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ABSTRACT This study was designed to compare the effects of dietary supplementation with nondigestible
carbohydrates, differing in fermentability by colonic bacteria, on hepatic steatosis in growing obese Zucker rats.
Male Zucker fa/fa rats were divided into three groups: a control group that received the basal diet, a fructan group
that received 10 g highly fermented Synergy 1/100 g diet and a cellulose group that received 10 g poorly fermented
Vivapur Microcrystalline cellulose/100 g diet. Rats consuming fructan had a lower energy intake, a lower body
weight and less triacylglycerol accumulation in the liver as assessed in vivo by nuclear magnetic resonance (NMR)
spectroscopy, and ex vivo by biochemical and histochemical analysis compared with the control and/or cellulose
groups. The high fermentation of fructans compared with cellulose was reflected by greater cecal contents and by
a twofold greater propionate concentration in the portal vein of rats fed fructan compared with those fed cellulose.
By measuring the capacity of hepatocytes isolated from liver of Zucker rats to synthesize triglycerides or total lipids
from different precursors, we showed that propionate, at the concentrations measured in the portal vein of rats
treated with fructan, selectively decreased the incorporation of acetate into total lipids, a phenomenon that could
contribute, along with the lower energy intake, to less triglyceride accumulation in the liver of obese Zucker rats fed
dietary fructans. J. Nutr. 132: 967–973, 2002.
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Obesity, type 2 diabetes mellitus and hyperlipidemia are
often linked to modifications of hepatic fatty acid metabolism,
leading to the accumulation of triacylglycerols (TAG)3 in the
liver, defined as steatosis (1,2). Fatty liver, even if it is an
asymptomatic perturbation, is believed to be the setting for a
more severe and progressive disorder, namely, nonalcoholic
steatosis hepatitis (3,4). The diagnosis of steatosis is based
mainly on liver biopsy, which is an invasive and constraining
technique because no clear clinical serum biochemical markers
have been validated. No predictable correlation exists be-
tween abnormalities of liver enzymes and histologic lesions
(4). Although ultrasound diagnosis is often used as a useful
technique to evaluate the presence of a fatty liver, this method
does not provide quantitative measurements and is not always
adequately sensitive; 1H nuclear magnetic resonance (NMR)
spectroscopy has been proposed as a suitable tool for grading
the liver fat content in animals (5–8) and in humans (9–13).
In experimental animals, a close correlation was found be-
tween hepatic triglyceride content measured in vivo by 1H

NMR spectroscopy and chemically by liver biopsy (7). Several
experimental models of hepatic steatosis exist including the
Zucker fa/fa rat. It is characterized by a modified leptin recep-
tor and exhibits a metabolic syndrome similar to that in
overweight humans, namely, hyperphagia, hypertriglyceride-
mia and hepatic steatosis, associated with a moderate hyper-
glycemia and insulinemia (14–16). This model may be used to
understand the biochemical mechanisms underlying the ex-
cessive accumulation of TAG in tissues, but may also serve to
test for the putative effect of food components that could help
control steatosis. We found that the addition of 100 g fruc-
tan/kg basal diet protected male Wistar rats from liver TAG
accumulation induced by fructose (17) and that it lessened
hepatic steatosis in Zucker fa/fa rats (18).

Fructans are naturally occurring components of many vegeta-
bles, such as onions, garlic and artichokes. Some fructans may be
obtained by enzymatic hydrolysis of chicory inulin; they are used
by the food industry largely as fat or sugar replacers and as
functional nutrients (19). Once ingested, due to the �-linkage
between fructosyl moieties, they escape enzymatic hydrolysis by
eukaryotic amylases and saccharidases, but are fermented largely
in the ceco-colon by bacterial strains exhibiting fructosidase
activities (20,21). The fermentation of these fructans produces
short-chain fatty acids (SCFA), namely, acetate, propionate and
butyrate. Butyrate is metabolized by colonocytes, whereas acetate
and propionate reach the liver through the portal vein (22,23).
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How could such nondigestible carbohydrates have an in-
fluence on liver TAG accumulation? Could 1H NMR spec-
troscopy be useful in assessing the effect of nondigestible
carbohydrates (NDG) on hepatic steatosis in vivo? Is the
fermentation of NDG necessary to observe any effect on lipid
homeostasis? Those questions constitute the basis for the ex-
perimental study presented here; it was designed to compare
the effect of the administration to obese Zucker fa/fa rats of
two NDG, i.e., a fructan, Synergy 1, obtained from chicory
root, which is completely fermented in the ceco-colon, and
Vivapur Microcrystalline cellulose, which escapes digestion
completely and is only poorly fermented in the ceco-colon
(24). We have assessed the influence of the dietary treatments
on food intake, body weight evolution and hepatic steatosis as
assessed by 1H NMR spectroscopy and histologic and bio-
chemical analyses of the liver. Because propionate concentra-
tion was shown to be increased by fermentable NDG treat-
ment and because it was previously suggested as a modulator of
lipid metabolism in normal hepatocytes (25–27) and in vivo in
humans (28,29), its role as modulator of lipid synthesis was
assessed in hepatocytes isolated from obese Zucker rats.

MATERIALS AND METHODS

Chemicals

In vivo study. The powdered standard diet A04 was obtained
from UAR (Usine d’Alimentation Rationnelle, Villemoisson-sur-
Orge, France). This diet contained the following (g/100 g dry diet):
19 protein; 70 total carbohydrates; 3.2 lipids; 7.3 minerals and vita-
mins (18). Synergy 1 (Raffinerie Tirlemontoise, Tienen, Belgium)
consisted of a 50/50 mixture of Raftilose P95 and Raftiline. Both are
a mixture of glucosyl-(fructosyl)n-fructose and (fructosyl)m-fructose
but with an average degree of polymerization of 5 for Raftilose P95
and 10–20 for Raftiline. The energy value of Synergy 1 is estimated
to be 5.31 kJ/g (1.27 kcal/g) (30). The cellulose or Vivapur Micro-
crystalline cellulose (J. Retten Maier 38 Söhne, Weissenborn, Ger-
many) is a polymer of glucose included in the insoluble fiber family.

In vitro study. Williams’ medium E, Krebs-Ringer balanced salt
solution, L-glutamine and penicillin/streptomycin were purchased
from Gibco BRL (Middlesex, UK). [1-14C]-acetic acid (sodium salt)
was obtained from Amersham Pharmacia (Buckinghamshire, UK).
[1-14C]-palmitic acid was purchased from NEN Products (Boston,
MA). Collagenase A was purchased from Boehringer Mannheim
(Mannheim, Germany) and gelatin powder from Merck Eurolabo
(Darmstadt, Germany).

Animals

In vivo study. Male obese Zucker fa/fa or lean Zucker fa/� rats
from Iffa Credo (Les Oncins, France) were initially obtained 5 wk
after birth and weighed �90–125 g; they were housed in individual
cages in a room with controlled temperature and maintained under a
12-h light:dark cycle. All rats received care in compliance with the
institution’s guidelines from the National Academy of Sciences (NIH
publication 86–23; http://www.nih.gov). After an acclimatation pe-
riod of 5 d before the experiment, rats were assigned randomly to one
of the three groups and had free access to the different diets. The diets
used for this in vivo experiment were the control diet, corresponding
to the A04 diet (energy value: 13.844 kJ/g or 3.312 kcal/g); the
cellulose-supplemented group received the same diet containing
100 g Avicel/kg A04 (energy value: 12.460 kJ/g or 2.981 kcal/g); and
the fructan-supplemented group received a diet containing 100 g
Synergy 1/kg A04 (energy value: 12.982 kJ/g or 3.1058 kcal/g).

Body weight and food intake were recorded two times each week
during the 8 wk of treatment. Serum metabolites were measured
during the experiment in rats in the postprandial state at 0900 h.
Every 2 wk, food was removed at 0900 h (after the first blood
sampling) and a second blood sampling was performed at 1700 h (rats
in the postabsorptive state). NMR spectroscopy of the abdominal
regions of 2–3 rats/group was performed after 6 wk of treatment. To

increase the numbers of measurements, a similar experiment was
performed with 16 Zucker fa/fa rats fed either the control diet or the
fructan-enriched diet. The results presented correspond to a pool of
both experiments. At wk 8, rats were anesthetized with pentobarbital
(60 mg/kg body). Blood was collected from the cava and portal veins.
Some liver samples were clamped immediately in liquid nitrogen and
kept at �80°C. Some pieces were frozen in isopentane and cut with
cryostat (2800 Frigocut Reichert-Jung) for histochemical fat staining
with Sudan 7b. Some liver pieces were fixed in 10% formalin,
embedded in paraffin and cut with a microtome for hematoxylin and
eosin staining.

In vitro study. Male obese Zucker fa/fa rats weighing 330–350 g
were purchased from Iffa Credo (Les Oncins, France) and housed in
a temperature and light-controlled room. They consumed standard
diet AO4 (Villemoisson-sur-Orge) and water ad libitum. For in situ
perfusion of the liver, rats were anesthetized by intraperitoneal injec-
tion of sodium pentobarbital solution (Nembutal, 60 mg/kg body).
The hepatocytes were isolated from fed rats, according to the standard
procedure described by Krack et al. (31).

Analytical procedures

In vivo study. Serum TAG, total cholesterol, nonesterified fatty
acids (NEFA) and glucose were measured using kits coupling enzy-
matic reactions and spectrophotometric detection of end products
(Triglycerides ESPAS, phospholipids-PAP, Cholesterol PAP and
Glucose PAP, Elitech, Brussels, Belgium). The same kits were used
for liver lipids analysis, after a chloroform/methanol extraction ac-
cording to Folch et al. (32). SCFA (acetate, propionate and butyrate)
in the portal vein were measured in collaboration with Prof. C.
Demigné (Laboratoire des Maladies Métaboliques, INRA de Cler-
mont Ferrand/Theix, France). SCFA were measured using a gas-
liquid chromatography after ethanolic extraction as described by
Rémésy and Demigné (33).

In vitro study. Hepatocytes were incubated at a density of 109

cells/L in Williams’ E medium supplemented with L-glutamine (2
mmol/L), bovine serum albumin (1 g/L), insulin (100 nmol/L) and
propionate (0.3–0.6 mmol/L). Incubations were carried out at 37°C
under an atmosphere of O2/CO2 (95:5%) in a shaking water-bath
(100 oscillations/min). The reaction was started by adding 2 mmol/L
[1-14C]-acetate (7.4 Bq/mmol) or 0.2 mmol/L [1-14C]-palmitate (7.4
Bq/mmol). At 60-min intervals, samples were removed from the
suspension and cells were sedimented by centrifugation. Lipid syn-
thesis was measured by quantifying the incorporation of 14C-labeled
precursors into intracellular and extracellular 14C-labeled lipids, as
previously described by Capuzzi et al. (34). The results were expressed
in nanomoles of precursor incorporated into lipids per milligram
protein (35). Cellular lysis during incubation was estimated by mea-
suring lactate dehydrogenase leakage from the cells, as described by
Krack et al. (31).

Nuclear magnetic resonance spectroscopy. Rats were anesthe-
tized with pentobarbital and then immobilized in a birdcage coil for
�20 min. All spectroscopy and imaging experiments were performed
with a 4.7 T (200 MHz, 1H) Bruker Biospec (Bruker, Karlsuhe,
Germany) imager equipped with a 40-cm i.d. and a 12-cm shielded
gradient hardware (rise time, 80 �s; maximum gradient strength, 200
mT/m). Images were obtained in a linearly polarized “birdcage” trans-
mitter–received coil, 70-mm i.d. Images and spectra were processed
via an in-house program based on the IDL 5.3 (Interactive Display
Language, IDL, Boulder, CO) development software running on a
PC-Pentium computer. Water and lipid peaks areas were calculated
by fitting the spectrum. Hepatic TAG content was estimated by
comparing the signal integrated intensity of fat peak with the signal
intensity of water. Two transverse slice images through the liver were
used for voxel placement, and localized spectra were obtained at two
different positions in each slice, i.e., in the right and left lateral lobes.

Statistical analysis. All statistical analyses were performed with
the SPSS program for Windows system (SPSS, Chicago, IL). Data are
presented as means � SEM except in Figure 5. To compare the time
course of the effect of oligofructose feeding on body weight and food
intake, two-way ANOVA was performed. A one-way ANOVA fol-
lowed by Scheffé’s test was applied for statistical evaluation of treat-
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ment effect at the end of the experiment (8 wk). To compare the
effect of propionate 0.3 or 0.6 mmol/L vs. no propionate in isolated
hepatocytes, Student’s t tests were performed after logarithmic trans-
formation of data. In all statistical analyses, P � 0.05 was used as the
significance level.

RESULTS

Body weight increased steadily with time but it was signif-
icantly lower in fructan- than in cellulose-fed rats from wk 5
until the end of the treatment at wk 8 (Fig. 1). Total weight
gain was significantly less in fructan-fed rats (226 � 5 g) than
in control (260 � 7 g; P � 0.017) and cellulose (275 � 8 g;
P � 0.001) groups.

Food consumption (P � 0.12) and energy intake (P
� 0.91) did not differ between the cellulose-fed and control
rats (Table 1). The fructan group ate the same amount of food
per day as controls but total energy intake was lower in
fructan-fed than in control and cellulose-fed rats (Table 1).

Cellulose or fructan addition in the diet did not affect
postprandial or postabsorptive concentrations of TAG, NEFA
or glucose in the serum from the tail vein during the treatment
or from the tail, portal and cava veins at the end of the
treatment (data not shown). Portal vein insulin tended (P
� 0.08) to be greater in rats fed fructan (4872 � 348 pmol/L)
than in controls (3306 � 348 pmol/L).

The voxels localization for NMR spectroscopy and repre-
sentative magnetic resonance spectra from Lean or fa/fa obese
Zucker rats are shown in Figure 2A and B, respectively. No fat
signal was found in the spectrum from the control lean Zucker
rats, whereas a high signal intensity, indicating hepatic steato-
sis, was observed in fa/fa Zucker rats fed control and cellulose
diets. Fat signals were present in the spectra of all fa/fa Zucker
rats but were clearly lower in the fructan group. The fat
content relative to water (weighted proton density of fat
relative to water, mol/mol in a given volume) was lower in
fructan-fed rats compared with the other groups (Fig. 3).

After 8 wk of dietary treatment, liver weight was less in
fructan-fed than in cellulose-fed or control rats (Table 2).
Compared with the Lean Zucker rats, the histological exami-
nation of the liver tissue (Fig. 4) from the fa/fa obese Zucker
rats revealed an altered liver structure with a huge macrovacu-
olar steatosis disseminated from the portal space to the cen-
trolobular vein. This was present in control and cellulose-
treated rats. In fructan-treated rats, enlarged hepatocytes with

micro- and macrovacuoles were scarce and the number of
Sudan Red positive cells was much lower than in other groups
because only small irregular positive foci were disseminated in
the median and centrolobular zone of the liver. The biochem-
ical quantification of TAG in the liver was consistent with the
histochemical analysis because the hepatic TAG level was
48% lower in the fructan-fed than in the cellulose-fed group
(Table 2). The activities of key enzymes controlling fatty acid
synthesis (fatty acid synthase; malic enzyme; ATP citrate
lyase) and fatty acid esterification (phosphatidate phosphohy-
drolase) were not modified by the treatment (data not shown).
Cecal contents of fructan-fed rats (4.29 � 0.36 g) were greater
than in controls (2.87 � 0.18g) (P � 0.003) or cellulose-fed
rats (3.48 � 0.19g) (P � 0.09).

Portal vein acetate concentration was not affected by di-
etary treatment and the concentration of butyrate tended to be
greater than in controls after fructan treatment (P � 0.1) (Fig.
5). The concentration of propionate was measurable (limit of
detection 0.1 mmol/L) in the serum of the portal vein of 3 of
6 rats in the control group and in 2 of 6 rats in the cellulose
group. The level of propionate was higher than 0.1 mmol/L in
all portal sera obtained from fructan-treated rats. It tended to
be greater in rats fed fructan than in controls (P � 0.08)
(Fig. 5).

Because the higher concentration of propionate measured
in the serum of the portal vein of fructan-treated rats was 0.6
mmol/L and the mean 0.3 mmol/L, we assessed the influence
of propionate at those concentrations (0.3 and 0.6 mmol/L) on
fatty acid synthesis in obese Zucker rat hepatocytes (Table 3).
The addition of propionate to the medium did not modify
either the capacity for esterification or secretion of 14C-palmi-
tate. In Zucker rats, propionate, at both concentrations (0.3
and 0.6 mmol/L), generally decreased (0.05–0.07) by �30%
the incorporation of acetate into total lipids.

DISCUSSION

Fatty liver is often linked to an excess of fat mass, and
would result from an increase in total energy and carbohydrate
intake in humans. There is evidence that food restriction and
a lower body weight are accompanied by an improvement of
fatty liver in obese adults and children (36–39). However,
long-term maintenance of a low energy regimen by obese
people is difficult; thus the discovery of nutrients that would
ameliorate liver hepatic steatosis is of interest.

We showed recently that the addition for 10 wk of fructans
obtained from enzymatic hydrolysis of chicory root inulin
decreases body weight and TAG accumulation in hepatic

FIGURE 1 Body weight of Zucker rats fed a control diet or that
diet supplemented with 10% cellulose or 10% fructan. Values are
means � SEM, n � 7. Values at a time with different letters differ, P
� 0.05.

TABLE 1

Energy and food intakes in obese Zucker rats fed a control diet
or that diet supplemented with cellulose or fructan for 8 wk1

Diet

Control Cellulose Fructan

Food intake, g 24.1 � 0.7ab 26.3 � 0.7a 22.5 � 0.7b

Energy intake,2
kJ 334 � 10a 328 � 9a 292 � 9b

kcal 79.9 � 2.5a 78.5 � 2.1a 69.9 � 2.2b

1 Values are mean � SEM, n � 7. Means in a row without a common
letter differ, P � 0.05.

2 Data were calculated from the mean amount of food ingested per
rat per week.
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tissue of obese Zucker fa/fa rats (18). In the present study, we
confirmed this effect and showed that the lessened steatosis is
present after 6 wk as assessed by using NMR spectroscopy.
TAG accumulation was assessed by three different techniques,
i.e., NMR spectroscopy, histochemical detection of fat and
biochemical quantification of lipids in the liver tissue, which
are all very different in their underlying principles. The three
techniques showed a good protective effect of fructan con-

sumption on liver steatosis. A lack of protection by cellulose
was also evident. NMR spectroscopy did not show any differ-
ence between cellulose-fed and control rats; however, the
histological analysis, performed 2 wk later, suggested a more
pronounced steatosis in cellulose-fed rats, compared with con-
trols; the higher liver TAG content in cellulose-fed rats,
assessed by biochemical analysis, was not significant (P � 0.7).
A different repartition of lipids inside a lobule could explain
the discrepancies between the histological images and (semi)-
quantitative technique, such as imagery and biochemistry. The
fact that NMR spectroscopy was performed 2 wk before his-
tochemical analysis could also be involved in the different
interpretation. Further studies should address the intertech-
nique comparison of liver TAG accumulation. Control and
cellulose-fed rats ingested the same amount of energy, grew to
the same extent and developed similar fat mass (data not

FIGURE 2 Nuclear magnetic resonance (NMR) spectroscopy of the liver of Zucker rats fed a control diet or that diet enriched with cellulose or
fructan. (A) Images of fatty liver in control obese Zucker rat: squares indicate the voxel placement for recording the localized 1H spectrum. (B) Typical
in vivo localized 1H spectrum from (A) a control obese Zucker rat liver, (B) a cellulose-fed obese Zucker rat liver, (C) a fructan-fed obese Zucker rat
liver and (D) a control lean Zucker rat liver.

FIGURE 3 Liver fat abundance measured by nuclear magnetic
resonance (NMR) spectroscopy in Zucker rats fed a control diet or that
diet enriched with cellulose or fructan. The results are expressed as
weighted proton density of fat relative to water. Values with different
letters differ, P � 0.05.

TABLE 2

Hepatic lipids in obese Zucker rats fed a control diet or that
diet supplemented with cellulose or fructan1

Diet

Control Cellulose Fructan

Body weight, g 394 � 9a 405 � 11a 346 � 6b

Liver weight, g 18.3 � 0.4a 20.0 � 1.3a 14.8 � 0.6b

g/100 g body 4.8 � 0.1 4.9 � 0.3 4.3 � 0.1
Liver TAG, nmol/mg protein 452 � 72ab 548 � 96a 286 � 48b

1 Values are the means � SEM, n � 5–7 rats. Means that do not
share a letter in a row differ, P � 0.05.
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shown), whereas fructan-fed rats, which did not compensate
for the lower energy value of the diet by increasing their food
intake, had a body weight gain �50 g less than the other
groups at the end of the study. Because some investigators
have recently shown by indirect calorimetry that microcrys-
talline cellulose enhanced the velocity of carbohydrate absorp-
tion, whereas fermentable fiber such as resistant starch or
pectin had a slowing effect (40), we assessed serum glucose and
insulin levels in the different groups. No significant modifica-
tions of either postprandial (portal or peripheral) glucose con-
centrations occurred, but the portal concentration of insulin

was increased by 47% in fructan-fed rats compared with the
control group. What could be the consequences of such mod-
ifications of TAG metabolism? Glucose, together with insulin,
is an important key regulatory nutrient, involved in carbohy-
drate-induced lipogenic gene expression (41). The lower TAG
concentration in the liver of fructan-fed rats occurred without
any effect on the activity of key enzymes of lipogenesis. Insulin
also plays a role in TAG hepatic secretion because when
perfused into the portal vein, it increases VLDL secretion in
fed rats (42). The higher portal concentration of insulin in
obese rats fed fructan could thus promote TAG secretion and
thus avoid TAG accumulation in the tissue (18). However, no
modification of serum TAG in the postprandial or postabsorp-
tive state occurred in the present study.

Because the protective effect of NDG is found in highly
fermentable fructans but not in poorly fermentable cellulose,
the hypothesis of a role for the end products of carbohydrate
fermentation in the modification of hepatic TAG synthesis

FIGURE 4 Histological analysis of liver from Zucker rats fed a
control diet or that diet supplemented with cellulose or fructan. Panels
(A)–(D) were stained with hematoxylin and eosin and panels (E)–(H) with
Sudan Red 7b for lipid detection. (A) Normal trabecular structure of the
liver lobule with homogeneously stained hepatocytes from Lean Zucker
rats fed control diet. Seriously altered liver structure with considerably
enlarged hepatocytes with micro- and macrovacuoles dispersed
throughout the cytoplasm of hepatocytes from a fa/fa obese Zucker rat
fed the control (B) or cellulose (C) diets. (D) Rare vacuoles are dispersed
on the periphery of the periportal area in the liver of a fructan-fed fa/fa
obese Zucker rat. (E) Lean Zucker rat liver sections exhibited a normal
and Sudan Red–free pattern of liver parenchyme. Numerous Sudan
Red positive micro- and macrovacuoles are dispersed in the hepato-
cytes of fa/fa obese Zucker rats fed the control (F) or cellulose (G) diets.
(H) Some Sudan Red positive in the liver lobule of a fa/fa Zucker rat fed
the fructan diet. Panels (A)–(D) � 1475 �m; panels (E)–(H) � 3690 �m.

FIGURE 5 Concentration of short-chain fatty acids (SCFA) in the
portal serum of obese Zucker fa/fa rats fed a control diet or that diet
enriched with cellulose or fructan for 8 wk. Individual points are shown
and mean values are indicated as lines.
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has been tested. SCFA and lactate are produced in the cecum
of fructan-fed rats due to the fermentation by lactic acid–
producting bacteria; cecal lactate concentration decreased af-
ter 2 wk of treatment, whereas total SCFA (particularly bu-
tyrate) concentrations increased (43). Butyrate is generally
considered to be the preferential fuel for colonocytes, and it
thus less available for other tissues than are acetate and pro-
pionate (44). Butyrate thus generally appears as a minor SCFA
in the portal or peripheral blood. In the present study, we
showed that butyrate concentration in the portal vein of obese
Zucker rats was not negligible, reaching concentrations near
0.25 mmol/L in control- and cellulose-fed rats, and 0.5 mmol/L
in some rats fed fructans. One putative explanation could be
that fatty Zucker rats have an impairment of the �-oxidation
of butyrate, although no studies have clearly shown this effect
in colonocytes (45). We have shown that fructan-feeding
tended to increase (P � 0.08) the propionate concentration in
the portal vein. Could it be implicated in the modulation of
lipid metabolism? Even if hexoses (e.g., glucose, fructose)
generally are considered to be the physiologic substrates for
fatty acid synthesis, acetate, which may be produced by fer-
mentation in the colon, is used mainly as a substrate for both
cholesterol and fatty acid synthesis. The fact that acetate
could constitute a lipogenic and cholesterogenic substrate in
the liver is supported by the facts that lactulose, a nondigest-
ible polyol that is largely fermented into acetate in the colon,
leads to an increase in LDL-cholesterol and TAG in the serum
when added to the diet of rats (46), and acetate in the liver is
mainly lipogenic and cholesterogenic rather than oxidized
because only acetyl-CoA synthetase I (cytosolic activity), but
not the acetyl-Co A synthetase II (mitochondrial activity) is
expressed in the liver of rats (47). Propionate is completely
taken up by the liver, and plays an important role as a meta-
bolic substrate and regulator in hepatocytes. We showed that
propionate selectively inhibited the incorporation of acetate
into lipids, but it did not modify palmitate esterification in
hepatocytes isolated from obese Zucker rats. Those results
suggested that propionate acts by a similar mechanism in obese
and lean rats by specifically inhibiting the cholesterogenic and
lipogenic effects of acetate reaching the liver (48). The rele-
vance of the anticholesterogenic effect of propionate coming
from NDG fermentation in obese rats in vivo is supported by
the fact that propionate instillation in hind gut decreased the
hepatic cholesterol pool (49). One interesting approach would
be to analyze in parallel not only TAG but also cholesterol
metabolism in the liver of obese Zucker rats treated with
fructan. However, in a previous study, fructan treatment did
not modify portal or peripheral total serum cholesterol con-
centration in obese rats (18) and we have observed that the

hepatic concentration of total cholesterol in obese Zucker rats
is much less than that of lean rats whatever the treatment
(Daubioul C., unpublished results).

The interaction between carbohydrate fermentation pat-
tern and lipid metabolism has also been proposed for several
fermentable fibers, such as class 2 resistant starches (50) and
whole flours from oats, rice, barley or wheat (51). They are
able to decrease hepatic lipid content (sometimes with effects
on serum lipids) and together are characterized by fermenta-
tions high in propionic acids.

We cannot extrapolate directly to humans the data ob-
tained in rats because several variables (dose of fructans, fecal
flora, etiology of steatosis) differ. However, some effects shown
in rats consuming 10% dietary fructans for several weeks, such
as an increase in calcium absorption or a decrease in triglyc-
eridemia, where also shown in humans ingesting lower doses
(8–15 g fructan/d) (18). If confirmed in humans, the beneficial
effects of fermentable NDG on liver steatosis could be useful in
overweight people, and could be proven by using a noninva-
sive technique such as 1H NMR spectroscopy.

ACKNOWLEDGMENTS

The authors thank C. Demigné (INRA de Clermont Ferrand/
Theix, France) for the measurement of SCFA in the portal serum of
rats and ORAFTI (Raffinerie Tirlemontoise, Tienen, Belgium) for
providing fructans and cellulose.

LITERATURE CITED
1. James, O. & Day, C. (1999) Non-alcoholic steatohepatitis: another

disease of affluence. The Lancet 353: 1634–1636.
2. Roden, M., Anderwald, A., Fürnsinn, C., Waldhäusl, W. & Lohninger, A.
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