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INTRODUCTION
The gastrointestinal system is not only responsible for nutrient 
absorption, but also for hosting beneficial bacteria. A failure to keep 
bacteria within the intestines will produce a state called endotoxemia 
in which bacterial lipopolysaccharides (LPS) or endotoxin translocates 
to reach the liver. LPS translocation might occur when factors such 
as a reduction in splanchnic blood flow, ischemia, long stays at 
altitude, or increased body core temperature affect the integrity of 
the intestinal wall [23,63]. Indeed, splanchnic blood flow decreases 
in an inversely proportional manner in relation to the percentage of 
maximal oxygen consumption (VO2max) achieved during exercise 
[20]. LPS elicits a cytokine-mediated pro-inflammatory response 
that can eventually evolve in sepsis and heat stroke.
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ABSTRACT: The purpose of the study was to compare the acute hepatic response to diet modification and 
exercise-induced endotoxemia, and to determine if associations exist between liver damage markers, body core 
temperature, and IL-6 responses to a laboratory-based duathlon. Eleven moderately-trained healthy males 
followed a low-carbohydrate (CHO) and a high CHO diet to change their glycogen stores two-days before 
completing a duathlon. Blood samples were obtained at rest, immediately after and 1- and 2-h following the 
duathlon for determination of endotoxin-lipopolysaccharide binding protein (LPS-LBP) complex, IL-6, and liver 
integrity markers AST, ALT, and AST/ALT ratio. Hydration status and body core temperature were assessed at rest, 
during, and after the duathlon. Athletes were more dehydrated and had higher AST/ALT ratios in the low- 
compared to the high-CHO diet trial regardless of the measurement time (p<0.05). IL-6 increased from resting 
to immediately after, 1- and 2-h following duathlon regardless of the diet (p<0.05). A higher LPS-LBP complex 
concentration was observed from rest to immediately after the duathlon. No significant correlations were found 
between LPS-LBP complex levels and body core temperature. In conclusion, athletes on a low-CHO diet showed 
higher hepatic structural damage and finished more dehydrated compared to athletes on a high-CHO diet. Body 
core temperature and LPS-LBP complex levels were unrelated beyond the increase in body core temperature 
explained by exercise. No significant associations were found between body core temperature, IL-6 and LPS-LBP 
complex concentrations.
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The mechanism for cytokine activation involves binding of LPS 
to serum lipopolysaccharide-binding protein (LBP) to form the LPS-
LBP complex [62]. LBP is an acute-phase protein synthesized in 
hepatocytes considered an opsonin (i.e., can enhance the uptake of 
bacteria by phagocytic cells) for activation of macrophages (e.g., 
Kupffer cells) by LPS [38,64]. LPS-LBP complex catalyzes the transfer 
of LPS to membrane-bound soluble CD14, and is considered a marker 
of bacterial translocation, transport, and clearance [17]. 

Once the LPS binds to LBP, the intracellular signal transduction 
occurs that leads to a proinflammatory response mediated by 
cytokines such as interleukin-6 (IL-6) released from macrophages 
[62]. Therefore, a direct association is hypothesized between  
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LPS-LBP complex and IL-6 [65]. Others have reported subclinical 
increases in circulating pro-inflammatory IL-6 during strenuous 
exercise [27,60]. 

Endurance and resistance training exercise also promote changes 
in liver damage markers in humans, as previously reported during 
cycling and running competitions [10,13,35,41,49,52,57].  
The chronic effect of exercise in the detoxifying ability of the liver 
has been studied in animal models where rats who trained for 
10-weeks showed lower hepatic damage than their sedentary 
counterparts [9]. This evidence in an animal model clearly suggests 
a training adaptation of the liver in its ability to detoxify noxious 
substances such as LPS. How these findings might be extrapolated 
to humans is debatable and subject to research.

In spite of the evidence showing that the liver potential to 
metabolize and clear different drugs is reduced in the presence of 
LPS [61], the precise mechanisms involved are poorly understood. 
We suggest a hypothesis that explains that one of such mechanisms 
might be the initial endogenous energy supply of the liver since LPS 
clearance is an energy-dependent process carried out by the liver 
resident macrophages, the Kupffer cells. A similar hypothesis was 
studied in a rat model where fasting reduced or deactivated temporarily 
the activity of the Kupffer cells [55]. However, the study was 
conducted using an animal organ donor model, and not a human 
exercise-induced hepatotoxicity model. 

Therefore, the purpose of this study was to compare the acute 
hepatic response to initial endogenous hepatic energy levels and 
exercise-induced endotoxemia, and to determine if associations exist 
between liver damage markers, body core temperature, and IL-6 
responses to a laboratory-based duathlon. Our main hypothesis was 
that endogenous liver energy stores, as manipulated by diet and 
endurance exercise, would elicit a differential acute response in 
markers of liver damage and the LPS-LBP complex-mediated IL-6 
response.

MATERIALS AND METHODS 
Subjects. Eleven moderately-trained healthy males 

(age=36.64±4.95 yr; VO2max=57.36±7.41 ml/kg/min; 
height= 1.74±0.06 m; weight=74.47±7.66 kg; DEXA body 
fat=17.22±6.63%; fat-free mass=61.42±5.85 kg) participated 
in the study. They trained for middle and long distance events such 
as marathon and triathlon on an average of 11 h•wk-1, including 
running on average 13 km•wk-1 and cycling 24 to 40 km•wk-1. 
Written informed consent was obtained from each subject prior to 
participation, and the Institutional Review Board from Auburn 
University approved the study. Based on the IL-6 response to exercise 
from previous studies [6,14], and using the nQuery Advisor® 
statistical sample size software, it was estimated that a sample size 
of 10 would have a power (β =0.80) to detect an effect size of 0.996 
with a 0.05 significance level [43].

Protocol. The protocol initially involved screening with a health 
history questionnaire for current use of nonsteroidal anti-inflammatory 

drugs (NSAID). Volunteers were not allowed to participate if they 
had anemia, any gastrointestinal disorders or other chronic disorders. 
Participants were also excluded if they had a cardiac pacemaker or 
other implanted electromedical device, were current cigarette 
smokers, had an acute or chronic illness or infection, food allergies, 
or any vaccinations within the previous two-week period.

Liver energy manipulation and exercise intervention. Liver energy 
stores were modified by diet and exercise as described elsewhere 
[36]. Briefly, two isoenergetic diets were designed for each 
participant, a glycogen depletion diet or low carbohydrate (CHO) 
(low-CHO) and a diet high in CHO (high-CHO). The nutrient content 
was significantly different for CHO and fat content for both diets. 
Diets were prepared of commercially available pre-packaged foods 
and given to each participant 72-h before an exercise trial taking 
into consideration allotments for breakfast, lunch, dinner, and 
snacks.

Forty-eight hours before completing a duathlon, participants on 
the high-CHO diet were instructed to return to the laboratory to 
complete a 60-min sub-maximal (70% VO2max) jog on the treadmill, 
and 24-h before the duathlon, participants were required to rest. 
During the 48-h in which participants consumed the low-CHO diet, 
they were required to run on a treadmill for 60-min (70% VO2max) 
two-days before the duathlon and 45-min at the same intensity on 
the day prior to the duathlon. Then, participants were instructed to 
rest (i.e., no extra exercise) the day before the duathlon.

Duathlon. On the evening before the experimental session, 
participants were reminded to ingest a silicon-coated pill (HQ Inc., 
Palmetto, FL, USA). This pill was used as the sensor for determining 
core temperatures during the experimental duathlon. The sensor 
was factory-calibrated and was designed to be ingested easily and 
voided with normal bowel movements within 48-h [31].

On the day of the duathlon participants arrived at the laboratory, 
returned empty food packages and voided their bladders before 
body weight was measured. Then, they were instructed to sit quietly 
for 5-min. Next, a fasting blood sample was obtained. Following  
the initial blood draw, participants were provided with a standardized 
breakfast to eat before resting in a comfortable chair. After  
the 60-min the rest period, participants had 10-min to warm up 
and then started the duathlon in the following order: a) treadmill 
run of 5-km (Run-1); b) 30-km stationary cycle (Bike); and c)  
10-km treadmill run (Run-2). The subjects ran at 0% grade and 
were allowed to modify only the treadmill speed. For the cycling 
part of the race, participants had previously attached their own 
bicycles to a CompuTrainer™ (Racer Mate, Inc., Seattle, WA, USA). 
During the duathlon the participants were given the opportunity to 
drink chilled water ad libitum; solid foods were avoided at all times. 
Total volume of ingested liquid was measured for further analyses 
of hydration status. Body temperature was monitored during each 
stage of the duathlon and VO2 was also determined seeking to 
assure an exercise intensity of >70% VO2max. Once the experimental 
session was completed, the subjects were provided with rehydration 
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fluids, fruit, and an appointment for the next visit to the laboratory. 
Experimental exercise sessions were separated by at least 7 days.

Blood sampling and analytical procedures. Antecubital venous 
blood samples were obtained at rest, immediately after and again 
1- and 2-h after the duathlon. Blood samples were obtained for 
determination of hematocrit (Hct) and hemoglobin (Hb). Another 
blood sample was obtained, allowed to clot,  centrifugated at 1500g 
for 15-min to prepare serum aliquots to be stored at -80°C for further 
analysis of  hepatocyte integrity markers aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) (Flex®Dimension®, Dade 
Behring Inc., Deerfield, IL, USA). Enzyme linked-immuno-sorbent 
assay (ELISA) kits were used for determination of insulin (IN), 
glucagon (GL) (LINCO, St. Charles, MO, USA), LPS-LBP complex, 
and a high-sensitivity human IL-6 (HsIL-6) (Cell Sciences, Inc., 
Canton, MA, USA). Plasma concentration of IL-6 and LPS-LBP were 
corrected to take into consideration changes in plasma volume due 
to exercise [11].

Statistical analysis. Data were analyzed with the Statistical 
Package for the Social Sciences (SPSS®), version 15.0 for Windows. 
Descriptive data are presented as means (M) and standard deviation 
(± SD), and statistical significance was set a priori at p≤0.05. Paired 
samples t tests were used to determine significant mean differences 
between experimental conditions in the dependent variables IN/GL 
ratio, performance time in the duathlon, diet composition, and 
hydration status. Factorial 2 x 4 (diets x time points) repeated 
measures analyses of variance (ANOVA) were computed to analyze 
AST, ALT, the AST/ALT ratio, LPS-LBP complex, and IL-6. Body core 
temperature was analyzed by a 2 x 7 (diets x time points) factorial, 
repeated-measures ANOVA. Percentage VO2max was analyzed by 
a 2 x 3 factorial, repeated-measures ANOVA. For all ANOVA tests, 
appropriate follow-up analyses were computed if significant 
interactions and/or main effects were found. Finally, a Pearson 
product-moment correlation was calculated between body composition 
and IL-6.

RESULTS 
Diet and endogenous hepatic energy change. The two diets had 
similar energy content (~11 MJ); however, the low-CHO diet provided 
significantly more fat (67%) and less CHO (21%) than the high-CHO 
diet (25% fat, 63% CHO) (p<0.001). The protein content from total 
energy for both diets was ~11% (p>0.05). The mean (SD) fasting 

IN/GL ratio in the low-CHO Diet (0.27±0.10) was lower (p≤0.05) 
than the mean ratio on the high-CHO diet (0.39±0.20), indicating 
athlete’s compliance to the dietary regimen and a change in 
endogenous hepatic energy status. 

Hydration status, body core temperature and duathlon 
performance. Analysis of hydration status indicated a higher fluid 
loss (3978.4±1222.4 vs. 3341.8±1235.6 ml) and dehydration 
(-1.6±1.2 vs. -1.0±1.4%) after the low-CHO diet trial compared 
to the high-CHO diet trial (p=0.001). Body core temperature analyses 
did not indicate an interaction effect between diet and measurement 
times (p=0.626). In general, body core temperatures increased from 
resting to the different segments of the race and post-exercise period 
(p≤0.001) regardless of the diet consumed (Fig. 1). No differences 
in mean performance time in the total duathlon were observed during 
the low-CHO diet (136.38±20.09 min) and the high-CHO 
(134.88±20.89 min) diet. Regardless of the dietary trial, the subjects 
performed the duathlon at an intensity of 71.1±2.0% of their 
individually determined VO2max. 

Liver damage markers. Biochemical and immunological variables 
measured in this study are presented in table 1. Repeated measures 
ANOVA indicated no significant interaction between diet and 
measurement time in the AST, ALT, and/or the AST/ALT ratio (p>0.05). 
For AST, the main effect diet showed significant mean differences in 
the low- compared to the high-CHO diet (39.23±3.52 vs. 
29.40±1.75 U/L; p=0.007), whereas the main effect measurement 

FIG. 1.  BODY CORE TEMPERATURE DURING A DUATHLON. VALUES 
ARE COLLAPSED IN SINGLE COLUMNS SINCE NO DIFFERENTIAL 
EFFECTS BETWEEN DIETARY CONDITIONS WERE OBSERVED. BROKEN 
LINES REPRESENT UPPER AND LOWER LIMITS FOR NORMAL RESTING 
BODY TEMPERATURE FOR ADULTS[33]. VALUES ARE MEANS ± SEM.

TABLE 1. BIOCHEMICAL AND IMMUNE PLASMA MARKERS FOR THE EXPERIMENTAL CONDITIONS (M ± SD).

Low-CHO diet High-CHO diet

R I + 1 h + 2 h R I +1 h +2 h

ALT (U/L)a 35.68 ± 5.54 37.05 ± 7.28 34.09 ± 6.37 34.05 ± 7.85 32.09 ± 5.36 34.50 ± 7.02 32.77 ± 7.06 33.61 ± 6.27

AST (U/L)a 31.82 ± 9.90 40.81 ± 11.56 39.97 ± 11.72 40.54 ± 12.50 24.41 ± 4.90 30.80 ± 6.37 29.97 ± 6.34 31.79 ± 6.33

LPS-LBP (pg/ml)a 4.59 ± 1.72 5.91 ± 4.03 4.92 ± 3.14 4.05 ± 1.91 3.84 ± 1.66 4.43 ± 2.10 3.67 ± 1.77 4.07 ± 0.85

IL-6 (pg/ml)a 0.82 ± 0.53 9.23 ± 7.38 5.84 ± 4.40 3.99 ± 3.52 0.73 ± 0.56 8.05 ± 5.19 5.77 ± 3.25 3.58 ± 1.78

Legend: R = resting; I = immediately after duathlon; + 1h = 1-h following duathlon; +2 h = 2-h following duathlon.
a - p > 0.05, for interaction effects (diet condition X measurement time). Significant main effects are presented in the results section.

p<0,05; c +2-h <  a< c +1-h < b
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time indicated significantly higher mean values immediately, 1- and 
2-h following exercise compared to resting values (p<0.001).  
For ALT, a significant measurement time main effect was observed, 
with baseline values lower than immediately after exercise (p=0.010). 
No significant differences were found between immediately, 1- and 
2-h following exercise in ALT values. For AST/ALT ratio, the main 
effect diet showed a ratio higher in the low- compared to the high-
CHO diet (1.15±0.37 vs. 0.89±0.12; p=0.042) (Fig. 2a).  
In addition, the main effect measurement time showed that the AST/
ALT ratio increased from resting to immediately following exercise 
and remained elevated 1- and 2-h following exertion (Fig. 2b).

Endotoxin and IL-6 markers. Regardless of the dietary manipulation, 
intestinal permeability increased immediately following exercise from 
resting as determined by the LPS-LBP complex (Fig. 3a, p≤0.05). 
The mean LPS-LBP complex concentrations increased from resting 
to immediately after exercise and decreased from resting to 1- and 
2-h following exercise (Fig. 3b). Mild-endotoxemia, defined as  
LPS-LBP complex > 5 pg/ml [51], was found at baseline in three 
participants (27%) on the low-CHO diet compared to only one (9%) 
participant on the high-CHO diet. However, endotoxemia was 
observed in six subjects (55%) immediately following exercise in the 
low-CHO diet, compared to five subjects (45%) on the high-CHO 
diet. One-hour after exercise, four (36%) and three (30%) subjects 

in the low and the high-CHO diets had endotoxemia. Finally, 2-h 
following exercise, endotoxemia was found only in one athlete in the 
low- and the high-CHO diets, respectively. The highest LPS-LBP 
complex concentration found in a participant was 16.7 pg/ml 
immediately following exercise in the low-CHO diet condition. 

* - p<0,05

* - p<0,05 from resting

A

B
FIG 2A-B. MAIN EFFECT ANALYSES SHOWS: 
A) AST/ALT RATIO FOLLOWING A LOW- AND A HIGH CHO DIET, 
B) THE RELATIVE CHANGE (∆%) FROM RESTING FOLLOWING 
A DUATHLON.

FIG 3A-B. LPS-LBP COMPLEX ACUTE RESPONSE FOLLOWING 
TWO DIETARY CONDITIONS. PANEL A) SHOWS THE INTERACTION 
BETWEEN DIETARY CONDITIONS AND MEASUREMENT TIME. 
MAIN EFFECT MEASUREMENT TIME WAS SIGNIFICANTLY 
DIFFERENT FROM RESTING (p<0.05). BROKEN LINES 
REPRESENT CUT-OFF POINT FOR MILD ENDOTOXEMIA. PANEL 
B) SHOWS RELATIVE CHANGE (∆%) IN LPS-LBP COMPLEX FROM 
RESTING FOLLOWING A DUATHLON.

A

B

* - p<0,05 main effect measurement time from resting

FIG 4. PLASMA IL-6 CONCENTRATIONS FOR MALES 
PERFORMING A DUATHLON. VALUES ARE COLLAPSED 
INTO SINGLE COLUMNS SINCE NO DIFFERENTIAL EFFECTS 
BETWEEN DIETARY CONDITIONS WERE OBSERVED. VALUES 
ARE MEANS ± SEM.

a<b; p<0,05
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No interaction effect between diet and measurement time on IL-6 
was observed (p>0.05). Main effect measurement time showed an 
IL-6 concentration increased from baseline to immediately following 
duathlon, which remained elevated 1- and 2-h after the exercise 
sessions (Fig. 4). Pearson-product moment correlations in the low-
CHO diet 2-h following exercise indicated an inverse correlation 
between fat-free-mass and IL-6 (r=-0.645; p=0.032). Also, in the 
high-CHO diet 2-h following exercise, an inverse correlation was 
found between fat-free-mass and IL-6 (r=-0.653; p=0.041).

DISCUSSION 
The primary findings of this study were a higher dehydration level 
and a mild increase in markers of hepatic damage in the low-CHO 
diet compared to the high-CHO diet following a duathlon. We found 
an acute exercise-induced mild endotoxemia in both dietary 
conditions and did not find changes in physical performance or 
IL-6 response when initial liver energy status was altered by diet 
and exercise before a duathlon.

The main energy-requiring processes carried out by the liver are 
ureagenesis, futile cycling of substrates, gluconeogenesis, protein 
synthesis, and ketogenesis [37]. We hypothesized that under a low-
CHO diet, hepatic glycogen stores and available energy would be 
reduced and therefore hepatocellular clearance of endotoxins impaired, 
as suggested by animal models where hepatocyte shrinkage and 
damage occurred following intense exercise [18,28,30,55].  
Thus, in the low-CHO diet trial, we expected to find a higher 
hepatocellular damage following exercise compared to the high-CHO 
diet trial. Since LBP is produced by hepatocytes [59], we expected in 
the low-CHO diet to find an inverse correlation between LPS-LBP and 
ALT, a serum transaminase more specific to hepatocellular injury [24]. 
In the low-CHO condition, LPS-LBP complex values were consistently 
higher than in the high-CHO trial at virtually all sampling times from 
resting up to the 2-h following exercise; however, no statistical 
differences or significant associations with ALT were observed.

The AST/ALT ratio is considered a surrogate marker for hepatocyte 
necrosis and inflammation, with values >1.0 suggestive of hepatocyte 
damage [1]. In this study, the AST/ALT ratio was > 1.0 immediately 
following exercise and in the recovery phase (i.e., 1- and 2-h post-
exercise), indicating hepatocyte and liver parenchyma structural 
damage. ALT increased from baseline to immediately following 
exercise, indicating a mild hepatocyte damage possibly explained by 
a combination of factors such as exercise intensity, duration, and 
reperfusion to the liver following exercise [28]. However, even in  
the presence of a reduced hepatic blood flow induced by intense 
exercise, the liver is able to maintain its metabolic functions [39]; 
therefore, using the AST/ALT as a true marker of hepatic damage 
during exercise may be equivocal [49]. 

In the present study, the mean exercise intensity (~70% VO2max) 
elicited by the subjects during the duathlon in both dietary conditions 
was high enough to cause intestinal permeability and bacterial 
translocation from resting as demonstrated by the increased LPS-LBP 

complex concentration. This exercise intensity caused bacterial 
translocation immediately following exercise similar to that reported 
in marathon and ultra-endurance events [3,4,6,7,27,44].  
The increased LPS-LBP complex marker indicated a higher 
transmission of cellular signaling capable of eliciting an increased 
cytokine response. This finding is similar to previous research in 
sedentary and athletic populations [20,46,47]. 

We expected to find a positive correlation between LPS-LBP 
complex levels and body core temperature since endotoxins are 
pyrogenic agents capable of eliciting a febrile-like response [48]. No 
significant correlation coefficients were found between core 
temperature and endotoxin translocation levels measured immediately, 
1- and 2-h following exercise. We suggest that the pyrogenic effect 
of the increased endotoxemia was not significantly greater than the 
expected increase in body temperature associated with exercise (body 
core temperature > 37.8°C). The highest mean core temperature 
recorded in our participants was 40.69°C in the high-CHO diet 
condition who completed the run-2 (10 km) in more than 60 min. 
This figure was slightly below the proposed 41.0°C and 42.0°C shown 
to impair physiologic functions in humans [32]. LBP is produced in 
hepatocytes under IL-6 stimulation to capture and present LPS to 
CD14 and induce the secretion of IL-6 [26]. Therefore, we expected 
to find a correlation between LPS-LBP complex and IL-6; however, 
we were unable to demonstrate a significant correlation in either 
dietary conditions up to 2-h following exercise.

Immune cytokines such as IL-6 have very high metabolic rates 
[5], and therefore fuel availability before, during and after exercise 
is of greater concern for athletes. Others [21] have found that 
compared to high-CHO diets, low-CHO diets significantly impaired 
immune response (e.g., higher cortisol release, neutrophilia, 
leucocytosis, neutrophil:lymphocyte ratio, and IL-6; and lower plasma 
glutamine) following 1-h of cycle ergometer exercise performed at 
70% of their individual VO2max. A very low-CHO diet implies a very 
high-fat dietary content, which has been shown detrimental to 
immune function. We expected to find an increase in IL-6 from 
baseline following exercise in both dietary conditions, as previously 
reported in measurements taken after light, moderate and hard 
intensity exercise performed for short- and long-periods of time 
[2,7,12,22,27,34,40,51]. In our study, IL-6 increased significantly 
from baseline immediately following the duathlon regardless of the 
diet, and remained elevated 1- and 2-h following exercise. This finding 
is consistent to figures shown by marathon runners and athletes 
running in a treadmill for 2.5-h [40,45].

In the present study, our athletes ran at approximately 70% of 
their individual VO2max and were allowed to drink water ad libitum 
until the last blood sample was drawn 2-h after the duathlon.  
We reported an 11-fold increase in IL-6 from baseline that also steadily 
decreased 7- and 5-fold 1-and 2-h following exercise  
(Fig. 4). Others have found 22-fold increases from baseline immediately 
and 1-h following 100-min of cycling exercise at 70% VO2max 
followed by a time-trial test[8]. A mild dehydration (1.6% body mass) 

 

   
   

 -
   

   
   

   
   

- 
   

   
   

   
  -

   
   

   
   

   
- 

   
   

   
   

  -
   

   
 

Electronic PDF security powered by www.IndexCopernicus.com



116

Moncada-Jiménez J. et al.

  1.  Anderson F.H., Zeng L., Rock N.R., 
Yoshida E.M. An assessment of the 
clinical utility of serum ALT and AST in 
chronic hepatitis C. Hepatol. Res. 
2000;18:63-71.

  2.  Baum M., Klöpping-Menke K., 
Müller-Steinhardt M., Liesen H., Kirchner 
H. Increased concentrations of interleukin 
1-β in whole blood cultures supernatants 
after 12 weeks of moderate endurance 
training. Eur. J. Appl. Physiol. 
1999;79:500-503.

  3.  Bosenberg A.T., Brock-Utne J.G., Gaffin 
S.L., Wells M.T., Blake G.T. Strenuous 
exercise causes systemic endotoxemia. J. 
Appl. Physiol. 1988;65:106-108.

  4.  Brock-Utne J.G., Gaffin S.L., Wells M.T., 
Gathiram P., Sohar E., James M.F., 
Morrell D.F., Norman R.J. Endotoxaemia 
in exhausted runners after long-distance 
race. South Afr. Med. J. 1988;73:533-
536.

  5.  Calder P.C. Fuel utilization by cells of the 
immune system. Proc. Nutr. Soc. 
1995;54:65-82.

  6.  Camus G., Nys M., Poortmans J.R., 
Venneman I., Monfils T., Deby-Dupont 
G., Juchmes-Ferir A., Deby C., Lamy M., 
Duchateau J. Endotoxaemia, production 
of tumour necrosis factor alpha and 
polymorphonuclear neutrophil activation 
following strenuous exercise in humans. 

Eur. J. Appl. Physiol. 1998;79:62-68.
  7.  Camus G., Poortmans J.R., Nys M., 

Deby-Dupont G., Duchateau J., Deby C., 
Lamy M. Mild endotoxaemia and the 
inflammatory response induced by a 
marathon race. Clin. Sci. 1997;92:415-
422.

  8.  Cox A.J., Pyne D.B., Cox G.R., Callister 
R., Gleeson M. Pre-exercise carbohydrate 
status influences carbohydrate-mediated 
attenuation of post-exercise cytokine 
responses. Intl.J.Sports.Med. 
2008;29:1003-1009.

  9.  Daggan R.N., Zafeiridis A., Dipla K., 
Puglia C.D., Gratz I., Catalano E., 
Kendrick Z.V. The effects of chronic 
exercise on anesthesia induced 
hepatotoxicity. Med. Sci. Sports Exerc. 
2000;32:2024-2028.

10.  De Paz J.A., Villa J.G., Lopez P., 
Gonzalez-Gallego J. Effects of 
long-distance running on serum bilirubin. 
Med. Sci. Sports Exerc. 1995;27:1590-
1594.

11.  Dill D.B., Costill D.L. Calculation of 
percentage changes in volumes of blood, 
plasma, and red cells in dehydration.  
J.Appl.Physiol. 1974;37:247-248.

12.  Drenth J.P., Van Uum S.H., Van Deuren 
M., Pesman G.J., Van der Ven-Jongekrijg 
J., Van der Meer J.W. Endurance run 
increases circulating IL-6 and IL-1ra but 

downregulates ex vivo TNF-alpha and 
IL-1 beta production. J. Appl. Physiol. 
1995;79:1497-1503.

13.  Fallon K.E., Sivyer G., Sivyer K., Dare A. 
The biochemistry of runners in a 1600 
km ultramarathon. Br. J. Sports Med. 
1999;33:264-269.

14.  Febbraio M.A., Ott P., Nielsen H.B., 
Steensberg A., Keller C., Krustrup P., 
Secher N.H., Pedersen B.K. 
Hepatosplanchnic clearance of 
interleukin-6 in humans during exercise. 
Am. J. Physiol. 2003;285:E397-E402.

15.  Febbraio M.A., Pedersen B.K. 
Contraction-induced myokine production 
and release:  Is skeletal muscle an 
endocrine organ? Exerc. Sport Sci. Rev. 
2005;33:114-119.

16.  Fischer C.P. Interleukin-6 in acute 
exercise and training: What is the 
biological relevance? Exerc. Immunol. 
Rev. 2006;12:6-33.

17.  Gegner J.A., Ulevitch R.J., Tobias P.S. 
Lipopolysaccharide (LPS) signal 
transduction and clearance. J. Biol. 
Chem. 1995;270:5320-5325.

18.  Ghanbari-Niaki A., Bergeron R., Latour 
M.G., Lavoie J.M. Effects of physical 
exercise on liver ATP levels in fasted and 
phosphate-injected rats. Arch. Physiol. 
Biochem. 1999;107:393-402.

19.  Ghazizadeh M. Essential role of IL-6 

REFERENCES  

was found in the low-CHO trial compared to the high-CHO trial that 
did not influence performance. 

In this study we determined body composition by dual energy 
X-ray absorptiometry (DEXA) method. A direct correlation between 
FFM and IL-6 has been hypothesized [15,48], based on  
the contention that skeletal muscle functions as an endocrine organ. 
Thus, skeletal muscle can account for most of exercise-induced 
increase in plasma IL-6 [14]. In the present study, since one of  
the experimental conditions included a glycogen-depletion diet we 
expected a dramatic increase in IL-6 following exercise in such 
condition. We found inverse correlations between FFM and IL-6 only 
2-h following exercise in both, the low- and high-CHO dietary 
conditions. Our results suggest that fat tissue accounts for most of 
the exercise-induced increases in IL-6. We are aware that this finding 
must be interpreted with caution since IL-6 is not exclusively secreted 
by muscle tissue but also by several cells and tissues (e.g., fibroblasts, 
endothelial cells, lymphocytes, macrophages, and adipose tissue 
during exercise). However, during exercise only a small contribution 
of IL-6 has been reported for the brain and peritendon 
[15,16,19,29,42], and therefore, we expected a higher contribution 
of plasma IL-6 from skeletal muscle following exercise.

The diet content used in this study have previously shown to 
change both, muscle and hepatic glycogen stores, and therefore, 
energy stores [36,56]. Previous studies [25,50,58] indicated that 

low-CHO diets, defined as those having ≥30% fat of total energy, 
significantly reduced pre-exercise muscle and hepatic glycogen 
content and might impair exercise performance, yet we did not find 
differences in duathlon performance times between the experimental 
trials.

CONCLUSIONS 
In conclusion, athletes following a low-CHO diet showed higher 
acute hepatic structural damage markers and finished more 
dehydrated compared to athletes on a high-CHO diet. Body core 
temperature and LPS-LBP complex levels were unrelated beyond 
an expected increase in body core temperature explained by 
exercise. No significant associations were found between body core 
temperature, IL-6 and LPS-LBP complex levels. Further studies 
are needed that look into the chronic effects of exercise training 
on liver structure and function.

Acknowledgments
The Gatorade Sports Science Institute (GSSI), the United Nations 
Educational, Scientific and Cultural Organization (UNESCO), and 
the Exercise Technology Laboratory at Auburn University supported 
this study.

 

   
   

 -
   

   
   

   
   

- 
   

   
   

   
  -

   
   

   
   

   
- 

   
   

   
   

  -
   

   
 

Electronic PDF security powered by www.IndexCopernicus.com



Biology of Sport, Vol. 27 No2, 2010   117

Acute hepatic response to diet modification

signaling pathway in keloid pathogenesis. 
J.Nip.Med.Sch. 2007;74:11-22.

20.  Gil S.M., Yazaki E., Evans D.F. Aetiology 
of running-related gastrointestinal 
dysfunction. How far is the finishing line? 
Sports Med. 1998;26:365-378.

21.  Gleeson M., Bishop N.C. Modification of 
immune responses to exercise by 
carbohydrate, glutamine and anti-oxidant 
supplements. Immunol. Cell Biol. 
2000;78:554-561.

22.  Goebel M.U., Mills P.J., Irwin M.R.,  
Ziegler M.G. Interleukin-6 and tumor 
necrosis factor-α production after acute 
psychological stress, exercise, and 
infused isoproterenol: Differential effects 
and pathways. Psychosom. Med. 
2000;62:591-598.

23.  Hall D.M., Buettner G.R., Oberley L.W., 
Xu L., Matthes R.D., Gisolfi C.V. 
Mechanisms of circulatory and intestinal 
barrier dysfunction during whole body 
hyperthermia. Am. J. Physiol. 
2001;280:H509-H521.

24.  Harrington D.W. Viral hepatitis and 
exercise. Med. Sci. Sports Exerc. 
2000;32:S422-S430.

25.  Hawley J.A., Palmer G.S., Noakes T.D. 
Effects of 3 days of carbohydrate 
supplementation on muscle glycogen 
content and utilisation during a 1-h 
cycling performance. Eur. J. Appl. 
Physiol. 1997;75:407-412.

26.  Herzum I., Renz H. Inflammatory 
markers in SIRS, sepsis and septic 
shock. Curr. Med. Chem. 2008;15:581-
587.

27.  Jeukendrup A.E., Vet-Joop K., Sturk A., 
Stegen J.H.J.C., Senden J., Saris 
W.H.M., Wagenmakers A.J.M. 
Relationship between gastro-intestinal 
complaints and endotoxaemia, cytokine 
release and the acute-phase reaction 
during and after a long-distance triathlon 
in highly trained men. Clin. Sci. 
2000;98:47-55.

28.  Kinoshita S., Yano H., Tsuji E. An 
increase in damaged hepatocytes in rats 
after high intensity exercise. Acta 
Physiol. Scand. 2003;178:225-230.

29.  Langberg H., Olsen J.L., Gemmer C., 
Kjær M. Substantial elevation of 
interleukin-6 concentration in 
peritendinous tissue, in contrast to 
muscle, following prolonged exercise in 
humans. J. Physiol. 2002;542:985-
990.

30.  Latour M.G., Brault P.M., Lavoie J.M. 
Effects of acute physical exercise on 
hepatocyte volume and function in rat. 
Am.J.Physiol.1999;276:R1258-R1264.

31.  Lee S.M., Williams W.J., Schneider S.M. 
Core temperature measurement during 
supine exercise: Esophageal, rectal, and 
intestinal temperatures. Aviat. Space 
Envir. Med. 2000;71:939-945.

32.  Mackowiak P.A. Concepts of fever. Arch. 
Intern. Med. 1998;158:1870-1881.

33.  Mackowiak P.A., Wasserman S.S., Levine 
M.M. A critical appraisal of 98.6 degrees 
F, the upper limit of the normal body 
temperature, and other legacies of Carl 
Reinhold August Wunderlich. JAMA 
1992;268:1578-1580.

34.  Margeli A., Skenderi K., Tsironi M., 
Hantzi E., Matalas A.L., Vrettou C., 
Kanavakis E., Chrousos G., Papassotiriou 
I. Dramatic elevations of interleukin-6 
and acute-phase reactants in athletes 
participating in the ultradistance foot 
race Spartathlon: Severe systemic 
inflammation and lipid and lipoprotein 
changes in protracted exercise. J. Clin. 
Endocr. Metab. 2005;90:3914-3918.

35.  Mena P., Maynar M., Campillo J.E. 
Changes in plasma enzyme activities in 
profesional racing cyclists. Brit. J. Sports 
Med. 1996;30:122-124.

36.  Moncada-Jiménez J., Plaisance E.P., 
Mestek M.L., Ratcliff L., Araya-Ramírez 
F., Taylor J.K., Grandjean P.W., 
AragonVargas L.F. Duathlon performance 
unaltered by short-term changes in 
dietary fat and carbohydrates. Int. J. 
Sport Nutr. Exerc. Metab. 2009;19:47-
60.

37.  Müller M.J. Hepatic fuel selection. Proc. 
Nutr. Soc. 1995;54:139-150.

38.  Nanbo A., Nishimura H., Muta T., 
Nagasawa S. Lipopolysaccharide 
stimulates HepG2 human hepatoma 
cells in the presence of 
lipopolysaccharide-binding protein via 
CD14. Eur. J. Bioch. 1999;260:183-
191.

39.  Nielsen H.B., Clemmensen J.O., Skak C., 
Ott P., Secher N.H. Attenuated 
hepatosplanchnic uptake of lactate 
during intense exercise in humans. J. 
Appl. Physiol. 2002;92:1677-1683.

40.  Nieman D.C., Henson D.A., Smith L.L., 
Utter A.C., Vinci D.M., Davis J.M., 
Kaminsky D.E., Shute M. Cytokine 
changes after a marathon race. J. Appl. 
Physiol. 2001;91:109-114.

41.  Nuviala R.J., Roda L., Lapieza M.G., 
Boned B., Giner A. Serum enzymes 
activities at rest and after a marathon 
race. J. Sports Med. Phys. Fitness 
1992;32:180-186.

42.  Nybo L., Nielsen B., Pedersen B.K., 
Møller K., Secher N.H. Interleukin-6 
release from the human brain during 
prolonged exercise. J. Physiol. 
2002;542:991-995.

43.  O’Brien R.G., Muller K.E.  
Applied analysis of variance in behavioral 
science. Marcel Dekker, New York 1993.

44.  Øktedalen O., Lunde O.C., Opstad P.K., 
Aabakken L., Kvernebo K. Changes in 
the gastrointestinal mucosa after 
long-distance running.  
Scand. J. Gastroenterol. 1992;27:270-
274.

45.  Ostrowski K., Hermann C., Bangash A., 
Schjerling P., Nielsen J.N., Pedersen B.K. 

A trauma-like elevation of plasma 
cytokines in humans in response to 
treadmill running. J. Physiol. 
1998;15:889-894.

46.  Otte J.A., Oostveen E., Geelkerken R.H., 
Groeneveld A.B., Kolkman J.J. Exercise 
induces gastric ischemia in healthy 
volunteers: a tonometry study. J. Appl. 
Physiol. 2001;91:866-871

47.  Pals K.L., Chang R.T., Ryan A.J., Gisolfi 
C.V. Effect of running intensity on 
intestinal permeability. J. Appl. Physiol. 
1997;82:571-576.

48.  Pedersen B.K., Fischer C.P. Physiological 
roles of muscle-derived interleukin-6 in 
response to exercise. Curr. Opin. Clin. 
Nutr. 2007;10:265-271.

49.  Pettersson J., Hindorf U., Persson P., 
Bengtsson T., Malmqvist U., Werkström 
V., Ekelund M. Muscular exercise can 
cause highly pathological liver function 
tests in healthy men. Br. J. Clin. 
Pharmacol. 2008;65:253-259.

50.  Pitsiladis Y.P., Maughan R.J. The effects 
of exercise and diet manipulation on the 
capacity to perform prolonged exercise in 
the heat and in the cold in trained 
humans. J. Physiol. 1999;517:919-
930.

51.  Rhind S.G., Castellani J.W., Brenner 
I.K.M., Shephard R.J., Zamecnik J., 
Montain S.J., Young A.J., Shek P.N. 
Intracellular monocyte and serum 
cytokine expression is modulated by 
exhausting exercise and cold exposure. 
Am. J. Physiol. 2001;281:R66-R75.

52.  Riley W.J., Pyke F.S., Roberts A.D., 
England J.F. The effect of long-distance 
running on some biochemical variables. 
Clin. Chim. Acta 1975;15:83-89.

53.  Ryan A.J., Chang R.T., Gisolfi C.V. 
Gastrointestinal permeability following 
aspirin intake and prolonged running. 
Med. Sci. Sports Exerc. 1996;28:698-
705.

54.  Ryan A.J. Heat stroke and endotoxemia: 
sensitisation or tolerance to endotoxins? 
In: C.V.Gisolfi, D.R.Lamb, E.R.Nadel 
(eds.) Perspectives in Exercise Science 
and Sports Medicine. Vol. 6. Exercise, 
Heat, and Thermoregulation. Cooper 
Publ. Group, 1993.

55.  Sankary H.N., Chong A., Foster P., Brown 
E., Shen J., Kimura R., Rayudu G., 
Williams J. Inactivation of Kupffer cells 
after prolonged donor fasting improves 
viability of transplanted hepatic 
allografts. Hepatology 1995;22:1236-
1242.

56.  Sherman W.M., Costill D.L., Fink W.J., 
Miller J.M. Effect of exercise-diet 
manipulation on muscle glycogen and its 
subsequent utilization during 
performance. Int. J. Sports Med. 
1981;2:114-118.

57.  Soeder G., Golf S.W., Graef V., Temme 
H., Brustle A., Roka L., Bertschat F., Ibe 
K. Enzyme catalytic concentrations in  

   
   

 -
   

   
   

   
   

- 
   

   
   

   
  -

   
   

   
   

   
- 

   
   

   
   

  -
   

   
 

Electronic PDF security powered by www.IndexCopernicus.com



118

Moncada-Jiménez J. et al.

human plasma after a marathon. Clin. 
Biochem. 1989;22:155-159.

58.  Starling R.D., Trappe T.A., Parcell A.C., 
Kerr C.G., Fink W.J., Costill D.L. Effects 
of diet on muscle triglyceride and 
endurance performance. J. Appl. Physiol. 
1997;82:1185-1189.

59.  Su G.L. Lipopolysaccharides in liver 
injury: molecular mechanisms of Kupffer 
cell activation. Am. J. Physiol. 
2002;283:G256-G265.

60.  Suzuki K., Nakaji S., Yamada M., 
Totsuka M., Sato K., Sugawara K. 
Systemic inflammatory response to 
exhaustive exercise. Cytokine kinetics. 
Exerc. Immunol. Rev. 2002;8:6-48.

61.  Takamura S., Minamiyama Y., Imaoka S., 
Funae Y., Hirohashi K., Inoue M., 
Kinoshita H. Hepatic cytochrome P450 
is directly inactivated by nitric oxide not 
by inflammatory cytokines, in the early 
phase of endotoxemia. J. Hepatol. 
1999;30:1035-1044.

62.  Triantafilou M., Triantafilou K. 
Lipopolysaccharide recognition: CD14, 
TLRs and the LPS-activation cluster. 
Trends Immunol. 2002;23:301-304.

63.  Wagenmakers A.J. Amino acid 
metabolism, muscular fatigue and 
muscle wasting. Speculations on 
adaptations at high altitude. Int. J. 
Sports Med. 1992;13:S110-S113.

64.  Weiss J. Bactericidal/permeability-
increasing protein (BPI) and 
lipopolysaccharide-binding protein 
(LBP): Structure, function and regulation 
in host defence against Gram-negative 
bacteria. Bioch. Soc. Transact. 
2003;31:785-790.

65.  Wiese A., Brandenburg K., Ulmer A.J., 
Seydel U., Müller-Loennies S. The dual 
role of lipopolysaccharide as effector and 
target molecule. Biol. Chem. 
1999;380:767-784.

 

   
   

 -
   

   
   

   
   

- 
   

   
   

   
  -

   
   

   
   

   
- 

   
   

   
   

  -
   

   
 

Electronic PDF security powered by www.IndexCopernicus.com


