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Abstract
intestinal bacterial overgrowth and increased intestinal permeability, thereby contributing to the development of
nonalcoholic fatty liver disease (NAFLD). Furthermore, increased plasminogen activator inhibitor (PAI)-1 has been linked to
liver damage of various etiologies (e.g. alcohol, endotoxin, nonalcoholic). The aim of the present pilot study was to
compare dietary factors, endotoxin, and PAI-1 concentrations between NAFLD patients and controls. We assessed the
dietary intake of 12 patients with NAFLD and 6 control subjects. Plasma endotoxin and PAI-1 concentrations as well as
hepatic expression of PAI-1 and toll-like receptor (TLR) 4 mRNA were determined. Despite similar total energy, fat, protein,
and carbohydrate intakes, patients with NAFLD consumed significantly more fructose than controls. Endotoxin and
PAI-1 plasma concentrations as well as hepatic TLR4 and PAI-1 mRNA expression of NAFLD patients were significantly
higher than in controls. The plasma PAI-1 concentration was positively correlated with the plasma endotoxin concentration
(Spearman r ¼ 0.83; P , 0.005) and hepatic TLR4 mRNA expression (Spearman r ¼ 0.54; P , 0.05). Hepatic mRNA
expression of PAI-1 was positively associated with dietary intakes of carbohydrates (Spearman r ¼ 0.67; P , 0.01),
glucose (Spearman r ¼ 0.58; P , 0.01), fructose (Spearman r ¼ 0.58; P , 0.01), and sucrose (Spearman r ¼ 0.70; P ,
0.01). In conclusion, our results suggest that dietary fructose intake, increased intestinal translocation of bacterial
endotoxin, and PAI-1 may contribute to the development of NAFLD in humans. J. Nutr. 138: 1452–1455, 2008.

Introduction
Nonalcoholic fatty liver disease (NAFLD)5 usually develops in
the setting of obesity and insulin resistance (1) and ranges from
simple steatosis to steatohepatitis and cirrhosis. As the mechanisms involved in the development of NAFLD are not yet fully
clarified, therapeutic options are still limited. Therefore, a better
understanding of the biochemical and pathological changes
associated with the development of NAFLD in humans is
desirable to improve intervention strategies.
High dietary carbohydrate intake has been claimed to be a
key factor in the development of NAFLD. Indeed, results of
recent human studies suggest that a diet rich in carbohydrates
may be a major cause of NAFLD, increasing the odds of later
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stages of the disease (2,3). In animal studies, an increased
consumption of fructose (e.g. up to 60% of daily energy derived
from fructose) may result in increased lipid accumulation in the
liver accompanied by insulin resistance, elevated plasma triglyceride concentration, and oxidative stress (4–7). Furthermore, we
recently found that moderate fructose consumption can lead to
increased intestinal translocation of bacterial endotoxin, induction of hepatic tumor necrosis factor (TNF) a, and subsequently
liver steatosis in mice (5). In these studies, the concomitant
treatment with antibiotics almost completely blocked the effect
of fructose on mouse liver (5).
Increased plasminogen activator inhibitor 1 (PAI-1) concentrations have been linked to not only liver fibrosis but also to
earlier stages (e.g. steatosis) of alcoholic liver disease and
NAFLD (8–10). For instance, it has been shown that in morbidly
obese patients and genetically obese mice (ob/ob mice), PAI-1
concentration is related to liver steatosis (8). Furthermore,
results of studies performed in animal models of alcohol liver
disease suggest that in the early stage of the disease, PAI-1 is a
key modulator of hepatic lipid transport, whereas in later stages
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Results of animal experiments suggest that consumption of refined carbohydrates (e.g. fructose) can result in small

of the disease (e.g. steatohepatitis), PAI-1 contributes to inflammation (9). Starting from this background, the aim of this study
was to assess dietary intake, endotoxin, and PAI-1 concentration
of NAFLD patients and controls to further investigate the
mechanisms involved in the development of NAFLD in humans.

Patients and Methods

n
Sex, % female
Age, y
BMI, kg/m2
Leisure physical activity, yes/no
Plasma ALT, U/L (0–40 U/L)2
Plasma AST, U/L (0–38 U/L)2
Plasma g-GT, U/L (0–40 U/L)2
Liver resection, n
Liver biopsy,3 n
Basic illness4
Malignancy, n
Other, n
Liver pathology
Without NAFLD, n
Steatosis, n
Steatohepatitis, n
Steatohepatitis with fibrosis, n
1
2
3

Dietary intake, alcohol consumption, physical activity, and anthropometrics. Dietary intake and alcohol consumption, as well as
anthropometric variables and physical activity during leisure time, of
cases and controls was assessed by an experienced nutritionist using the
computer software EBISpro (Germany).
Clinical chemistry and pathologic evaluation. Plasma transaminase
concentration was measured by a routine clinical chemistry laboratory
using a MODULAR analyzer (Hitachi/ Roche). An experienced pathologist assessed liver histology by using the nonalcoholic steatohepatitis
clinical network scoring system by Kleiner and Brunt et al. (11).
PAI-1 ELISA. The concentration of functionally active PAI-1 in plasma
was assessed using an ELISA kit purchased from LOXO.
Endotoxin assay. Plasma samples were heated at 75C for 20 min.
Endotoxin plasma concentration was then measured using a commercially available endpoint limulus amebocyte lysate assay (Charles River)
for a concentration range of 0–1200 endotoxin units/L following the
instructions of the manufacturer.
RNA isolation and real-time RT-PCR. One microgram total RNA was
reverse transcribed followed by a DNase digestion step (Fermentas).
Primer sequences used for the detection of toll-like receptor (TLR) 4,
PAI-1, and 18S ribosomal (r) RNA were as follows: 18S rRNA (forward)
5#-TCT GCC CTA TCA ACT TTC GAT GGT A-3#, 18S rRNA (reverse)
5#- GGC CTC GAA AGA GTC CTG TAT TGT T-3#, PAI-1 (forward)
5#-AGG CAG CTC GGA TTC AAC TAC CTT-3#, PAI-1 (reverse)
5#-TAA AGA GAC GGG GGT CTT GGT ATG T-3#, TLR4 (forward)
5#-AGC CCT GGG AGC CTT TTC TG-3#, and TLR4 (reverse) 5#-GAA
CCC GCA AGT CTG TGC AA-3#. Using SybrGreen Universal PCR
Master mix (Applied Biosystems), the PCR amplification reactions were
carried out in an iCycler (Bio-Rad Laboratories) with an initial hold step
(95C for 2 min) and 45 cycles of a 3-step PCR (95C for 15 s, 60C for
15 s, 72C for 30 s). The comparative threshold cycle method was used
to determine the amount of target, normalized to an endogenous
reference (18 S rRNA) and relative to a calibrator (22DDCt). The purity of
PCR products were verified by melting curves and gel electrophoresis.
Statistical analyses. Results are reported as means 6 SEM. The MannWhitney U test was used compare the means of the 2 groups. Chi-square
or Fisher’s exact test was used to compare categorical factors. Spearman
rank correlation was performed to test associations between variables.
P # 0.05 was selected before the study as the level of significance.

Characteristics of patients with NAFLD and controls1

4

Controls

NAFLD patients

6
66
47 6 7
22.5 6 1.2
6/0
40 6 10
39 6 10
57 6 19
6
0

12
25
55 6 4
27.8 6 0.7*
6/6*
59 6 12
39 6 5
173 6 50
7
5

5
1

6
1

6
—
—
—

—
2
3
7

Values are means 6 SEM. *Different from controls, P , 0.05.
Normal range (27).
Biopsy taken for staging of NAFLD.
Basic illness of subjects undergoing liver resection.

Results
Dietary intake. Despite a significant difference in BMI (Table
1), total energy intake, intake of carbohydrate, fat, and protein
did not differ between NAFLD patients and controls (Table 2).
However, regular leisurely physical activity was significantly less
frequent in the group of NAFLD patients (50%) than in controls
(100%). Total glucose and sucrose consumption did not differ
between cases and controls. In contrast, total fructose intake,
derived from free fructose and sucrose, was significantly higher
by ;10 g/d in patients with NAFLD than in controls (Table 2).
Plasma endotoxin concentration and hepatic TLR4 mRNA
expression. In peripheral plasma samples, endotoxin was
detected in only 1 of 6 controls. In contrast, in patients with
NAFLD, endotoxin was detected significantly more frequently
(10 of 12 subjects) with concentrations ranging from 0 to 9600
EU/L. The plasma endotoxin concentration in NAFLD patients
(279.5 6 90.8 EU/L) was greater than in controls (9.7 6 9.7 EU/L)
(P , 0.05) and hepatic TLR4 mRNA expression, normalized to
18S rRNA, was ;4.3 times that of controls (P , 0.05).
Furthermore, TLR4 mRNA expression in liver and plasma
endotoxin concentration was correlated in cases and controls
(Spearman r ¼ 0.61; P ¼ 0.007).
PAI-1 plasma concentration and hepatic PAI-1 mRNA
expression. The plasma concentration of PAI-1 in NAFLD
patients (29,030 6 7401 U/L) was greater than in controls (2742 6
1463 U/L) as was hepatic hepatic PAI-1 mRNA expression,
which was ;12.5 times that of controls (P , 0.05).
Correlations of plasma endotoxin and hepatic TLR4 mRNA
expression with PAI-1 mRNA expression in liver and
plasma PAI-1 concentration. Plasma endotoxin and PAI-1
concentrations were positively associated (Spearman r ¼ 0.83;
P , 0.005), as was hepatic TLR4 mRNA expression and PAI-1
concentration in plasma (Spearman r ¼ 0.54; P , 0.05).
Nonalcoholic fatty liver disease in humans
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Patients. The study protocol was approved by the ethics committee of
the Tuebingen University Hospital (Tuebingen, Germany). Written
informed consent was obtained from all subjects. Subjects included
had no: 1) history of taking lipid-lowering drugs or drugs affecting lipid
metabolism; 2) known medical conditions affecting lipid and glucose
metabolism (e.g. diabetes); 3) medical records of alcohol abuse and
alcohol intake , 15 g/d ethanol; 4) drug-induced hepatotoxicity; 5)
infection with hepatitis B or C virus; and 6) clinical indication of
impaired nutritional status. A total of 18 subjects, all of whom were
undergoing partial liver resection (e.g. because of liver metastasis) or
liver biopsies for medical reasons were included in the study. Characteristics of study participants are summarized in Table 1. Blood samples
were drawn from fasting patients and controls before surgical intervention or liver biopsy. Liver tissue was immediately placed in RNAlater
(Ambion) and stored at 280C or fixed in 10% buffered formalin until
later analysis.

TABLE 1

TABLE 2

Nutritional intake of patients with NAFLD
and controls1
Controls

n
Energy, kJ/d
Protein, g
% Energy
Fat, g
% Energy
Carbohydrate, g
% Energy
Glucose,2 g/d
Sucrose, g/d
Fructose,3 g/d
Alcohol, g/d
1
2
3

6
9106 6
79 6
15 6
87 6
36 6
255 6
49 6
37.0 6
48.3 6
41.0 6
6.5 6

670
6
0.4
10
2
15
3
4.0
7.2
3.2
2.3

NAFLD patients

9387
88
16
89
35
253
49
42.8
57.3
51.5
4.0

12
6 461
63
6 0.7
67
62
6 14
61
6 4.3
6 6.3
6 5.2*
6 1.2

Values are means 6 SEM. *Different from controls, P , 0.05.
Glucose intake derived from free glucose and sucrose.
Fructose intake derived from free fructose and sucrose.

Correlation of carbohydrate intake with plasma endotoxin
concentration, hepatic TLR4, PAI-1 expression, and
plasma PAI-1 concentration. Hepatic PAI-1 mRNA expression was positively correlated with intakes of total carbohydrate
(Spearman r ¼ 0.67; P , 0.01), total glucose (Spearman r ¼
0.58; P , 0.01), total fructose (Spearman r ¼ 0.58; P , 0.01),
and total sucrose (Spearman r ¼ 0.70; P , 0.01). However,
neither plasma endotoxin concentration nor hepatic TLR4
mRNA expression or plasma PAI-1 concentration were associated with the total carbohydrate or mono- or disaccharide
intakes of the subjects.

Discussion
Fructose intake, endotoxin, and PAI-1 concentration increased in patients with NAFLD. Obesity and insulin resistance have been shown to be key risk factors for the development
of NAFLD (1); however, mechanisms involved in the pathogenesis of NAFLD have not yet been clarified. Results of
epidemiological and animal studies suggest that a diet rich in
carbohydrates increases the risk to develop later stages of the
disease (2,3) and that the kind of carbohydrate (e.g. fructose vs.
glucose) may affect the development of the disease (5). Besides
nutritional intake, alterations of the intestinal motility and
bacterial flora as well as an increased intestinal permeability and
PAI-1 concentration have been shown to be associated with the
development of NAFLD (8,12–14,15). In animal studies, it was
further shown that dietary carbohydrates can be fermented to
ethanol when intestinal stasis permits bacterial overgrowth in
the upper parts of the gastrointestinal tract (16). In the present
study, we assessed the nutritional intakes and markers of
intestinal permeability (e.g. plasma endotoxin concentration
and TLR4 expression) as well as PAI-1 in patients with NAFLD
and controls. In accordance with the results of other groups (17),
total intake of carbohydrates was also similar between NAFLD
patients and controls in the present study; however, we found
that consumption of fructose was significantly higher in NAFLD
patients compared with controls. Plasma endotoxin concentra1454
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Endotoxin and PAI-1 concentration are related. It has been
suggested that endotoxin by itself, but also through cytokines
such as TNFa and interleukin-1, is a key regulator of PAI-1 gene
expression in the liver (18,19). In the present pilot study, plasma
PAI-1 and endotoxin concentrations were positively associated
as were plasma PAI-1 concentration and hepatic expression of
TLR4. However, hepatic PAI-1 expression and plasma endotoxin concentration or hepatic TLR4 expression were not
associated. The lack of association of the latter could be due
to a biphasic induction of PAI-1 previously shown in animal
experiments (9,19) or a posttranscriptional regulation of PAI-1.
Indeed, results of in vitro studies suggest that PAI-1 can be
regulated by intracellular iron and hypoxia, respectively,
through post-transcriptional mechanisms (20,21). However, if
similar mechanisms play a role in the present study remains to be
determined. Taken together, the results of the present study
suggest that plasma PAI-1 and endotoxin concentrations as well
as hepatic TLR4 expression are related in humans. However, if
PAI-1 in humans is induced directly through TLR4-/endotoxindependent signaling pathways or indirectly through proinflammatory cytokines such as TNFa or interleuken-1 will have to be
addressed in future studies.
Carbohydrate intake and PAI-1 concentration are related.
Results of studies investigating the relation of diet and PAI-1 in
animals as well as the results of dietary interventions (e.g. lowcarbohydrate diet and high-fat diet) suggest that PAI-1 can be
modulated by diet (22–25). Results of in vitro studies further
suggest that PAI-1 expression can be induced by high glucose
concentrations (26). Indeed, in the present study, total intakes
of carbohydrates, fructose, glucose, and sucrose were related to
hepatic PAI-1 mRNA expression. However, plasma endotoxin
and PAI-1 concentrations or hepatic TLR4 expression and
intake of carbohydrates of NAFLD patients and controls were
not related. The results of the present study suggest that
carbohydrates and particularly monosaccharides might influence PAI-1 expression in the liver through mechanisms not yet
clarified. These data do not preclude that other factors such as
the content of trans- and (n-3) fatty acids in the diet might also
be a potential contributor to the development of NAFLD in
humans. As discussed above, PAI-1 may be regulated through
post-transcriptional mechanisms (20,21); therefore, the lack of
association of PAI-1 plasma concentration with carbohydrate
intake might have resulted from other intracellular factors yet to
be determined.
The results of the present study suggest that endotoxin and its
receptor TLR4 and plasma PAI-1 concentration, dietary fructose
intake, and PAI-1 are associated with NAFLD in humans. These
results also suggest that hepatic TLR4 expression, plasma PAI-1,
and endotoxin concentrations are related. Furthermore, our
data indicate that hepatic PAI-1 expression might be related to
total carbohydrate and sugar intake. Although further studies
will be needed to explore the molecular mechanisms responsible,
the results of the present study are compatible with the concept
that intestinal permeability and flora as well as dietary pattern
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However, neither the plasma endotoxin concentration nor
hepatic TLR4 mRNA expression were associated with PAI-1
expression in the subjects.

tion, hepatic expression of the endotoxin receptor TLR4, and
PAI-1 concentration were also higher in NAFLD patients than in
controls. Taken together, these data suggest that fructose intake,
intestinal translocation, and PAI-1 are associated with the
pathogenesis of NAFLD in humans, thereby lending further
support to the hypothesis that not only over-nutrition but also
dietary pattern (e.g. fructose intake) and intestinal permeability
and PAI-1 might play a role in the development of NAFLD.

and PAI-1 are important in the pathogenesis of NAFLD in
humans.
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Bergheim I, Weber S, Krämer S, Volynets V, Kaserouni S, McClain C,
Bischoff S. Antibiotics protect against fructose-induced hepatic lipid
accumulation in mice: role of endotoxin. J Hepatol. 2008;48:983–92.
Faeh D, Minehira K, Schwarz JM, Periasami R, Seongsu P, Tappy L.
Effect of fructose overfeeding and fish oil administration on hepatic de
novo lipogenesis and insulin sensitivity in healthy men. Diabetes.
2005;54:1907–13.
Lewis GF, Murdoch S, Uffelman K, Naples M, Szeto L, Albers A, Adeli
K, Brunzell JD. Hepatic lipase mRNA, protein, and plasma enzyme
activity is increased in the insulin-resistant, fructose-fed Syrian golden
hamster and is partially normalized by the insulin sensitizer rosiglitazone. Diabetes. 2004;53:2893–900.
Alessi MC, Bastelica D, Mavri A, Morange P, Berthet B, Grino M,
Juhan-Vague I. Plasma PAI-1 levels are more strongly related to liver
steatosis than to adipose tissue accumulation. Arterioscler Thromb Vasc
Biol. 2003;23:1262–8.
Bergheim I, Guo L, Davis MA, Lambert JC, Beier JI, Duveau I,
Luyendyk JP, Roth RA, Arteel GE. Metformin prevents alcohol-induced
liver injury in the mouse: critical role of plasminogen activator
inhibitor-1. Gastroenterology. 2006;130:2099–112.
Bergheim I, Guo L, Davis MA, Duveau I, Arteel GE. Critical role of
plasminogen activator inhibitor-1 in cholestatic liver injury and fibrosis.
J Pharmacol Exp Ther. 2006;316:592–600.
Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings
OW, Ferrell LD, Liu YC, Torbenson MS, et al. Design and validation of
a histological scoring system for nonalcoholic fatty. Hepatology.
2005;41:1313–21.
Wigg AJ, Roberts-Thomson IC, Dymock RB, McCarthy PJ, Grose RH,
Cummins AG. The role of small intestinal bacterial overgrowth,
intestinal permeability, endotoxaemia, and tumour necrosis factor
alpha in the pathogenesis of non-alcoholic steatohepatitis. Gut. 2001;48:
206–11.
Soza A, Riquelme A, Gonzalez R, Alvarez M, Perez-Ayuso RM,
Glasinovic JC, Arrese M. Increased orocecal transit time in patients
with nonalcoholic fatty liver disease. Dig Dis Sci. 2005;50:1136–40.

14. Nair S, Cope K, Risby TH, Diehl AM. Obesity and female gender
increase breath ethanol concentration: potential implications for the
pathogenesis of nonalcoholic steatohepatitis. Am J Gastroenterol.
2001;96:1200–4.
15. Brun P, Castagliuolo I, Di LV, Buda A, Pinzani M, Palu’ G, Martines D.
Increased intestinal permeability in obese mice: new evidences in the
pathogenesis of nonalcoholic steatohepatitis. Am J Physiol Gastrointest
Liver Physiol. 2007;292:G518–25.
16. Nosova T, Jokelainen K, Kaihovaara P, Jousimies-Somer H, Siitonen A,
Heine R, Salaspuro M. Aldehyde dehydrogenase activity and acetate
production by aerobic bacteria representing the normal flora of human
large intestine. Alcohol Alcohol. 1996;31:555–64.
17. Zelber-Sagi S, Nitzan-Kaluski D, Goldsmith R, Webb M, Blendis L,
Halpern Z, Oren R. Long term nutritional intake and the risk for nonalcoholic fatty liver disease (NAFLD): a population based study.
J Hepatol. 2007;47:711–7.
18. Seki T, Healy AM, Fletcher DS, Noguchi T, Gelehrter TD. IL-1beta
mediates induction of hepatic type 1 plasminogen activator inhibitor in
response to local tissue injury. Am J Physiol. 1999;277:G801–9.
19. Fearns C, Loskutoff DJ. Induction of plasminogen activator inhibitor
1 gene expression in murine liver by lipopolysaccharide. Cellular
localization and role of endogenous tumor necrosis factor-alpha. Am J
Pathol. 1997;150:579–90.
20. Radha KS, Sugiki M, Harish KM, Omura S, Maruyama M. Posttranscriptional regulation of plasminogen activator inhibitor-1 by
intracellular iron in cultured human lung fibroblasts: interaction of
an 81-kDa nuclear protein with the 3#-UTR. J Thromb Haemost.
2005;3:1001–8.
21. Zhang Q, Wu Y, Ann DK, Messadi DV, Tuan TL, Kelly AP, Bertolami
CN, Le AD. Mechanisms of hypoxic regulation of plasminogen
activator inhibitor-1 gene expression in keloid fibroblasts. J Invest
Dermatol. 2003;121:1005–12.
22. Ma LJ, Mao SL, Taylor KL, Kanjanabuch T, Guan Y, Zhang Y, Brown
NJ, Swift LL, McGuinness OP, et al. Prevention of obesity and insulin
resistance in mice lacking plasminogen activator inhibitor 1. Diabetes.
2004;53:336–46.
23. Meckling KA, O’Sullivan C, Saari D. Comparison of a low-fat diet to a
low-carbohydrate diet on weight loss, body composition, and risk
factors for diabetes and cardiovascular disease in free-living, overweight
men and women. J Clin Endocrinol Metab. 2004;89:2717–23.
24. Ho CH, Chwang LC, Hwang BH. The influence of high fat diet on the
fibrinolytic activity. Thromb Res. 1995;77:201–8.
25. Jensen L, Sloth B, Krog-Mikkelsen I, Flint A, Raben A, Tholstrup T,
Brunner N, Astrup A. A low-glycemic-index diet reduces plasma
plasminogen activator inhibitor-1 activity, but not tissue inhibitor of
proteinases-1 or plasminogen activator inhibitor-1 protein, in overweight women. Am J Clin Nutr. 2008;87:97–105.
26. Du XL, Edelstein D, Rossetti L, Fantus IG, Goldberg H, Ziyadeh F, Wu
J, Brownlee M. Hyperglycemia-induced mitochondrial superoxide
overproduction activates the hexosamine pathway and induces plasminogen activator inhibitor-1 expression by increasing Sp1 glycosylation. Proc Natl Acad Sci USA. 2000;97:12222–6.
27. Schlebusch H, Rick W, Lang H, Knedel M. Standards in the activities of
clinically important enzymes. Dtsch Med Wochenschr. 1974;99:765–6.

