transcription were
included. Amplicon analysis was performed based on its size and melting point
(Supplementary Table 1). Relative quantification was performed by the method
described by Schmitten et al. [27]. The mRNA level of a target gene was normal-
ized against the mRNA level of GAPDH and expressed as change versus normal
mice.

MSC and MSCS™ isolation and ex vivo expansion

Six to eight week-old male C57BL/6 or C57BL/6-Tg ACTB-EGFP 10sb mice were
sacrificed by cervical dislocation. Bone marrow cells were obtained by flushing
femurs and tibias with sterile PBS. After centrifugation, cells were resuspended
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Fig. 2. MSC recipients were obese, with metabolic syndrome, and at first stage of NAFLD. At week 33, compared with mice fed with regular diet (normal), mice fed with
HFD (obese) showed (A) high body weight (n = 20), (B) high serum cholesterol, blood glucose, and plasma insulin levels (*p <0.01, n = 6), (C) impaired glucose tolerance test
(n=28), (D) similar liver blood chemistry (n = 4), (E) accumulation of neutral lipids (n = 3), and (F) high triglyceride content in the liver (n = 10).
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in alpha-MEM (Gibco, NZ) supplemented with 10% selected fetal bovine serum
(Gibco) and 80 mg/ml gentamicin (Sanderson Laboratory, Chile), and plated at a
density of 1 x 10° nucleated cells/cm?. Non-adherent cells were removed after
72h by media change. When foci reached confluence, adherent cells were
detached with 0.25% trypsin, 2.65 mM EDTA (Gibco), centrifuged, and subcul-
tured at 7000 cells/cm?. After two subcultures, adherent cells were characterized
and transplanted.

MSC characterization

Although there are currently no consensus markers for murine MSCs as there
exist for human MSCs [28], immunophenotyping was performed by flow cytom-
etry analysis after immunostaining with monoclonal antibodies against putative
murine MSC markers SCA-1 (APC-conjugated), CD90 (PE-conjugated), CD44 (PE-
Cy5-conjugated) (all from eBioscience, CA, USA), and lymphocyte markers B220,
CD4, CD8 (PE-Cy5-conjugated) (all from BD Pharmingen, CA, USA).
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Fig. 3. MSC administration prevents liver injury secondary to obesity-induced
metabolic syndrome. At week 50, compared with normal mice, obese untreated
mice showed slightly increased levels of hepatocyte functional marker (total
bilirubin), high levels of cellular damage markers (lactate dehydrogenase and
alkaline phosphatase), and hepatocellular damage markers (alanine aminotrans-
ferase and aspartate aminotransferase). Compared with untreated obese mice,
MSC-treated mice presented low levels of liver injury markers. Compared with
normal mice, MSC-treated mice presented similar levels of assessed markers.
Each group n=8.
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Fig. 4. MSC administration prevents hepatomegaly and liver fibrosis second-
ary to obesity-induced metabolic syndrome. At week 50, compared with
normal mice, obese untreated mice showed (A) high liver/body weight ratio, (B)
liver perivenular and pericellular deposition of collagen fibers revealed by
Masson’s trichrome stain (arrows), and (C) high collagen type I gene expression in
the liver. Compared with obese untreated mice, MSC-treated mice showed low
liver/body weight ratio, no Masson’s trichrome staining, and low mRNA levels of
collagen type I and TGF-betal. Compared with normal mice, MSC-treated mice
showed similar liver size, similar collagen type I expression but low TGF-betal
mRNA levels in the liver. Each group n= 8.
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MSC proliferation potential was assessed after culturing cells at 4000 cells/cm?
and determining cell number at days 0, 2, 5,7, 9, 12, and 15 by staining with 0.5%
crystal violet in 10% methanol. After four washes, cell-incorporated crystal violet
was solubilized by incubation with phosphate buffer in methanol (50:50) and
quantified spectrophotometrically (absorbance at 570 nm). MSC differentiation
potential was assessed after cells exposure to standard adipogenic or osteogenic
differentiation media for 14 and 21 days, respectively [16].

MSC or MSCC™ intravenous administration

0.5 x 10% MSCs or 0.5 x 10° MSCs®™ were resuspended in 0.2 ml of 5% mice
plasma (vehicle) and administered via the tail vein to lightly anesthetized mice.
Untreated animals received 0.2 ml of vehicle.

Donor MSCC detection in recipient organs

Animals were deeply anesthetized, exsanguinated, and intracardially perfused
with washing solution (0.8% NaCl, 0.8% sucrose, and 0.4% glucose) for 10 min.
Blood, heart, lung, pancreas, intestine, kidney, liver, spleen, and bone marrow
were obtained from normal, obese untreated, and obese MSCS™-treated mice.
For flow cytometry analysis, solid organs were weighted, washed twice with
ice-cold PBS, chopped and digested with 1 mg/ml collagenase type II (Gibco) for
30 min at 37 °C. Cell suspension thus obtained was filtered through a 100 um
strainer and washed twice with ice-cold PBS. Isolated cells were fixed, permeabi-
lized with BD Cytofix/Cytoperm kit (BD Bioscience, CA, USA), and resuspended in
1 ml of PBS with 2% fetal bovine serum plus 0.5 pl of undiluted antibody anti-GFP
AlexaFluor 647 (Molecular Probes, OR, USA). After 12 h of incubation at 4 °C, cells
were washed, filtered through a 30 pm mesh, and acquired in a CyAn ADP flow
cytometer (DakoCytomation, CA, USA) [29]. Data were analyzed with Summit
v4.3 software and criteria used to consider an event as an MSCS” were FSC
and SSC similar to ex vivo expanded MSCs and positive fluorescence, both in
FL1 (GFP) and FL8 (anti GFP-AlexaFluor 647) channels. Tissues from normal and
obese untreated mice were used as control of autofluorescence. For each organ,
acquisition was performed up to detection of 100 events that fulfilled the criteria
of an MSCE™. In the case of organs where donor MSCs®"" were not detectable, a
total of 500,000 events were acquired [30].

For in situ detection of MSCS™, after perfusion with washing solution, animals
were perfused with 4% paraformaldehyde in 0.01 M borate buffer pH 7.4, contain-
ing 0.35 M Na,SO0s. Livers were dissected and stored in paraformaldehyde at 4 °C
overnight. On the following day, they were cryoprotected with 30% sucrose in buf-
fered paraformaldehyde. Two days later, livers were rapidly frozen at —20 °Cin iso-
pentane, and serially sectioned (30 pm). Sections were mounted, washed with PBS,
stained with rabbit anti-GFP antibody (eBioscience) at 4 °C overnight followed by
goat anti-rabbit-FITC conjugated serum (Vector Labs, Burlingame, CA) at room tem-
perature for 1h and counterstained with Topro-3 (Invitrogen). To determine
whether donor cells express albumin, sections were further stained with goat
anti-albumin antibody (Novus Biologicals, CO, USA) and donkey anti-goat-Alexa-
Fluor 555 conjugated serum (Invitrogen). Samples were examined in a LSM Meta
Zeiss confocal microscope and analyzed with the Zeiss LSM Image Bowser
software.

Statistical analysis

Data are presented as mean * S.E.M. To determine the statistical significances of
intergroup differences, Kruskal-Wallis test was used to compare mean values
among all groups and Mann-Whitney U test was used to compare mean values
between two groups. p <0.05 was considered as statistically significant.

Results

MSC recipients were obese, with metabolic syndrome, and at the first
stage of NAFLD

Mice fed with HFD progressively augmented their body weight
(Fig. 2A). At 33 weeks, they almost doubled the body weight of
normal mice (46.6+0.9 vs. 26.8+1.4¢g). Serum cholesterol,
blood glucose, and plasma insulin levels were increased in
obese mice (Fig. 2B). While normal mice showed a normal glu-
cose tolerance test, obese mice were glucose intolerant

(Fig. 2C). Thirty-three weeks after obesity induction, liver blood
chemistry was not significantly modified (Fig. 2D), while liver
deposition of triglycerides was evidenced histologically
(Fig. 2E) and molecularly (Fig. 2F). No liver fibrosis was
detected at this time point (data not shown).

MSC administration prevents liver injury secondary to obesity-
induced metabolic syndrome

Fifty weeks after obesity induction, untreated mice presented
basal levels of serum albumin and high levels of serum total biliru-
bin, lactate dehydrogenase, alkaline phosphatase, alanine amino-
transferase, and aspartate aminotransferase (Fig. 3). In contrast,
obese mice receiving MSCs that have been ex vivo expanded and
characterized according to their immunophenotype, proliferation,
and differentiation potentials (Supplementary Fig. 1) presented
basal levels of those markers. While lactate dehydrogenase and
alkaline phosphatase are liver-unspecific, the aminotransferases
are indicative of liver damage. Thus, MSC administration protects
liver from injury and preserves its function.
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Fig. 5. MSC administration prevents liver inflammation secondary to obesity-
induced metabolic syndrome. At week 50, compared to normal mice, the liver of
obese untreated mice showed (A) inflammatory infiltrates (arrows) and (B)
slightly high IL-1beta and INF-gamma gene expression. Compared with obese
untreated mice, MSC-treated mice showed no inflammatory focus and low levels
of all pro-inflammatory cytokines assessed. Compared with normal mice, MSC-
treated mice showed low TNF-alpha mRNA levels. Each group n = 8.
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MSC administration prevents hepatomegaly and liver fibrosis
secondary to obesity-induced metabolic syndrome

The liver of obese untreated mice was paler, larger, and heavier
than those of normal mice. MSC administration prevents hepato-
megaly observed in obese untreated mice (Fig. 4A).

Perisinusoidal and pericellular fibrosis was detected in the
liver of obese untreated mice (Fig. 4B), while no fibrosis was
observed in obese MSC-treated mice. Accordingly, the expression
of collagen type I was three times higher in obese untreated mice
than in normal ones, whereas no changes were detected in obese
MSC-treated mice (Fig. 4C). The fibrogenic factor TGF-betal was
significantly reduced in obese MSC-treated mice, as compared
to normal and obese untreated mice (Fig. 4C). On the other hand,
the expression of alpha-smooth muscle actin was similar in all
experimental groups (data not shown).

MSC administration prevents liver inflammation secondary to
obesity-induced metabolic syndrome

Multifocal inflammatory cellular foci were evidenced in the liver
of obese untreated mice (Fig. 5A). In contrast, no leukocyte
infiltration was observed in obese mice treated with MSCs.
Accordingly, the levels of IL-1beta, INF-gamma, TNF-alpha, and
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TGF-betal mRNAs were lower in obese MSC-treated mice than
in obese untreated ones (Figs. 4C and 5B).

MSC administration slightly reverts steatosis secondary to obesity-
induced metabolic syndrome

Obese mice accumulated neutral lipids in their liver whether
they received MSCs or not (Fig. 6A). While steatosis in obese
untreated mice was mostly macrovacuolar, in obese MSC-treated
mice the microvacuolar type predominated. When compared
with normal mice, obese untreated and obese MSC-treated mice
presented high levels of liver total lipids and triglycerides, but
normal levels of liver cholesterol (Fig. 6B). Nonetheless, MSC
administration slightly reduced the accumulation of triglycerides
in the liver of obese mice with metabolic syndrome.

The liver expression of sterol regulatory element binding pro-
tein 1a (SREBP1a), acetyl-CoA carboxilase 1 (ACC1), CYP4A10, and
CYP4A14 genes was not modified by HFD feeding (Fig. 6C and data
not shown, respectively). However, in obese untreated mice the
mRNA levels of FAT-CD36 and fatty acid synthase (FAS) were signif-
icantly increased (Fig. 6C and data not shown, respectively) and
those of acetyl CoA oxidase (ACO) and CYP2E1 were reduced
(Fig. 6C). In obese MSC-treated mice, the liver expression of the
enzymesinvolvedinfatty acid oxidation was notimpaired (Fig. 6C).
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Fig. 6. MSC administration slightly reverts steatosis secondary to obesity-induced metabolic syndrome. At week 50, compared with normal mice, the liver of obese
untreated mice showed (A) micro- and macrovacuolization of hepatocytes, revealed after Oil Red O stain, (B) high levels of lipids and triglycerides but not cholesterol, and
(C) increased FAT-CD36 and diminished SREBP1a, ACO, and CYP2E1 mRNA levels. Compared with obese untreated mice, MSC-treated mice showed mainly microvacuolar
neutral lipid accumulations, low levels of triglycerides, and high levels of ACO and CYP2E1 expression. Compared with normal mice, MSC-treated mice showed steatosis,
high levels of lipids and triglycerides, and similar levels of ACO and CYP2E1. Each group n = 8.
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weight (n =20), (B) high serum cholesterol, blood glucose, and plasma insulin
levels (*p <0.01, n = 10), and (C) impaired glucose tolerance test (n = 8), whether
they received or not MSC. At week 33, body weights were: normal =26.8 + 1.4 g,
obese untreated = 47.7 + 1.5 g, obese MSC-treated = 46.9 + 1.1 g. Mean difference
between obese untreated and obese MSC-treated = 0.8, p>0.05, 95% CI of
difference = 3.82-5.42). At week 37, body weights were: normal=275+14g,
obese untreated =51.4 + 1.5 g, obese MSC-treated = 48.7 + 1.2 g. Mean difference
between obese untreated and obese MSC-treated =2.7, p>0.05, 95% CI of
difference = 2.02-7.42). At week 50, body weights were: normal=29.2+1.5g,
obese untreated = 57.7 + 1.7 g, obese MSC-treated = 55.9 + 1.0 g. Mean difference
between obese untreated and obese MSC-treated = 1.8, p >0.05, 95% CI of
difference = 3.07-6.67).

MSC administration reverts neither metabolic syndrome nor obesity

During the follow up period, no statistically significant changes
were observed in body weight of mice either treated or not with
MSCs (Fig. 7A). Hypercholesterolemia, hyperglycemia, hyperinsu-
linemia, and glucose intolerance were not reverted by MSC
administration (Fig. 7B and C).

Donor MSCsCf? persist in the liver of obese mice

Donor cells were not detectable in all tested organs obtained
from normal mice (Fig. 8A). In contrast, 17 weeks after their
administration, MSCs®™ were found in liver, bone marrow, heart,
and kidney but not in blood, lung, pancreas, intestines, and spleen
of obese mice (Fig. 8B). In the liver of obese mice, donor MSCs®F"
appeared as single cells or cell clusters, localized in portal areas
and did not express albumin (Fig. 8C and D).

Discussion

NASH is not a benign condition [5]. Five to seven years after been
diagnosed, 30% of the patients with NASH progress to liver fibrosis.
Furthermore, 15-20% of these patients develop cirrhosis and of
these patients who develop cirrhosis, 30-45% suffer liver-related
mortality [6,31]. In addition, hepatocellular carcinoma is being
increasingly recognized as an important complication in the natu-
ral history of NASH [32]. Here, we show that bone marrow-derived
MSCs, given intravenously, prevent the onset of NASH. We prove
this in a validated model of NAFLD established by chronic feeding
endogamic C57BL/6] mice with a HFD [33]. Under this condition,
animals develop obesity and systemic insulin resistance. Addition-
ally, the transition from simple steatosis to NASH is observed.
Hence, this animal model has been recognized as one of the best
inreproducing the progression of NAFLD as occurs in humans [34].

The hepatoprotection observed after MSC administration did
not relate to reversion of the metabolic syndrome, since obese
MSC-treated mice remain obese, hypercholesterolemic, hypergly-
cemic, hyperinsulinemic, and glucose intolerant. Moreover, only a
minor change in steatosis was observed in these animals. Qualita-
tively, fat deposits in the liver can be classified as micro- or macros-
teatosis. Microsteatosis consists of many small fatty inclusions in
the cytoplasm of hepatocytes without displacement of organelles.
In contrast, in macrosteatosis, hepatocytes contain one single vac-
uole of fat that displaces the nucleus to the periphery of the cell.
Obese mice that received MSCs did not shift to predominant mac-
rosteatosis as observed in obese untreated animals. Along with, the
expression of the enzymes that mediate fatty acid oxidation was
not impaired in obese MSC-treated mice as occurs in obese
untreated animals. Although the nature of the shift from micro-
to macrosteatosis is unknown, it has been suggested that it relates
to an impairment of fatty acid catabolism [35], and it has been
associated with the progression of NAFLD to an impairment of
hepatic function [36]. Accordingly, while serum transaminases
increased in obese untreated mice, they remained at normal levels
in obese MSC-treated animals. The same was true for cell death
markers: lactate dehydrogenase and alkaline phosphatase. In
obese MSC-treated mice the histological analysis of hepatic tissue
revealed neither signs of fibrosis nor leukocyte infiltration. Intra-
hepatic gene expression levels of pro-inflammatory cytokines
and fibrosis marker (IL-1beta, INF-gamma, TNF-alpha, TGF-betal
and collagen type I) were equal or even lower in obese MSC-treated
mice than in normal mice. The case of TNF-alpha is remarkable
because it has been shown that modulation of its expression
results in an improvement of NASH [37].

To determine whether the prevention of NASH onset observed
after MSC intravenous administration relates to recruitment and
permanence of donor cells into the liver of the recipient, we
administered MSCs® into obese mice with metabolic syndrome.
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month later, mice received a second dose of 0.5 x 10° MSCs®™". Seventeen weeks after the first dose, (A) donor cells were evidenced by flow cytometry in obese mice, but

not in normal mice. (B) In obese mice, MSCs®*"

were found in the liver, bone marrow, heart and kidney, but not in any other tested organs. In the liver of obese mice, donor

MSCsCFF (C) were found around the portal vein and (D) did not express albumin. Each group n = 5.

Seventeen weeks later, donor MSCs®” were detected in the liver

and also in bone marrow, heart, and kidney of obese mice. The
selectivity of this recruitment was supported by the fact that no
donor cells were detected when MSCsC” were administered into
normal mice. Thus, in agreement with already published data,
MSC recruitment to the liver depends on the presence of hepatic
injury [18,38]. On the other hand, the fact that donor cells were
located around the portal areas is not unexpected, since in other
models of tissue injury they were found near the vasculature [39].

Although donor derived cells were detected in the liver of
recipients, their scarcity and failure to express albumin suggest
that MSC therapeutic effects involve mechanisms other than
functional complementation from direct differentiation to paren-
chymal cells [40]. The role of trophic factors secreted by MSCs has
been strongly supported by a recent study reporting a beneficial
effect of the administration of MSC-derived biomolecules in acute
liver injury [41]. On the other hand, donor MSCs could contribute
to limiting acute liver damage induced by oxidative stress
[18,19]. Thus, as demonstrated for lung and kidney injuries, local
down-regulation of pro-inflammatory cytokines must be related
to tissue protection [39,41]. Furthermore, the preclusion of leuko-
cyte infiltration observed in obese MSC-treated mice can explain
the prevention of fibrosis development because it has been
already demonstrated that infiltrating macrophages and lympho-
cytes play a pivotal role in the fibrogenic process [36,42,43]. The
role of MSCs in liver fibrosis is a matter of controversy. While
some studies show a reduction [20,44,45], others show an
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increase [46], and others show no effect [47]. Here, we show
the prevention of liver fibrosis after MSC administration.

Our pre-clinical results demonstrate that the intravenous
administration of MSCs prevents the transition from single steato-
sis to NASH in obese mice with metabolic syndrome. The observed
modification of NAFLD progression seems to be related, at least, to
pleiotropic local effect of donor MSCs that delay or preclude the
appearance of the second hit. To elucidate the molecular mecha-
nism involved here, further investigation is needed.
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