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RESUMO

TEIXEIRA, Tatiana Fiche Salles. M.Sc. Universidade Federal de Vigosa, Dezembro de
2010. Permeabilidade intestinal e pardmetros nutricionais e bioquimicos na
obesidade. Orientadora: Maria do Carmo Gouveia Peluzio. Co-orientadoras:
Josefina Bressan e Célia Lucia de Luces Fortes Ferreira.

A importancia da saude intestinal para o controle de peso e prevengdo da
obesidade tem recebido maior atencdo recentemente. O intestino abriga uma complexa
estrutura celular, imunoldgica e neuroenddcrina capaz de modular mecanismos
relacionados a obesidade. O objetivo do presente estudo foi avaliar a permeabilidade
intestinal de voluntérias eutroficas e obesas e discutir 0s possiveis mecanismos que
expliquem alteragdo da permeabilidade intestinal na obesidade e sua ligagdo com
comorbidades relacionadas a este estado nutricional. Vinte mulheres eutroficas (IMC
19-24.99 kg/m?) e vinte mulheres obesas (IMC >30 kg/m?) de idade semelhante (média
de idade das mulheres magras e obesas 28.5+7.6 vs 30.7 £ 6.5, p=0.33) participaram do
estudo. Composigdo corporal, anélises bioquimicas, acidos graxos de cadeia curta
(AGCC) fecal e o teste de permeabilidade intestinal com o uso de lactulose e manitol
foram realizados. A pressdo arterial e a glicose sanguinea, embora entre os limites de
normalidade, foram maiores no grupo das obesas (p<0.05). Baixa concentragdo de HDL
e altos valores de insulina e indice HOMA foram observados nas obesas (p<0.05). A
excrecdo de lactulose mostrou-se aumentada nas obesas (p<0.05), enquanto a de manitol
mostrou tendéncia aumentada (p=0.06). A razéo L/M pode ndo ser o marcador ideal
para a permeabilidade intestinal alterada porque individuos obesos podem estar
absorvendo proporcionalmente maiores quantidades de ambos os agucares usados no
teste. A concentragdo de insulina e o indice HOMA apresentaram correlagdo positiva
com a excrecdo urindria de manitol e lactulose e com a razdo L/M (p<0.05). As
circunferéncias da cintura e abdominal também correlacionaram positivamente com a
excrecdo de lactulose (p<0.05). A concentragdo de HDL foi negativamente relacionada
a razdo L/M (p<0.05). A mediana da concentracdo dos écidos butirico, propidnico,
acético nas fezes do grupo de obesas foi respectivamente 94.3%, 144.5% e 106.8%
maior do que no grupo das eutroficas e a proporcdo individual dos &cidos graxos de
cadeia curta alterou em favor do propionato no grupo de obesas. Foi encontrada
correlagdo significativa (p<0.05) entre AGCC e fatores de risco de sindrome metab6lica

como baixa concentragdo de HDL, circunferéncia da cintura aumentada e indice
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HOMA.. Disbiose e deficiéncias nutricionais podem ser apontadas como possiveis
mecanismos principais relacionados a alteracdo da permeabilidade intestinal, e
mudancgas na concentragdo e proporc¢do individual de AGCC sdo relacionados com
mudancas na composic¢ao da microbiota intestinal. Estudos sugerem que a endotoxemia,
a partir da permeacdo intestinal alterada de LPS, pode explicar algumas consequiéncias
da obesidade como esteatose hepatica de origem ndo alcodlica, resisténcia insulina,
baixos niveis de HDL e hiperleptinemia. Em resumo 0s nossos resultados estdo de
acordo com relatos anteriores que sugerem que producdo aumentada de AGCC e
permeabilidade intestinal alterada podem desempenhar um papel importante na
obesidade. A protecdo da barreira intestinal como abordagem preventiva ou terapéutica
é uma &rea de pesquisa clinica e experimental raramente explorada, mas que guarda um
campo promissor para o futuro desenvolvimento de intervengOes inovadoras na

obesidade.



ABSTRACT

TEIXEIRA, Tatiana Fiche Salles. M.Sc. Universidade Federal de Vigcosa, December,
2010. Intestinal permeability and nutritional and biochemical parameters in
obesity. Advisor: Maria do Carmo Gouveia Peluzio. Co-advisors: Josefina
Bressan and Célia Lucia de Luces Fortes Ferreira.

The importance of gut health for weight control and prevention of obesity has
recently gained more attention. The gut harbors a complex cellular, immunological and
neuroendocrine structure that can modulate mechanisms related to obesity. The aim of
this study was to assess intestinal permeability in lean and obese female volunteers and
to discuss possible mechanisms underlying altered intestinal permeability in obesity and
its link with obesity-related comorbidities. Twenty lean (BMI 19-24,99 kg/m?) and
twenty obese females (BMI > 30 kg/m?) of matched age (mean age of lean and obese
group 28.5+7.6 vs 30.7 + 6.5, p=0.33) participated in this study. Body composition,
biochemical analyses, fecal short-chain fatty acids and intestinal permeability test using
lactulose and mannitol were measured. Blood pressure and blood glucose, although
within the normal limits, were higher in the obese group (p<0.05). Low-HDL
concentration and high insulin and HOMA index values were observed in the obese
group (p<0.05).Lactulose excretion was shown to be increased in obese individuals
(p<0.05), while mannitol tended to be also increased (p=0.06). The L/M ratio might not
be the best marker of altered intestinal permeability because obese individuals might be
absorbing proportionally higher quantities of both sugar probes. Insulin concentration
and HOMA index showed positive correlation with mannitol and lactulose excretion
and L/M ratio (p<0.05). Waist and abdominal circumference have shown positive
correlation with lactulose excretion (p<0.05). HDL concentration was negatively related
to L/M ratio (p<0.05). The median values of butyric, propionic and acetic acid in the
obese group was respectively 94.3%, 144.5% and 106.8% higher in comparison with
the lean group and the proportion of individual SCFA changed in favor of propionate in
obese subjects. It was found significant correlation between SCFA and metabolic
syndrome risk factors such as low HDL, increased waist circumference and HOMA
index (p<0.05). Dysbiosis and nutritional deficiencies can be pointed out as the possible
main mechanisms underlying the causes of altered intestinal permeability, and changes

in concentration and proportion of individual SCFA are concurrent with changes in



intestinal microbiota composition. Studies suggest that endotoxemia, through altered
intestinal permeation of LPS, might explain some consequences of obesity such as non-
alcoholic fatty liver, insulin resistance, low HDL levels and hyperleptinemia. In
summary our results are in line with previous reports suggesting that increased SCFA
production and altered intestinal permeability might play a considerable role in obesity.
Protection of intestinal barrier as a preventive or therapeutic approach is an area of
clinical and experimental research barely explored, but that harbors a promising field

for future development of innovative interventions in obesity.
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ARTIGO I:

Altered intestinal permeability in obesity: what evidences and possible mechanisms

support this hypothesis?
Abstract

The importance of gut health for weight control and prevention of obesity has
recently gained more attention. The gut harbors a complex cellular, immunological and
neuroendocrine structure that can modulate mechanisms related to obesity. The aim of
this review was to discuss mechanisms underlying possible altered intestinal
permeability in obesity and its link with obesity-related comorbidities. The L/M ratio
might not be the best marker of altered intestinal permeability because obese individuals
might be absorbing proportionally higher quantities of both sugar probes, and this need
to be explored. Dysbiosis and nutritional deficiencies can be pointed out as the main
mechanisms underlying the causes of altered intestinal permeability. Studies evidences
suggest that endotoxemia, through altered intestinal permeation of LPS, might explain
some features of obesity such as non-alcoholic fatty liver, insulin resistance, low HDL
levels and hyperleptinemia. Protection of intestinal barrier as a preventive or therapeutic
approach is an area of clinical and experimental research barely explored, but that

harbors a promising field for future development of innovative interventions.

Key words: intestinal permeability, obesity, dysbiosis, endotoxemia



1. Introduction

Many countries around the world have been experiencing increases in the
prevalence of obesity since 1980s (James et al, 2001; Finkelstein et al, 2005; Ogden et
al, 2007; Ford & Mokdad, 2008). Obesity can be defined as a disease in which excess
body fat has accumulated such that health may be adversely affected, explaining why it
is a medical and public health concern (Kopelman, 2000). It is considered a major risk
factor for cardiovascular disease, once it is also related to hypertension, dyslipidemia
and insulin resistance, and it is associated with increased risk of non-alcoholic fatty
liver disease (NAFLD) and non-alcoholic steatohepatitis (Ogden et al, 2007).

The combination of genetic susceptibility (Cummings & Schwartz, 2003),
decreased physical activity, increased consumption and availability of high-energy
foods in modern society are blamed as the main causes of this global epidemic of
obesity (Kopelman, 2000; Finkelstein et al, 2005).

Although obesity is considered a multifactorial condition, it is often viewed
unidimensionally, described and studied as a simple issue of body weight (Ogden et al,
2007). But recently, the importance of gut health for weight control and prevention of
obesity has gained more attention. The autointoxication theory guided the medical
practice until the early twentieth century. This theory stated that toxins produced in the
intestine by bacterial processing could be absorbed to the circulation and promote many
symptoms and diseases (Whorton, 2000; Miller-Lissner et al, 2005). Thus,
accumulating evidences point out to the need of, at least partially, reconsidering this old

concept.

The gut harbors a complex cellular, immunological and neuroendocrine structure
that can modulate mechanisms related to obesity. For example, the gut-brain axis plays
a role in the control of food intake (Konturek et al, 2004; Murphy et al, 2006) and
exciting evidences suggests that gut microbiota might be part of the picture of obesity,
although it is not yet defined whether as a cause or consequence (Béckhed, 2009). Since
there are clearly documented associations of obesity (especially abdominal obesity) with
a number of gastrointestinal disease risk factors and outcomes such as colon cancer,
non-alcoholic fatty liver, acute pancreatitis and gall bladder stones (The American
College of Gastroenteroly, 2008), the study of intestine and its complexity is a field of

research that needs more attention for obesity approaching.



Altered intestinal permeability could be a reflex of obese dietary habits and
microbiota (Cani et al, 2007), and animal models of obesity (ob/ob, db/db) suggest its
relation to insulin sensitivity and fatty liver (Brun et al, 2006; Cani et al, 2009). The aim
of this review was to discuss possible mechanisms underlying altered intestinal

permeability in obesity and its link with obesity-related comorbidities.

2. Lactulose/Mannitol ratio: suitable for intestinal permeability assessment in

obesity?

Once it is a non-invasive methodology, measurement of intestinal permeability,
through orally ingested macromolecular probes and their quantification in the urine, is
the most widely accepted method for evaluation of intestinal barrier integrity in humans
(Farhadi et al, 2003a). Under normal conditions, molecules the size of disaccharides
(lactulose) are restricted from moving across the villus tip, whereas smaller molecules
(mannitol) can do so with relative freedom as the smaller channels are concentrated at
the villi tips (Arrieta et al, 2006). Thus, smaller molecules such as mannitol are
expected to be present in urine in higher proportion than bigger molecules like
lactulose. The calculation of the lactulose:mannitol (L/M) ratio is considered a good
marker of small intestinal permeation (Farhadi et al, 2003b) and is meant to circumvent
confounding factors as inter-individual variation of gastric emptying, intestinal transit

and transport, blood distribution and renal clearance (Martinez-Augustin, 1995).

Theoretically, an increase in the L/M ratio may be caused by a decrease in
mannitol absorption and/or an increase in lactulose absorption. Decreased mannitol
absorption can be the result of a diminished absorptive area, while an increased
permeation of lactulose may be due to a facilitated diffusion of this sugar into the crypt
region as a consequence of decreased villous height or tight junction loosening (Hulst et
al, 1998). This ratio is of particular importance in diseases where the villosity is
lesioned, because from a clinical perspective in these cases there is a marked reduction
in mature small intestinal surface area, such as celiac disease, and consequently a
substantial reduction in the fractional excretion of small probes such as mannitol

(Arrieta et al, 2006), what would result in an increased ratio.

In the case of obesity, abnormal distribution of tight junctions proteins (Brun et

al, 2006) and higher inflammatory tonus influenced by the microbiota (Cani et al, 2007)



could be pointed as possible mechanisms to support the belief that tight junction might
be loosen in obesity, contributing to higher paracellular substances permeation, such as
increased lactulose absorption. But the L/M ratio might not be the best marker of altered
intestinal permeability because obese individuals might be absorbing proportionally
higher quantities of mannitol, so that the increased excretion of lactulose does not
appear with the calculation of the ratio. Two studies provide evidence to hold this
hypothesis. Ferraris & Vinnakota (1995) showed in animal model that genetic obesity is
associated with increased intestinal growth, which augments absorption of all types of
nutrients. McRoberts et al (1990) showed in a cell culture model that the addition of
insulin — which is a hormone usually increased in obese subjects (Kahn et al, 2006) - at
the media to the serosal (basolateral membrane) induced a decline in transepithelial
resistance while at the mucosal site (apical membrane) there was no significant effect,
suggesting that the insulin-induced decline in transcellular resistance is receptor-
mediated and that receptors are localized in the basolateral membrane. Increased

mannitol flux was an observed effect paralled to this altered paracellular permeability.

Besides, D"Souza et al (2003) demonstrated that mannitol fluxes across Caco-2
cells cultured in high glucose media increased by 65% and it predominantly affected
transepithelial transport of solutes permeating the cell barrier by paracellular and
transcellular passive diffusion.The luminal content of glucose might be high in obese
individuals due to the common pattern of high glycemic index foods consumption and
added sugars (Ludwig et al, 1999; Jenkins et al, 2000; Wylie-Rosset et al, 2004;
Drewnowski, 2007). Dietary glycemic index is positively associated with the HOMA
index and the prevalence of metabolic syndrome (McKeown et al, 2004). The HOMA
index and insulin values rise for insulin-resistant patients and insulin resistance is

commonly associated with obesity (Keskin et al, 2005).

Thus, our hypothesis that L/M ratio might mask altered intestinal permeability,

due to increased absorption of both sugar probes, deserves further investigation.



3. Possible causes of altered intestinal permeability in obesity
3.1. Dysbiosis

Dysbiosis can be characterized by an altered composition and/or distribution of
the microbiota, and obesity has been characterized by both. The gut microbiota of obese
mice and humans include fewer Bacteroidetes and correspondingly more Firmicutes
than that of their lean counterparts (Ley et al, 2006; Dibaise et al, 2008). Furthermore,
high prevalence of small intestinal bacterial overgrowth (SIBO) has been detected in
severely obese patients (Sabaté et al, 2008). This also has been detected in diseases
related to altered intestinal permeability (Parodi et al, 2009) supporting the principle
that obesity is linked with an altered intestinal permeability.

The mechanism underlying the role of dysbiosis in the development of altered
intestinal permeability is related to the altered immune responses due to disturbance of
the partnership between the microbiota and the host immune system, ultimately leading
to inflammatory disorders through cytokines secretion. The fact that the intestinal
microbiota can exert both anti and pro-inflammatory effects (Round & Mazmanian,
2009), antibiotic therapy improves intestinal permeability (Cazzato et al, 2008) and that
probiotic bacteria increases tight junctions resistance and reduces cellular permeability
(Zareie et al, 2006) via modulation of cytokine production (Resta-Lenert & Barret,
2006) reinforce the importance of a balanced microbiota to a proper intestinal barrier

function in obesity.
3.2. Nutritional deficiencies

The low intake or deficiencies of some nutrients have been reported in obesity:
vitamin A (Ribot et al, 2001; Bonet et al, 2003; Zulet et al, 2008), zinc (Chen e Lin,
2000; Lee et al, 1998; Ozata, et al, 2002), vitamin D (Wortsman et al, 2000; Snijder, et
al, 2005; Botella-Carretero et al, 2007) and calcium (Parikh & Yanovski, 2003;
Schrager, 2005; Liu et al, 2006).

Retinoic acid cellular availability is regulated by the nutritional status of vitamin
A and metabolic depletion of retinoic acid in cells were clearly related to dysfunctional
epithelial barrier once it plays a role in the expression of genes related to tight junctions
(Osanai et al, 2007). Zinc supplementation help to decrease lactulose excretion
(Sturniolo et al, 2001; Chen et al, 2003), but the mechanisms are not established.



Vitamin D receptor plays a critical role in mucosal barrier homeostasis because
of its ability to preserve junctional complexes integrity and stimulate epithelia renewal
(Kong et al, 2008), and indirectly modulates the immune system (Deluca & Cantorna,
2001; Mathieu et al, 2004; van Etten & Mathieu, 2005). Vitamin D regulates calcium
metabolism through its action on intestinal cells to increase calbidin expression and
calcium absorption. Calbidin modulates the activity of calcium ATP-dependent pump
located in the basolateral membrane of intestinal cells (Wood et al, 1998). An ATP
depletion-repletion model for ischemia and reperfusion injury in kidney cells showed
that lowering intracellular calcium during ATP depletion is associated with significant
inhibition of the reestablishment of the permeability barrier following ATP repletion

(Yeetal, 1999). This kind of mechanism should be investigated in intestinal cells.

4. Possible mechanisms that links altered intestinal permeability with

metabolic consequences of obesity
4.1. Non-alcoholic fatty liver disease and insulin resistance

The liver is an important organ of metabolism and its function can be altered in
obesity due to insulin resistance and endotoxins (as lipopolyssacharides, LPS) (Cani et
al, 2007). In ob/ob mice the molecules of activation of the inflammatory cascade as
TNF-a, IKKRB, NFKB, JNK are typically increased in the liver with insulin resistance (Li
et al, 2003).

Hepatic insulin resistance is caused by fat accumulation in the liver (Samuel et
al, 2004). Although the gold standard for diagnosis of non-alcoholic fatty liver disease
(NAFLD) is liver biopsy, ALT and AST levels is an indirect measure of liver
alterations, as elevated levels and obesity would indicate a risk factor to predict
advanced liver disease (McCullough, 2004). Normal levels of ALT, AST can be
observed in patients with NAFLD even if there are histological alterations in the liver
(Mofrad et al, 2003; Poniachik et al, 2006). The incubation of these patient’s blood with
lipopolysaccharide (LPS) showed a response of elevated production of IL-1a and TNF-
a, and a positive correlation between the degree of steatosis and HOMA index
(Poniachik et al, 2006).

Bugianesi et al (2005) discuss that several mechanisms may account for fatty
liver in insulin-resistant states, but factors responsible for the progression from simple

fatty liver to non-alcoholic steatohepatitis (NASH) remain obscure. Furthermore, they

6



attribute to dysfunctional fat cells, with unbalanced cytokine activity originated from
oxidative stress, the link between metabolic and liver disorders. In ob/ob mice, intestinal
barrier dysfunction is related to higher LPS levels in portal circulation, to an increased
hepatic macrophage infiltration and to the expression of oxidative stress markers (Cani
et al, 2009). On the other hand, Farhadi et al (2008) suggest that there is a susceptibility
to gut leakiness in obese subjects with NASH, which may be the cause for the higher
endotoxaemia (higher levels of LPS) and consequently to the progression of NAFLD to
NASH and advanced fibrosis. The reduction of bacterial compounds (LPS) by the use
of antibiotics reduces liver inflammation and levels of ALT and AST (Bigorgne et al,
2008).

4.2. Low HDL levels

High density lipoprotein (HDL) concentration below 50mg/dL is a criterium
considered for metabolic syndrome diagnosis, and usually obesity is related to lower
concentration of HDL (Alberti et al, 2009; Singh et al, 2009). Insulin resistance theory
provides mechanistic explanations to the observed tendency to lower HDL-cholesterol
concentrations (Laws & Reaven, 1992; Razani et al, 2008) observed in the obese group.
The prevalence of lower HDL concentrations increases from the lowest to the highest

quintile categories of HOMA values (McKeown et al, 2004).

There is epidemiologic evidence that endotoxemia constitutes a strong risk
factor of early atherogenesis in subjects with chronic or recurrent bacterial infections
(Wiedermann et al, 1999). It has been suggested that chronic infections and
inflammatory states can impair reverse cholesterol transport exerted by the HDL
lipoprotein. During these states one of the consequences is lowering of the HDL
concentration and of the proteins involved in the efflux of cholesterol from cells like
macrophages. Endotoxin (LPS), which could be increased in portal blood in cases of
increased intestinal permeability (Brun et al, 2006; Cani et al, 2007), has been shown to
down-regulate the expression of proteins in the liver and macrophages involved in the
first step of reverse cholesterol transport (efflux of cholesterol from the cells)
(Khovidhunkit et al, 2003) and to facilitate foam cell formation, which is a
proatherogenic factor (Baranova et al, 2002).

4.3. Hyperleptinemia

As the two main animal models (ob/ob and db/db) that link obesity with altered

intestinal permeability are related to lack of leptin molecule or dysfunctional leptin
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receptor we hypothesized that it might exists a positive correlation between body fat and
altered intestinal permeability once leptin levels are related to adiposity (Considine et al,
1996).

There is the hypothesis that the maintenance of a chronic low-grade
inflammatory state at metabolically relevant sites, such as the liver and adipose tissue, is
involved in the progression of obesity and its associated comorbidities. This
inflammatory state can be the result of adipose synthesis of tumor necrosis factor-alpha
(TNF-a and leptin, once they can induce the production of IL-6, CRP and other acute-
phase reactants (Bullo et al, 2003). The majority of obese individuals exhibit an
elevated serum leptin levels commensurate with their adipose mass (Considine et al,
1996) what has been thought as a consequence of leptin resistance once higher levels of
the hormone in obese patients fail to modulate appetite and to prevent or mitigate
obesity (Myers et al, 2008).

Increased levels of leptin could be a protective mechanism to cope with TNF-a
toxicity (Takahashi et al, 1999). In humans, it was found a positive association between
leptin, soluble receptors of TNF-a and insulin levels (Mantzoros et al, 1997). The
abnormal production of TNF-a is of metabolic significance once its blockage results in
improved insulin resistance (Hotamisligil, 2003). The expression of TNF-a in the
adipose tissue is 7.5 fold higher in obese individuals than in lean individuals, and this is
inversely related to insulin sensitivity (Kern et, 2001) and may contribute to obesity-
related hyperleptinemia (Kirchgessner et al, 1997).

Some studies provide evidence of the association between LPS, stimulation of
the immune system and neuroendocrine system or leptin synthesis. Exogenous
administration of leptin up-regulated phagocytosis in ob/ob animals and significantly
increased the LPS-stimulated production of TNF, IL-6 and IL-2. Loffreda et al (1998)
showed that enhanced macrophage synthesis of pro-inflammatory cytokines in response
to LPS depends on leptin signals. LPS is a strong inducer of signaling pathways of
inflammatory mediators like TNF-a secretion (Guha & Mackman, 2001). Primary
adipocytes from endotoxin-sensitive and endotoxin-insentive mice were cultured in the
presence of TNF-o or LPS and the results indicated that LPS induces leptin via a
cytokine-dependent mechanism, and that TNF-a can act directly on adipocytes to
stimulate leptin secretion (Finck et al, 1998). Animal models of infection show that
injection of LPS, TNF and IL-1 increases the expression of leptin in adipose tissue and

higher doses of LPS are related to higher expression of leptin with consequent food
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intake suppression (Grunfeld, 1996). But it is the chronic infusion of LPS at very low
dose that leads to metabolic changes related to obesity (Cani et al, 2007).

Thus, if an altered intestinal permeability could contribute to a low dose of LPS
absorption, although leptin expression could be marginally induced, its increase
wouldn’t be enough to produce impact on appetite modulation. But as leptin expression
reflects an increase in inflammatory cytokines such as TNF-o, a subclinical
inflammatory state could be chronically being developed together with the metabolic

changes.

Another point of future investigations is the possible role of leptin in intestinal
permeability, once leptin receptors have been identified in enterocytes and the lack of
leptin or resistance to leptin action in this site affects lipid handling with the reduction
of the apolipoprotein AlV in the jejunum (Morton et al, 1998) and also influences sugar
absorption in vivo. In the study of Pearson et al (2001) infusion of leptin to rats that
underwent 80% small bowel resection increased the absorption of galactose and GLUT-
5 band intensity. Systemic infusion of leptin increases substrate absorption and mucosal
mass in normal small intestine of rats acting as a growth factor (Alavi et al, 2002). But it
was also found that luminal leptin inhibited sugar absorption and did not modify in vivo

intestinal permeability determined with **C-mannitol (lfiigo et al, 2007).

Therefore it is suggested that the role of leptin on tight junction modulation and
nutrient absorption should be investigated. If leptin increases due to LPS permeation
(because of altered intestinal permeability, what would increase lactulose permeation
and excretion) and if this increase act on intestinal mucosal to increase nutrient
absorption (what would increase mannitol absorption and excretion), then the L/M ratio

might not be adequate.

5. Future perspectives

Altered intestinal permeability precedes the development of increased adiposity,
waist circumference and HOMA index, or the production of inflammatory factors from
hypertrophic adipose tissue and insulin resistance could be the reason for the altered
intestinal permeability? The last decade has been marked by the realization that obesity
is linked with a state of chronic, low-grade, systemic inflammation (O"Rourke, 2009)

originated from the white adipose tissue (WAT) as a result of chronic activation of



innate immune system. This results in an increased production and secretion of a wide
range of inflammatory molecules including TNF-a and interleukin-6 (IL-6), which may
exert local effects on WAT physiology but also systemic effects on other organs as well
(Bastard et al, 2006).

Systemic inflammatory disorders can develop from an immune dysregulation
with an inappropriate immune system over-activation as a result of a disproportionate
penetration of luminal components (Farhadi et al, 2003b; Hollander, 2009). This
information has clinical importance in the context of intestinal permeability in obesity.
Firstly, because cytokine mediated changes in paracellular permeability, especially
TNF-a and interleukins contribute to a multitude of pathological conditions (Capaldo &
Nusrat, 2009). Secondly, a higher lactulose absorption and excretion reflects a
dysregulated function of tight junctions and a leaky gut or a higher flux of molecules
through the paracellular route (Farhadi et al, 2003b). Thirdly, it was found that the
mucosal barrier function was significantly impaired in two different animal models of
obesity, due to abnormal distribution of tight junctions proteins, favoring endotoxin
leakage into the portal blood (Brun et al, 2006). Fourth, metabolic endotoxemia is
defined as an subclinical increase in plasma LPS and chronic infusion of LPS at very
low doses leads to metabolic changes such as increased glucose and insulin levels,
weight gain (total, liver and adipose tissue), increased markers of inflammation in
adipose tissue and hepatic triglyceride content (Cani et al, 2007). Finally, the infiltration
of macrophages in the WAT is one of the causes of this higher production of pro-
inflammatory molecules in obesity (Bastard et al, 2006), and we can hypothesize that
this infiltration of immune cells in the adipose tissue could be the result of its
enrichment with material derived from gut bacteria (LPS) once they are transported in
the lymph through chylomicrons and inflammatory responses can be induced in the

target tissues of this lipoprotein (Goshal et al, 2009).

In summary, studies support the hypothesis that dysbiosis and possible
nutritional deficiencies are the main underlying explanatory cause for an altered
intestinal permeability in obesity. This barrier function abnormality could probably be
the cause or at least contributes to perpetuate obesity-related comorbidities. Protection
of intestinal barrier as a prevention or therapeutic approach is an area of clinical and
experimental research barely explored, but that harbors a promising field for future
development of innovative interventions. To future studies design one should always

bear in mind the link between intestinal permeability, microbiota, immune response,
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cytokines, neuroendocrine response and obesity. The importance of gut health for
weight control and prevention of obesity should be in deep debate among different

research groups around the world.

11



6. References

Alavi K, Schwartz M, Prasad R, O"Connor D, Funanage V. Leptin: a new growth factor
for small intestine. J Pediatr Surg 2002; 37:327-330. doi:10.1053/jpsu.2002.30805.

Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, Fruchart
J-C, James WPT, Loria CM, Smith SC. Harmonizing the metabolic syndrome: a
joint Interim Statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American
Heart Association; World Heart Federation; International Atherosclerosis Society;
and International Association for the Study of Obesity. Circulation 2009; 120:1640-
1645. doi: 10.1161/CIRCULATIONAHA.109.192644.

Béckhed F. Changes in intestinal microflora in obesity: cause or consequence? J Pediatr
Gastroenterol Nutr 2009; 48:S56-S57. doi: 10.1097/MPG.0b013e3181a11851.

Baranova I, Vishnyakova T, Bocharov A, Chen Z, Remaley AT, Stonik J, Eggerman
TL, Patterson AP. Lipopolysaccharide down regulates both scavenger receptor B1
and ATP binding cassette transporter Al in RAW cells. Infect Immun 2002;
70(6):2995-3003. doi: 10.1128/1A1.70.6.2995-3003.2002.

Bastard J-P, Maachi M, Lagathy C, Kim MJ, Caron M, Vidal H, Capeau J, Feve B.
Recent adavances in the relationship between obesity, inflammation, and insulin
resistance. Eur Cytokine Netw 2006; 17(1):4-12.

Bonet ML, Ribot J, Felipe F, Palou A. Vitamin A and the regulation of fat reserves.
Cell Mol Life Sci 2003; 60:1311-1321.

Botella-Carretero JI, Alvarez-Blasco F, Villafruela JJ, Balsa JA, Vasquez C, Escobar-
Morreale HF. Vitamin D deficiency is associated with the metabolic syndrome in
morbid obesity. Clinical Nutrition 2007; 26:573-580.
doi:10.1016/j.cInu.2007.05.009.

Bugianesi E, McCullough AJ, Marchesini G. Insulin resistance: a metabolic pathway to
chronic liver disease. Hepatology 2005; 42:987-1000. doi: 10.1002/hep.20920.
Bulld M, Garcia-Lorda P, Megias I, Salas-Salvad6 J. Systemic inflammtion, adipose
tissue tumor necrosis factor, and leptin expression. Obes Res 2003; 11(4):525-531.

doi: 10.1038/0by.2003.74.

Cani PD, Neyrinck AM, Fava F, Knauf C, Burcelin RG, Tuohy KM, Gibson GR,

Delzenne NM. Selective increases of bifidobacteria in gut microflora improve high-

12



fat-induced diabetes in me through a mechanism associated with endotoxaemia.
Diabetologia 2007; 50:2374-2383. doi:10.1007/s00125-007-0791-0.

Cani PD, Possemiers S, Wiele T V, Guiot Y, Everard A, Rottier O, Geurts L, Naslain D,
Neyrinck A, Lambert DM, Muccioli GG, Delzenne NM. Changes in gut microbiota
control inflammation in obese mice through a mechanism involving GLP-2-driven
improvement of gut permeability. Gut 2009; 58:1091-1103.
doi:10.1136/gut.2008.165886.

Carey DG, Jenkins AB, Campbell LV, Freund J, Chisholm DJ. Abdominal fat and
insulin resistance in normal and overweight women: direct measurements reveal a
strong relationship in subjects at both low and high risk of NIDDM. Diabetes 1996;
45(5):633-638. Doi: 10.2337/diabetes.45.5.633.

Chen P, Soares AM, Lima AAM, Gamble MV, Schorling JB, Conway M, Barrett LJ,
Blaner WS, Guerrant RL. Association of vitamina A and zinc status with altered
intestinal permeability:analyses of cohort data from northeastern brazil. J Health
Popul Nutr 2003; 21(4):309-315.

Chen, M.-D.; Lin, P.-Y. Zinc-induced hyperleptinemia relates to the amelioration of
sucrose-induced obesity with zinc repletion. Obes Res 2000; 8(7): 525-529. doi:
10.1038/0by.2000.65.

Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Tephens TW, Nyce MR,
Ohannesian JP, Marco CC, McKee, LJ, Bauer TL, Caro JF. Serum
immunoreactive-leptin concentrations in normal-weight and obese humans. N Engl
J Med 1996; 334:292-5.

Cummings DE, Schwartz MW. Genetics and pathophysiology of human obesity. Annu
Rev Med 2003; 54:453-71. doi: 10.1146/annurev.med.54.101601.152403.

D"Souza VM, Shertzer HG, Menon AG, Pauletti GM. High glucose concentration in
isotonic media alters Caco-2 cell permeability. AAPS PharmSci 2003; 5(3): 1-9.
doi: 10.1208/ps050324.

Deluca HF, Cantorna MT. Vitamin D: its role and uses in immunology. FASEB J 2001,
15:2579-2585. doi: 10.1096/fj.01-0433rev.

Dibaise JK, Zhang H, Crowell MD, Krajmalnik-Brown R, Decker GA, Rittmann BE.
Gut microbiota and its possible relationship with obesity. Mayo Clin Proc 2008;
83(4):460-469. doi:10.4065/83.4.460.

13



Drewnowski A. The real contribution of added sugars and fats to obesity.
Epidemiologic Rev 2007; 29(1):160-171. doi: 10.1093/epirev/mxm011.

Farhadi A, Gundlapalli S, Shaikh M, Frantzides C, Harrell L, Kwasny MM,
Keshavarzian A. Susceptibility to gut leakiness: a possible mechanism for
endotoxaemia in non-alcoholic steatohepatitis. Liver Int; 1026-1033, 2008c.
d0i:10.1111/j.1478-3231.2008.01723.x.

Farhadi A, Gundlapalli S, Shaikh M, Frantzides C, Harrell L, Kwasny MM,
Keshavarzian A. Susceptibility to gut leakiness: a possible mechanism for
endotoxaemia in non-alcoholic steatohepatitis. Liver Int 2008; 1026-1033.
d0i:10.1111/j.1478-3231.2008.01723.x.

Farhadi A, Keshavarzian A, Holmes EW, Fields J, Zhang L, Banan A. Gas
chromatographic method for detection of urinary sucralose: application to the
assessment of intestinal permeability. Journal of Chromatography B 2003; 784:145-
154.

Feld JJ, Meddings J, Heathcote EJ. Abnormal intestinal permeability in primary biliary
cirrhosis. Dig Dis Sci 2006; 51:1607-1613. doi 10.1007/s10620-006-9544-z.

Ferraris RP, Vinnakota RR. Intestinal nutrient transport in genetically obese mice. Am J
Clin Nutr 1995; 62:540-6.

Finkelstein EA, Ruhm CJ, Kosa KM. Economic causes and consequences of obesity.
Annu Rev Public Health 2005; 26:239-57. doi:
10.1146/annurev.publhealth.26.021304.144628.

Ford ES, Mokdad AH. Epidemiology of obesity in the western hemisphere. J Clin
Endocrinol Metab 2008; 93(11):51-s8.

Goshal S, Witta J, Zhong J, Villiers W, Eckhardt E. Chylomicrons promote intestinal
absorption of lipopolysaccharides. J Lipid Res 2009; 50:90-97. doi:
10.1194/jlr.M800156-JLR200.

Grunfeld C, Zhao C, Fuller J, Pollock A, Moser A, Friedman J, Feingold KR. Endotoxin
and cytokines induce expression of leptin, the ob gene product, in hamsters. J Clin
Invest 1996; 97:2152-2157. doi: 10.1172/JC1118653.

14



Hotamisligil GS. Inflammatory pathways and insulin action. Int J Obes 2003; 27:S53-
S55. d0i:10.1038/sj.ij0.0802502.

Hulst RRWJV, Meyenfeldt MFV, Kreel BKV, Thunnissen FBIJM, Brummer R-JM,
Arends J-W, Soeters PB. Gut permeability, intestinal morphology, and nutritional
depletion. Applied Nutritional Investigation 1998; 14(1): 1-16.

Ifiigo C, Patel N, Kellet GL, Barber A, Lostao MP. Luminal leptin inhibits intestinal
sugar absorption in vivo. Acta Physiol 2007; 190:303-310. doi: 10.1111/j.1748-
1716.2007.01707.x.

James PT, Leach R, Kalamara E, Shayeghi M. The worldwide obesity epidemic. Obes
res 2001; 9:228S-233S. doi: 10.1038/0by.2001.123.

Jenkins DJA, Kendall CWC, Augustin LSA, Franceschi S, Hamidi M, Marchie A,
Jenkins AL, Axelsen M. Glycemic index: overview of implications in health and
disease. Am J Clin Nutr 2002; 76(1):266S-273S.

Keskin M, Kurtoglu S, Kendirci M, Atabek ME, Yazici C. Homeostasis Model
Assessment is more reliable than the fasting glucose/insulin ratio and quantitative
insulin sensitivity check index for assessing insulin resistance among obese
children and adolescents. Pediatrics 2005; 115:e500-e503. doi: 10.1542/peds.2004-
1921.

Khovidhunkit W, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR. Endotoxin
down-regulates ABCG5 and ABCG8 in mouse liver and ABCA1 and ABCG1 in
J774 murine macrophages: differential role of LXR. J Lipid Res 2003; 44:1728-
1736. doi: 10.1194/jIr.M300100-JLR200.

Kong J, Zhang Z, Musch MW, Ning G, Sun J, Hart J, Bissonnette M, Li YC. Novel role
of the vitamin D receptor in maintaining the integrity of the intestinal mucosal
barrier. Am J Physiol Gastrointest Liver Physiol 2008; 294:G208-G216. doi: 10.
1152/ajpgi.00398.2007.

Konturek SJ, Konturek JW, Pawlik T, Brzozowki T. Brain-gut axis and its role in the
control of food intake. J Physiol Pharmacol 2004; 55:137-154.

Kopelman PG. Obesity as a medical problem. Nature 2000; 404:635-643. doi:
10.1038/35007508.

15



Laws A, Reaven GM. Evidence for an independent relationship between insulin
resistance and fasting plasma HDL-cholesterol, triglyceride and insulin
concentrations. J Intern Med 1992; 231(1):25-30. DOI: 10.1111/j.1365-
2796.1992.tb00494.x. [Abstract]

Lee RG, Rains TM, Tovar-Palacio C, Beverly JL, Shay NF. Zinc deficiency increases
hypothalamic neuropeptide Y and neuropeptide Y mRNA levels and does not block
neuropeptide Y-induced feeding in rats. J Nutr 1998; 128(7): 1218-1223.

Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters
gut microbial ecology. PNAS 2005; 102:11070-11075.
doi:10.1073/pnas.0504978102.

Li Z, Yang S, Lin H, Huang J, Watkins PA, Moser AB, Desimone C, Song X-Y, Diehl
AM. Probiotics and antibodies to TNF inhibit inflammatory activity and improve
nonalcoholic fatty liver disease. Hepatology 2003; 37:343-350.

Liu S, Song Y, Ford ES, Manson JE, Buring JE, Ridker PM. Dietary calcium, vitamin
D, and the prevalence of metabolic syndrome in middle-aged and older U.S.
women. Diabetes Care 2005; 28:2926-2932. doi:10.2337/diacare.28.12.2926.

Loffreda S, Yang SQ, Lin HZ, Karp CL, Brengman ML, Wang DJ, Klein AS, Bulkley
GB, Bao C, Noble PW, Lane MD, Diehl AM. Leptin regulates proinflammatory
immune responses. FASEB J 1998; 12:57-65.

Ludwig DS, Majzoub JA, Al-Zahrani A, Dallal GE, Blanco I, Roberts SB. High
glycemic index foods, overeating and obesity. Pediatrics 1999; 103(3): 1-6. URL:
http://www.pediatrics.org/cgi/content/full/103/3/e26.

Martinez-Augustin O, Boza JJ, Romera JM, Gil A. A rapid gas-liquid chromatography
method for the determination of latulose and mannitol in urine: clinical application
in studies of intestinal permeability. Clin Biochem 1995; 284:401-405.
d0i:10.1016/0009-9120(95)00015-2.

Mathieu C, Etten E van, Decallonne B, Guilietti A, Gysemans C, Bouillon R,
Overbergh L. Vitamin D and 1,25-dihydroxyvitamin D3 as modulators in the
immune system. J Steroid Biochem Mol Biol 2004; 89-90:449-452.
doi:10.1016/j.jsbmb.2004.03.014.

16



McCullough AJ. The clinical features, diagnosis and natural history of nonalcoholic
fatty liver disease. Clin Liver Dis 2004; 8:521-533. d0i:10.1016/j.cld.2004.04.004.

McKeown NM, Meigs JB, Liu S, Saltzman E, Wilson PWF, Jacques PF. Carbohydrate
nutrition, insulin resistance, and the prevalence of the metabolic syndrome in the
Framingham offspring cohort. Diabetes Care 2004; 27:538-546. doi:
10.2337/diacare.27.2.538.

McRoberts JA, Aranda R, Riley N, Kang H. Insulin regulates the paracellular
permeability of cultured intestinal epithelial cell monolayers. J Clin Invest 1990;
85:1127-1134. doi: 10.1172/JC1114544.

Mofrad P, Contos MJ, Haque M, Sargeant C, Fisher RA, Luketic VA, Sterling RK,
Shiffman ML, Stravitz RT, Sanval AL. Clinical and histologic spectrum of
nonalcoholic fatty liver disease associated with normal ALT values. Hepatology
2003; 37:1286-1292. doi: 10.1053/jhep.2003.50229.

Morton NM, Emilsson V, Liu Y-L, Cawthorne MA. Leptin action intestinal cells. J Biol
Chem 1998; 273(40):26194-26201. doi: 10.1074/jbc.273.40.26194.

Muller-Lissner S, Kamm MA, Scarpignato C, Wald A. Myths and misconceptions about
chronic constipation. American Journal of Gastroenterology 2005; 100: 232-242.
doi:10.1111/5.1572-0241.2005.40885.x.

Murphy KG, Dhillo WS, Bloom SR. Gut peptides in the regulation of food intake and
energy homeostasis. Endocr Rev 2006; 27(7):719-727. doi:10.1210/er.2006-0028.

Myers MG, Cowley MA, Minzberg H. Mechanisms of leptin action and leptin
resistance. Annu Rev Physiol 2008; 70:537-56.

O’Rourke RW. Inflammation in obesity-related diseases. Surgery 2009; 145:255-9.
doi:10.1016/j.surg.2008.08.038.

Ogden CL, Yanovski SZ, Carroll MD, Flegal KM. The epidemiology of obesity.
Gastroenterology 2007; 132:2087-2102. doi:10.1053/j.gastro0.2007.03.052.

Osanai M, Nishikiori N, Murata M. et al. Cellular retinoic acid bioavailability
determines epithelial integrity: role of retinoic acid receptor o agonists in colitis.
Mol Pharmacol 2007; 71(1):250-258. doi: 10.1124/mol.106.029579.

17



Ozata M, Mergen M, Oktenli C. et al. Increased oxidative stress and hypozincemia in
male obesity. Clin Biochem 2002; 35:267-631. doi:10.1016/S0009-9120(02)00363-
6.

Parikh S, Yanovski JA. Calcium intake and adiposity. Am J Clin Nutr 2003; 77(2):281-
287.

Parodi A, Lauritano EC, Nardone G, Fontana L, Savarino V, Gasbarrini A. Small
intestinal bacterial overgrowth. Digestive and Liver Disease Supplements 2009;
3:44-49. doi:10.1016/S1594-5804(09)60019-X .

Pearson PY, O"Connor DM, Schwartz MZ. Novel effect of leptin on small intestine
adaptation. J Surg Res 2001; 97:192-195. doi:10.1006/jsre.2001.6153.

Razani B, Chakravarthy MV, Semenkovich CF. Insulin Resistance and atherosclerosis.
Endocrinol Metab Clin N Am 2008; 37:603-621. doi:10.1016/j.ecl.2008.05.001.

Resta-Lenert S, Barret, KE. Probiotics and commensals reverse TNF-o and IFN-y
induced dysfunction in human intestinal epithelial cells. Gastroenterology 2006;
130:731-746. doi:10.1053/j.gastro.2005.12.015 .

Ribot J, Felipe F, Bonet ML, Palou A. Changes of adiposity in response to vitamin A
status correlate with changes of PPARY2 expression. Obes Res 2001; 9(8):500-509.
doi: 10.1038/0by.2001.65.

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses
during health and disease. Nature 2009; 9:313-323. doi:10.1038/nri2515.

Sabaté J-M, Jouét P, Harnois F, Mechler C, Msika S, Grossin M, Coffin B. High
prevalence of small intestinal bacterial overgrowth in patients with morbid obesity:
a contributor to severe hepatic steatosis. Obes Surg 2008; 18:371-377. doi:
10.1007/s11695-007-9398-2.

Samuel VT, Liu Z-X, Qu X, Elder BD, Bilz S, Befroy D, Romanelli AJ, Shulman GI.
Mechanism of hepatic insulin resistance in non-alcoholic fatty liver disease. J Biol
Chem 2004; 279:32345-32353. d0i:10.1074/jbc.M313478200.

Schrager S. Dietary calcium intake and obesity. J Am Board Fam Pract 2005; 18:205-
210.

18



Singh B, Arora S, Goswami B, Mallika V. Metabolic Syndrome: a review of emerging
markers and management. Diabetes & Metabolic Syndrome: Clinical Research &
Reviews 2009; 3:240-254. doi:10.1016/j.dsx.2009.04.012.

Snijder MB, Dam RMV, Visser M, Deeg DJH, Dekker JM, Bounter LM, Seidell JC,
Lips P . Adiposity in relation to vitamin D status and parathyroid hormone levels: a
population-based study in older men and women. J Clin Endocrinol Metab 2005;
90:4119-4123. doi:10.1210/jc.2005-0216.

Sturniolo GC, Leo VD, Ferronato A, D'Odorico A, D’Inca. Zinc supplementation
tightens “leaky gut” in Crohn’s disease. Inflammatory Bowel Diseases 2001;
7(2):94-98. doi: 10.1097/00054725-200105000-00003.

Takahashi N, Waelput W, Guisez Y. Leptin is an endogenous protective protein against
the toxicity exerted by tumor necrosis factor. J Exp Med 1999; 189(1):207-212.
doi: 10.1084/jem.189.1.207-a.

The American College of Gastroenterology. Obesity: a growing & dangerous public
health challenge. Obesity do you know your Gl risks? Obesity Initiative, 2008. p.1-
35. http://obesitycampaign.org/obesity_facts.asp.

Van Etten E, mathieu C. Immunoregulation by 1,25-dihydroxyvitamin D3: basic
concepts. J Steroid Biochem Mol Biol 2005; 97:93-101.
d0i:10.1016/j.jsbmb.2005.06.002 .

Whorton J. Civilisation and the colon: constipation as the disease of diseases. BMJ
2000; 321:1586-9. doi: 10.1136/bmj.321.7276.1586.

Wiedermann CJ, Kiechl S, Dunzendorfer S, Schratzberger P, Egger G, Oberhollenzer F,
Willeit J. Association of endotoxemia with carotid atherosclerosis and
cardiovascular disease. J Am Coll Cardiol 1999; 34:1975-81.

Wood RJ, Fleet JC, Cashman K, Bruns ME, Deluca, H.F. Intestinal calcium absorption
in the aged rat: evidence of intestinal resistance to 1,25(OH)2 vitamin D.
Endocrinology 1998; 3843-3848.

Wortsman J, Matsuoka LY, Chen TC, Lu Z, Holick MF. Decreased bioavailability of
vitamin D in obesity. Am J Clin Nutr 2000; 72(3):690-693.

Wylie-rosett J, Segal-Isaacson CJ, Segal-Isaacson A. Carbohydrates and increases in
obesity: does the type of carbohydrate make a difference? Obes Res 2004; 12:124S-
129S. doi: 10.1038/0by.2004.277.

19



YeJ, Tsukamoto T, Sun A, Nigam S K. A role for intracellular calcium in tight junction
reassembly after ATP depletion-repletion. Am J Physiol 1999; 277:F524-F532.

Zareie M, Johnson-Henry K, Jury I, Yang PC, Ngan BY, Mckay DM et al. Probiotics
prevent bacterial translocation and improve intestinal barrier function in rats
following  chronic  psychological stress. Gut 2006; 55:1553-1560.
d0i:10.1136/gut.2005.080739.

Zulet MA, Puchau B, Hermsdorff HHM, Navarro C, Martinez A. Vitamin A intake is
inversely related with adiposity in healthy young adults. J Nutr Sci Vitaminol 2008;
54:347-352. doi:10.3177/jnsv.54.347.

20



ARTIGO II:

Intestinal permeability parameters in obese patients are correlated with metabolic

syndrome risk factors
ABSTRACT

In humans, if there is any association of altered intestinal permeability with
adiposity and insulin resistance, therapies aimed at correcting abnormally increased
intestinal permeability may play a role in the context of obesity. The aim of this study
was to assess intestinal permeability in obese women and verify if there is any
association with anthropometric measurements, body composition and biochemical
variables. Twenty lean and twenty obese females participated in the study.
Anthropometric measurements, body composition and blood pressure were assessed.
Blood samples were collected to determine total cholesterol and lipoproteins, fasting
glucose, fasting insulin, HOMA index, AST, ALT. A solution (120 mL) containing
6.25¢g lactulose and 3g mannitol was given to volunteers and their urine was collected
over a period of 5h. The presence of these sugars in urine was measured by gas
chromatography. The obese group presented lower HDL (p<0.05), higher fasting
glucose, insulin, HOMA index and lactulose excretion than the lean group (p<0.05).
Lactulose excretion presented positive correlation (p<0.05) with waist and abdominal
circumference. Blood insulin and the HOMA index also increased with the increase in
mannitol and lactulose excretion and L/M ratio (p<0.05). L/M ratio presented a negative
correlation with HDL concentration (p<0.05). We showed that intestinal permeability
parameters in obese women are positively correlated to anthropometric measurements
and metabolic variables. Therapeutic interventions focused on the intestine health and

modulation of intestinal permeability should be explored in the context of obesity.

Key words: intestinal permeability, insulin, HOMA, HDL, waist circumference

21



1. Introduction

Obesity is a worldwide epidemic problem (James et al, 2001; Ogden et al, 2007),
and the metabolic syndrome is a common metabolic disorder resulting from this
increased prevalence of obesity (Eckel et al, 2005). Insulin resistance, along with
visceral adiposity, dyslipidemia and subclinical inflammatory state are the main features
of this syndrome (Singh et al, 2009).

The intestinal barrier function has been viewed as an interface between health
and disease (Farhadi et al, 2003a; Groschwitz & Hogan, 2009) and therapies toward
correcting abnormally increased intestinal permeability may play a role in treating or
preventing some diseases (Duerksen et al 2005; Arrieta et al, 2006; Vilela et al, 2007).
Altered intestinal permeability has only been shown to affect obesity in animal models
(Brun et al, 2006; Cani et al, 2009). Its reduction through the administration of prebiotic
and changes in the microbiota improved systemic and hepatic inflammation, modulated
gut peptides and adiposity (Cani et al, 2009) indicating that therapeutic approaches for
improving intestinal permeability could positively impact on variables of metabolic

syndrome.

Studies on intestinal permeability in obesity are justified by the fact that
gastrointestinal bacteria can increase epithelial permeability (Fedwick et al, 2005) while
small intestinal bacterial overgrowth (SIBO) was diagnosed in morbidly obese
individuals and contributes to severe hepatic steatosis (Sabaté et al, 2008). On the other
hand, the gut microbiota of obese individuals is statistically different from lean
individuals (Tennyson & Friedman, 2008; Béackhed et al, 2009; Turnbaugh et al, 2008)
and the transference of obese microbiota to germ-free mice significantly increases total
body fat (Turnbaugh et al, 2006). In humans, if there is any association of altered
intestinal permeability with adiposity and insulin resistance, therapies aimed at
correcting abnormally increased intestinal permeability may play a role in the context of
obesity. Therefore, the aim of this study was to assess intestinal permeability in obese
women and verify if there is any association with anthropometric measurements, body

composition and biochemical variables.
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2. Subjects and methods
2. 1. Subjects

Healthy women volunteers were recruited through written advertisements.
Exclusion criteria were: younger than 18 years of age, pregnant or breast-feeding
women, menopause, thyroid diseases, renal failure, cirrhosis, congestive heart failure,
nephritic syndrome, diabetes, celiac disease, Crohn’s disease, irritable bowel syndrome,
hepatitis, ulcers, use of vitamins/minerals supplements, use of non steroidal anti-
inflammatory drugs, use of laxatives. According to a physical examination and a brief
medical history, all subjects were in good health. Twenty lean females (BMI 19-24,99
kg/m?) and twenty obese females (BMI > 30 kg/m?) of similar age (mean age of the lean
and obese group 28.5+7.6 vs 30.7 + 6.5, p=0.33) participated in the study. None were
taking any form of medication, except contraceptives pills. The study was approved by
the ethical committee of Federal University of Vigosa and the participants provided

written informed consent (protocol number 001/2010).
2.2. Study design

The subjects were evaluated at the Laboratory of Energetic Metabolism and
Body Composition (LAMECC) at two occasions: the first to provide information about
their health history and to receive all the recommendations prior to the next meeting. In
the second meeting, subjects arrived in the morning at LAMECC after fasting for 10h
and were asked to eliminate residual urine. All participants were weighted wearing light
clothes, their body composition was analyzed by a tetra polar bioimpedance
(BodySystems®, Washington, USA), blood pressure was assessed and blood samples
were collected for future analyses. After that, a solution (120 mL) containing 6.25g
lactulose (95%, Sigma-Aldrich®, Germany) and 3g mannitol (> 98%, Sigma-Aldrich®,
Germany) was ingested, and urine was collected over a period of 5h. Two hours after
the solution ingestion, the volunteers were offered a snack. At the end of this period, the
whole volume of urine was measured and a aliquot of 50mL was taken and 0.01g of
thimerosal (Labsynth®, Brazil) was added to prevent bacterial growth. The urine

samples were stored at -20°C.
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2.3. Intestinal permeability analysis

To quantify the sugars administered, urine samples were derivatized according
to Farhadi et al. (2003b). Briefly, 200 pL of the urine samples were centrifuged for 20
minutes at 2250 rpm and 40uL of an internal standard solution was added (myo-inositol
20mg/mL  (Fluka®, Switzerland) and phenyl-B-D-glucoside 20 mg/mL (Acrés
Organics®, Belgium). The samples were then evaporated until dry at 70°C with
continuous flux of nitrogen gas and ressuspended in 400uL of anhydrous pyridine
(Sigma-Aldrich®, Germany) containing hydroxylamine (25 mg/mL, Sigma-Aldrich®,
Germany). Next, it was heated to 70°C for one hour and centrifuged at 2250 rpm for 5
min. The supernatant (100 pL) was transferred to a vial and 200 pL of N-
trimethylsilylimidazole (Acrés Organics®, Belgium) was added to react for 30 min at
70°C. From this derivative, 100 uL aliquot was transferred to an insert, and 1 pL was
injected in a gas chromatograph (Shimadzu®, Japan) equipped with auto injector, flame
ionization detector and capillary column (DB-5, 30m, 0,25mm x 0.25um, J&W
Scientific®, USA) for analysis. The parameters for sugar separation set in the gas
chromatograph were adapted from Farhadi et al (2006) due to difficulties in lactulose
detection using their original set conditions. Thus, the column temperature was set at
190°C for 5 minutes and then increased at a rate of 5°C/min for 12 minutes until
reaching the final temperature of 250°C. This temperature was maintained for 15
minutes and the total run time was 32 minutes. The results were expressed as percentage
of mannitol (%M) and lactulose (%L) excretion and as the Lactulose/Mannitol ratio
(L/M).

2.4. Biochemical analysis

Blood samples were centrifuged at 3500 rpm for 15 min and the plasma was
processed at the Laboratory of Clinical Analysis of the Health Division at Federal
University of Vigosa. The biochemical assessment were hemogram (Coulter T-
890/Beckman Coulter®, USA), total cholesterol and lipoproteins (enzymatic
colorimetric method), aspartate (AST) and alanin (ALT) aminotransferases (kinetic
colorimetric method), fasting plasma glucose (enzymatic colorimetric method of
glucose-oxidase) (all the kits used were from Bioclin/Quibasa, Brazil) and insulin
through quimioluminescence method using the Cobas Mira Plus-Roche automatic
analyzer (Roche Diagnostics®). The LDL concentration was estimated by the

Friedwald formula (Friedwald et al, 1972). Homeostasis model assessment (HOMA)
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index were calculated as follow: fasting glucose (mmol/L) x fasting insulin (mU/L)/22,5
(Matthews et al, 1985; Oliveira et al, 2007).

2.5. Statistical Analysis

Statistical analyses were performed with the use of the software Sigma Plot for
Windows version 11.0 (Systat® Software, Chicago, USA). To compare if all variables
assessed differed between obese and lean individuals, student t-test (parametric) was
used for those variables that passed in the normality and equal variance test while the
Mann-Whitney test (non-parametric) was used for those that did not pass. The same
tests and criteria were used to compare all the 40 volunteers distributed using as
reference variables values below and above the median of lactulose and L/M ratio and
the mean of mannitol excretion, below and above the threshold value for insulin
resistance (HOMA index > 2.71) proposed by Geloneze et al (2006). The significance
level was 5%.Throughout the manuscript, the data are expressed as meansxSD and
median (minimum-maximum). To measure the degree of correlation between intestinal
permeability variables with other metric variables, the Pearson’s test was performed for
mannitol excretion, which passed in the normality test, while the Spearman’s test was
applied for lactulose excretion and L/M ratio once these variables did not pass in the

normality test.
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3. Results
3.1. Anthropometric and body composition variables and blood pressure

As shown in table 1, except for height that was similar in both groups,
anthropometric and body composition variables and blood pressure differed between

obese and lean groups as expected.
3.2. Biochemical analysis

The collection of blood sample from one volunteer of the lean group wasn’t
possible because of her difficult venous access. All the variables related to hemogram
did not differ between the groups ( appendix I). Lipoprotein HDL was reduced in obese
group, while the ratios of total cholesterol/HDL and LDL/HDL were increased
(p<0.05). Fasting glucose, insulin and the HOMA index were also increased in the
obese group (p<0.05) (table 2).

3.3. Intestinal permeability

The parameters percentage of lactulose and mannitol excretion and the ratio L/M
are represented graphically in figures 1, 2, 3 respectively. Mannitol excretion tended to
be higher in the obese group, while lactulose excretion was higher in the obese group
(p<0.05), but not sufficiently higher to significantly affect the L/M ratio (Table 3).

Lactulose excretion was significant and presented moderate positive correlation
(p<0.05) with waist and abdominal circumference (figure 4, 5). The insulin
concentration and HOMA index increased together with the increase in the percentage
of mannitol (figure 6, 9) and lactulose (figure 7, 10) excretion and with the L/M ratio
(figure 8, 11) (p<0.05), while HDL concentration (figure 12) presented a moderate
inverse correlation with the L/M ratio (p<0.05) (table 4).

All 40 women were also analyzed dividing them by the median of percentage of
lactulose excretion (appendix Il). The group above the median presented higher body
weight, BMI, waist and abdominal circumference, body fat weight and percentage,
fasting insulin, HOMA index, % of mannitol excretion and L/M ratio (p<0.05). The use
of the percentage of mannitol excretion mean (appendix Il1) as the criteria to divide all
40 women showed that those excreting a greater quantity of mannitol presented higher

waist circumference and lactulose excretion (p<0.05).
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Table 1- Anthropometric, body composition and blood pressure variables of obese and lean women

Lean (n=20) Obese (n=20) p value
Mean +SD MeantSD
Median (min-max) Median (min-max)
Systolic blood pressure (mmHg) 104 £8.2 113+10.3 0.005"
100 (90-120) 120 (90-130)
Dyastolic blood pressure (mmHg) 64 +8.8 74+£9.4 0.002"
60 (50-80) 80 (60-90)
Weight (kg) 55.2 45,2 88.06 + 11.02 <0.001"
54.6 (42.2-64.8) 88.02 (74.6-118.1)
Height (cm) 159.9+5.6 158.5+4.2 NS
159.5 (148.5-173.6) 159 (150-168.2)
BMI (kg/m?) 21.5+1.39 35.04 +3.98 <0.001"
21.2 (19.22-23.9) 34.4 (29.4-44.6)
Wiaist circumference (cm) 69.57 + 3.81 94.47 +8.16 <0.001"
68.5 (65-77) 94.5 (80.5-118)
Abdominal circumference (cm) 80.2 £4.33 110.02 +10.7 <0.001"
80.5 (73-87.5) 108 (96-138)
Hip (cm) 94.2+35 117.17 +6.6 <0.001%
93.5 (87-102) 117.2 (106-133)
Waist/hip ratio 0.738 £ 0.026 0.807 + 0.061 <0.001%
0.73(0.707-0.794) 0.79 (0.719-0.959)
Body fat (%) 21.58 +3.52 37.48+35 <0.001%
22.6 (15.8-28.6) 37.4 (29.4-43)
Body fat weight (kg) 11.95+2.6 33.23+6.8 <0.001"
11.8 (8.3-18.5) 32.5(21,9-50,8)
Lean mass (kg) 43.23+3.76 54.7 +4.9 <0.001%
435 (32.3-50.1) 54.4 (47.3-67.3)
Basal metabolic rate (Kcal) 1318.55 + 115.6 1670.85 + 152.73 <0.001%

1340 (983-1522)

1665 (1437-2047)

TMann-Whitney; *Student t test

BMI = Body Mass Index
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Table 2 — Biochemical variables of obese and lean women

Lean (n=19) Obese (n=20) p value
MeanzSD MeanzSD
Median (min-max) Median (min-max)
TC (mg/dL) 178.68 +32.9 169.5 + 24.7 0.33°
178 (134-257) 166 (120-220)
HDL (mg/dL) 55.4 +13.6 43.1+9.35 0.001"
52 (37-89) 42 (30-76)
LDL (mg/dL) 107.32 + 28.26 108.69 + 25.18 0.87*
101.4 (65.2-172.8) 100.9 (68.6-168.4)
TGL (mg/dL) 79.68 + 31.12 88.75 +29.7 0.35%
73 (38-166) 85 (37-144)
VLDL (mg/dL) 15.93 + 6.22 17.76 +5.96 0.35%
14.6 (7.6-32.2) 17 (7.4-28.8)
TC/HDL 3.37+£0.98 4.08 £ 1.07 0.016'
3.09 (2.23-6.22) 3.84 (2.54-7.33)
LDL/HDL 2.07 £0.87 2.65+0.96 0.025'
1.91 (1.07-4.67) 2.51 (1.32-5.61)
Fasting glucose (mg/dL) 86.15 + 5.49 89.8 +4.32 0.027*
86 (75-95) 89.5 (83-98)
Fasting insulin (mcU/mL) 8.17 £ 2.59 14.8 +7.49 <0.001"
8.1 (5-15.3) 11.4 (6.8-36.3)
HOMA 1.74+0.59 329+1.71 <0.001"
1.65 (0.96-3.47) 2.55 (1.39-8.15)
AST (U/L) 19.21 +5.0 17.95 + 3.88 0.47"
18 (13-30) 17.5 (14-28)
ALT (U/L) 14.78 +5.88 15.2+5.73 0.82"
13 (7-30) 14 (8-32)

TMann-Whitney; *Student t test

TC = Total cholesterol; HDL = High density lipoprotein; LDL = Low density lipoprotein; VLDL= Very low density

lipoprotein; TC/HDL= total cholesterol/ high density lipoprotein; HOMA = Homeostasis Model Assessment; AST =

Aspartate Aminotransferase; ALT= Alanine Aminotransferase
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Table 3 — Variables of intestinal permeability of obese and lean women

Lean (n=20) Obese (n=20) p value
Mean+SD Mean+SD
Median (min-max) Median (min-max)
% Mannitol excretion 32+7. 86+7. .
% Mannitol i 17.32+7.31 21.86 £7.77 0.06*
17.4 (1.12 -32.77) 21.6 (7.72-39.89)
6 Lactulose excretion 247 £ 0. 418+ 0. .
% Lactul i 0.247 +0.087 0.418 + 0.267 0.041"
0.23(0.05-0.419) 0.37 (0.057-1.069)
ratio . +0. .018 + 0. .
L/M rati 0.0144 + 0.006 0.018 + 0.008 0.13"

0.013 (0.007-0.034)

0.015 (0.007-0.035)

*Student test, TMann-Whitney test
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Figure 1: Percentage of lactulose excretion in the lean and obese

groups.

Obese group showed a higher lactulose excretion

(p=0.041).
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Figure 2: Percentage of mannitol excretion in the lean and obese

groups. There was no difference between the groups (p = 0.06)
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Figure 3: Lactulose/Mannitol ratio of lean and obese group. There

was no difference between the groups (p=0.13).

On the other hand, when dividing all volunteers by the median of the L/M ratio
(appendix 1V) differences between the groups above and below the median of L/M ratio
related to anthropometric and body composition variables were not observed, but
women that presented L/M values above the median had lower HDL levels and higher

values of TC/HDL ratio, LDL/HDL ratio, insulin, HOMA index and % of lactulose
excretion (p<0.05).

The threshold value for HOMA index (>2.71) to characterize insulin resistance

proposed by Geloneze et al (2006) for Brazilian population was also used to compare all
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the variables. From this perspective, 25% of all volunteers (n=10) presented insulin
resistance, being only one from the lean group and the others from the obese group.
Comparing women with a HOMA index above and below 2.71 (appendix V) in the
insulin resistant volunteers all anthropometric and body composition variables analyzed
were higher (p<0.05). Interestingly, of all the comparisons performed, this was the only
one in which it was observed higher values for leukocytes, lymphocytes and platelets
(p<0.05) in the group above the cut-off point. They also presented higher mannitol and

lactulose excretion percentages (p<0.05).

Table 4 — Correlation of intestinal permeability measurements with anthropometric, body

composition and biochemical variables

Variables r p r p r p

% M % L L/M
Weight (kg) 018 026 030 005 0.28 0.07
BMI (kg/m?) 018 025 0.24 0.12 0.25 0.10
Body fat (%) 019 024 027 008 024 0.13
Body fat (kg) 018 025 029 006  0.28 0.07

Waist circumference (cm) 0.22 0.16 0.32 0.04% 0.28 0.07

Abdominal circumference 0.18 0.24 0.33 0.03¢ 0.30 0.058
(cm)

Waist/height ratio 0.22 0.16 0.25 0.10 0.18 0.25
HDL (mg/dL) 0005 097 -027 008 039 001
Fasting insulin (mcU/mL) 032 0.04" 046 0.002° 035  0.029

HOMA 032  0.047 0.47  0.002* 0.39 0.014%

"Pearson correlation test; ISperman correlation test
%M = percentage of mannitol excretion; %L= percentage of lactulose excretion; L/IM =
Lactulose/mannitol

The mean value + 2 SD in the lean group for each of the intestinal permeability
variables was used to verify how many volunteers would be above this value.
Considering all 40 women, 10% (15% of the obese group and 5% of the lean group)
were above the mannitol cut-off point (> 31.9% of excretion), 22.5% (45% of obese
group and none of the lean group) for lactulose (> 0.0264% of excretion) and 12.5%
(20% of obese group and 5% of lean) for the L/M ratio (>0.0264).
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Figure 4: Correlation (Spearman test) between percentage of lactulose

excretion and waist circumference (r=0.32, p=0.04).
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excretion and abdominal circumference (r=0.33, p=0.03).
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Figure 8: Correlation (Spearman test)
between L/M ratio and insulin (r=0.35,
p=0.029)
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Figure 9: Correlation (Pearson test) between
percentage of mannitol excretion and HOMA
index (r=0.32, p=0.04)

Figure 10: Correlation (Spearman test) between
percentage of lactulose excretion and HOMA
index (r=0.47, p=0.002)

Figure 11: Correlation (Spearman test)
between L/M ratio and HOMA index (r=0.39,
p=0.014)
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4. Discussion

The most critical factor in the emergence of metabolic diseases is obesity
(Kahn et al, 2006). The interpretation of obesity as a disease from the perspective of
excessive body fat (Bays et al, 2008; Waisbren et al, 2010) reinforce the term
‘adiposopathy’, which has been proposed to describe a pathogenic adipose tissue
anatomically manifested by adipocyte hypertrophy, visceral adiposity and/or ectopic fat
deposition, all of which could contribute to metabolic diseases (Bays et al, 2008).
Obesity is one of the essential components included among some definitions proposed
for metabolic syndrome, together with glucose intolerance, hypertension and
dyslipidemia, (WHO, 1999; ATP IIl, 2001; Eckel et al, 2005). All of the screening
variables used to identify this picture (Després & Lemieux, 2006) were evaluated in this

study.

Waist circumference, which has been considered a useful preliminary tool for
metabolic syndrome screening and prediction of body adiposity (Janssen et al, 2002;
Alberti et al, 2009), was statistically higher in the obese group and their mean value was
far beyond the predictive threshold value (> 80 cm) for abdominal obesity supported by
IDF and AHA/NHLBI for South American ethnicity (Alberti et al, 2009). Blood
pressure and fasting glucose, although within the limits considered normal, was already

higher in the obese group, indicating that they might be progressing to a situation of
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risk. Besides, HDL concentration in the obese group was significantly lower compared
to the lean group and 90% of obese women were below the theorethical cut-off point for
HDL concentration (< 50mg/dL) considered as a criterion for metabolic syndrome
diagnosis (Alberti et al, 2009). The higher blood insulin and HOMA index, which are
associated with higher abdominal fat accumulation, observed among obese volunteers
signals to the presence of insulin resistance (Kahn et al, 2006). Insulin resistance theory
provides mechanistic explanations to the observed tendency to higher blood pressure
(Reaven et al, 1996), higher plasma glucose (Jellinger, 2007) and lower HDL-
cholesterol concentrations (Laws & Reaven, 1992; Razani et al, 2008) observed in the
obese group.

The upmost finding of this study was the higher lactulose excretion observed in
the obese group and its positive correlation with waist and abdominal circumference,
fasting insulin and HOMA index. The relation between altered intestinal permeability,
insulin resistance and adiposity has been first suggested by experimental models (Cani
et al, 2009; Brun et al, 2006), and we our results restate this hypothesis for obese
women. It was shown that higher body weight, BMI, waist and abdominal
circumference, body fat weight and percentage, fasting insulin and the HOMA index

were found in women with higher lactulose excretion.

Although the calculation of the lactulose/mannitol ratio has been considered a
good marker for small intestinal permeation (Farhadi et al, 2003a) the fact that it wasn't
observed statistical difference for L/M ratio among the groups does not invalidate the
hypothesis that an altered intestinal permeability is one aspect of obesity. The
questioning of L/M ratio as being the best marker for altered intestinal permeability in
obesity should be raised. To argue with this hypothesis we point out to the fact that 1)
volunteers with higher lactulose excretion percentages presented also higher mannitol
excretion, and mannitol excretion tended (p=0.06) to be higher in obese women; 2) if
we assume that obese individuals might be absorbing proportionally higher quantities of
mannitol, the increased excretion of lactulose might not appear with the calculation of
the ratio; 3) almost half of obese volunteers were above the mean+2SD of lactulose
excretion (0.026%) calculated from lean individuals values. Our data also suggest that
lactulose excretion and L/M ratio might be good indicators to be included to the list of
criteria for metabolic syndrome diagnosis or management. Further studies should be
designed to establish cut- off points of these probes excretion related to higher risk of

metabolic alterations. Because higher lactulose absorption and excretion indicate a
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dysregulated function of tight junctions and a leaky gut or a higher flux of molecules
through the paracellular route (Farhadi et al, 2003a), future studies should also

investigate the underlying causes of these altered paracellular permeability.

Some considerations should be pointed out, so that one might start drawing the
possible mechanisms involved in many of the features of obesity: 1) higher lactulose
excretion was positively correlated with HOMA index; 2) higher number of immune
cells were observed when the volunteers were analyzed by the cut-off point for HOMA
index; 3) obese microbiota is increased in relation to the Firmicutes/Bacteroidetes
proportion (Backhed et al, 2009); 4) dysbiosis contributes to hepatic steatosis in obesity
(Sabaté et al, 2008) and altered intestinal permeability has been shown in non-alcoholic
fatty liver disease (Farhadi et al, 2008); 5) liver function’s can be altered in obesity due
to insulin resistance and endotoxins (LPS) (Cani et al, 2007); 6) LPS challenge is
positively correlated to TNF-o and with the degree of steatosis and HOMA index
(Poniachik et al, 2006); 7) dysregulated function of tight junctions could result in higher
endotoxins or LPS uptake (Cani et al, 2007) and in the activation of the local or
systemic immune system (Farhadi et al, 2003a; Hollander, 1999) with production of
cytokines such as TNF-a (Guha & Mackman, 2001); 8) TNF-a can mediate changes in
the paracellular permeability (Capaldo & Nusrat, 2009) and the chronic infusion of LPS
at very low dose leads to metabolic changes related to obesity (Cani et al, 2007); 9) LPS
induces leptin expression in adipose tissue via a cytokine-dependent (TNF-o)
mechanism (Finck et al, 1998); 10) a positive association between leptin, TNF soluble
receptors and insulin levels has been suggested (Mantzoros et al, 1997) and 11) higher
TNF-a expression in the adipose tissue of obese individuals is inversely related to
insulin sensitivity (Kern et, 2001) and may contribute to obesity-related hyperleptinemia
(Kirchgessner et al, 1997). Thus, we can suggest that the interactions between gut
microbiota, immune system, adipose tissue, liver and hormones are the main framework

behind or underlying the altered intestinal permeability in obesity.

Future studies are needed to address the question of lactulose excretion as a
better marker of altered intestinal permeability in obesity, which implies in higher
paracellular absorption of substances, including bacterial material. So, further studies
are also required to determine whether an altered intestinal permeability in obese
individuals is associated with higher plasma endotoxin and leptin concentrations,

immune system over activation and liver injuries.
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As there is strong evidence that the detection, prevention and treatment of the
underlying risk factors of the metabolic syndrome would be of importance to reduce
cardiovascular disease incidence and mortality, as well as all-cause mortality (Galassi et
al, 2006) our data suggest that therapeutic interventions focused in the intestine health
and modulation of intestinal permeability should be explored in the context of obesity
based on the findings that a positive correlation was found between higher lactulose

excretion and anthropometric e metabolic alterations measurements.

38



5. References

Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes mellitus
and its complications. Partl diagnosis and classification of diabetes mellitus
provisional report of a WHO consultation. Diabet Med 1998, 15: 539-553.
doi: 10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S.

Alberti KGMM, Eckel RH, Grundy SM et al. Harmonizing the metabolic syndrome: a
joint Interim Statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American
Heart Association; World Heart Federation; International Atherosclerosis Society;
and International Association for the Study of Obesity. Circulation 2009; 120:1640-
1645. doi: 10.1161/CIRCULATIONAHA.109.192644.

Arrieta MC, Bistritz L, Meddings JB. Alterations in intestinal permeability. Gut 2006;
55:1512-1520. doi: 10.1136/gut.2005.085373.

Béckhed, F. Changes in intestinal microflora in obesity:cause or consequence? J Pediatr
Gastroenterol Nutr 2009; 48:S56-S57. doi: 10.1097/MPG.0b013e3181a11851.

Balkau B, Charles MA. Comment on the provisional report from the WHO consultation.
European Group for the Study of Insulin Resistance (EGIR). Diabet Med 1999;
16:442-443.

Bays HE, Gonzélez-Campoy JM, Henry RR et al. Is adiposopathy (sick fat) an
endocrine disease? Int J Clin Pract 2008; 62(10):1474-1483. doi: 10.1111/}.1742-
1241.2008.01848.x.

Bigorgne AE, Bouchet-Delbos L, Naveau S et al. Obesity-induced lymphocyte
hyperresponsiveness to chemokines: a new mechanism of fatty liver inflammation
in obese mice. Gastroenterology 2008; 134:1459-1469.
doi:10.1053/j.gastro.2008.02.055.

Brun P, Castagliuolo I, Leo VD et al. Increased intestinal permeability in obese mice:
new evidence in the pathogenesis of nonalcoholic steatohepatitis. Am J Physiol
Gastrointest Liver Physiol 2007; 292:G518-G525. doi:10.1152/ajpgi.00024.2006.

39



Cani PD, Amar J, Iglesias MA et al. Metabolic endotoxemia initiates obesity and insulin
resistance. Diabetes 2007; 56:1761-1772, 2007. doi:10.2337/db06-1491.

Cani PD, Possemiers S, Wiele TV et al. Changes in gut microbiota control
inflammation in obese mice through a mechanism involving GLP-2-driven
improvement of gut permeability. Gut 2009; 58:1091-1103.
doi:10.1136/gut.2008.165886.

Capaldo CT, Nusrat A. Cytokine regulation of tight junctions. Biochim Biophys Acta;
1788: 864-871, 2009. doi:10.1016/j.bbamem.2008.08.027.

Després J-P, Lemieux I. Abdominal obesity and metabolic syndrome. Nature 2006; 444:
881-887. doi:10.1038/nature05488.

Duerksen DR, Wilhelm-Boyles C, Parry DM. Intestinal permeability in long-term
follow-up of patients with celiac disease on a gluten free diet. Dig Dis Sci 2005; 50
(4): 785-790. doi: 10.1007/s10620-005-2574-0.

Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet 2005; 365(9468):
1415-1428. doi:10.1016/S0140-6736(05)66378-7.

Executive Summary of The Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of High
Blood Cholesterol In Adults (Adult Treatment Panel 111). JAMA 2001; 285: 2486—
2497.

Farhadi A, Banan A, Fields J, Keshavarzian A. Intestinal barrier: an interface between
health and disease. J Gastroenterol Hepatol 2003a; 18:479-497.

Farhadi A, Gundlapalli S, Shaikh M et al. Susceptibility to gut leakiness: a possible
mechanism for endotoxaemia in non-alcoholic steatohepatitis. Liver Int 2008;
1026-1033. doi:10.1111/j.1478-3231.2008.01723.x.

Farhadi A, Keshavarzian A, Fields JZ, Sheikh M, Banan A. Resolution of common
dietary sugars from probe sugars test of intestinal permeability using capillary
column gas chromatography. J Chromatogr B 2006; 836(1-2):63-8.
doi:10.1016/j.jchromb.2006.03.046.

Farhadi A, Keshavarzian A, Holmes EW, Fields J, Zhang L, Banan A. Gas

chromatographic method for detection of urinary sucralose: application to the

40



assessment of intestinal permeability. J Chromatogr B 2003b; 784: 145-154.
doi:10.1016/S1570-0232(02)00787-0.

Fedwick JP, Lapointe TK, Meddings JB, Sherman PM, Buret AG. Helicobacter pylori
activates myosin light-chain kinase to disrupt claudin-4 and claudin-5 and increase
epithelial permeability. Infect Immu 2005; 73(12):7844-7852.
doi:10.1128/1A1.73.12.7844-7852.2005.

Finck BN, Kelley KW, Dantzer R, Johnson RW. In vivo and in vitro evidence for the
involvement of tumor necrosis factor-a in the induction of leptin by
lipopolysaccharide. Endocrinology 1998; 139:2278-2283. doi:
10.1210/en.139.5.2278.

Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of low-
density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge. Clin Chem 1972;18:499-502.

Galassi A, Reynolds K, HE J. Metabolic syndrome and risk of cardiovascular disease: a
meta-analysis. Am J Med 2006; 119(10):812-819.
doi:10.1016/j.amjmed.2006.02.031.

Geloneze B, Repetto EM, Geloneze SR, Tambascia MA, Ermetice MN. The threshold
value for insulin resistance (HOMA-IR) in an admixtured population. IR in the
Brazilian Metabolic Syndrome Study. Diabetes Res Clin Prac 2006; 72:219-20.
doi:10.1016/j.diabres.2005.10.017.

Groschwitz KR, Hogan SP. Intestinal barrier function: molecular regulation and disease
pathogenesis. J  Allergy  Clin  Immunol  2009; 124:3-20.  doi:
10.1016/j.jaci.2009.05.038.

Guha M, Mackman N. LPS induction of gene expression in human monocytes. Cell
Signal 2001; 12:85-94. doi:10.1016/S0898-6568(00)00149-2.

Hollander D. Intestinal permeability, leaky gut, and intestinal disorders. Current
Gastroenterology Reports 1999; 1:410-416. doi: 10.1007/s11894-999-0023-5.

James PT, Leach R, Kalamara E, Shayeghi M. The worldwide obesity epidemic. Obes
Res 2001; 9:228S-233S.

41



Janssen I, Heymsfield SB, Allison DB, Kotler DP, Ross R. Body mass index and waist
circumference independently contribute to the prediction of nonabdominal,
abdominal, subcutaneous, and visceral fat. Am J Clin Nutr 2002; 75(4):683-688.

Jellinger PS. Metabolic consequences of hyperglycemia and insulin resistance. Clin
Cornerstone 2007; 8(suppl 7):S30-S42. doi:10.1016/S1557-0843(09)80003-1.

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin resistance
and type 2 diabetes. Nature 2006; 444:840-846. Doi: 10.1038/nature05482.

Kern PA, Ranganathan S, LI C, Wood L, Ranganathan G. Adipose tissue tumor
necrosis factor and interleukin-6 expression in human obesity and insulin
resistance. Am J Physiol Endocrinol Metab 2001; 280:E745-751, 2001.

Kirchgessner TG, Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Tumor
necrosis factor-alpha contributes to obesity related hyperleptinemia by regulating
leptin release from adipocytes. J Clin Invest 1997; 100(11):2777-2782. doi:
10.1172/JC1119824.

Laws A, Reaven GM. Evidence for an independent relationship between insulin
resistance and fasting plasma HDL-cholesterol, triglyceride and insulin
concentrations. J Intern Med 1992; 231(1):25-30. DOI: 10.1111/j.1365-
2796.1992.tb00494.x. [Abstract]

Mantzoros CS, Moschos S, Avramopoulos | et al. Leptin concentrations in relation to
body mass index and the tumor necrosis factor-alpha system in humans. J Clin
Endocrinol Metab 1997; 82: 3498-3413. doi: 10.1210/jc.82.10.3408.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 1985.;
28:412-9. doi: 10.1007/BF00280883.

Ogden CL, Yanovski SZ, Carroll MD, Flegal KM. The epidemiology of obesity.
Gastroenterology 2007; 132:20872102. doi:10.1053/j.gastro.2007.03.052.

Oliveira EP, Lima MDA, Souza MLA. Metabolic syndrome, its phenotypes, and
insulin resistance by HOMA-IR. Arq Bras Endocrinol Metab 2007; 51(9):1506-
1515. doi: 10.1590/S0004-27302007000900014.

42



Poniachik J, Csendes A, Diaz JC et al. Increased production of IL-1o. and TNF-o in
lipopolysaccharide-stimulates blood from obese patients with non-alcoholic fatty
liver disease. Cytokine 2006; 33:252-257. d0i:10.1016/j.cyt0.2006.02.006.

Razani B, Chakravarthy MV, Semenkovich CF. Insulin Resistance and atherosclerosis.
Endocrinol Metab Clin N Am 2008; 37:603-621. doi:10.1016/j.ecl.2008.05.001.

Reaven GM, Lithell H, Landsberg L. Hypertension and associated metabolic
abnormalities — the role of insulin resistance and the sympathoadrenal system. N
Engl J Med 1996; 334(6):374-381.

Sabaté J-M, Jouét P, Harnois F et al. High prevalence of small intestinal bacterial
overgrowth in patients with morbid obesity: a contributor to severe hepatic
steatosis. Obes Surg 2008; 18:371-377. doi: 10.1007/s11695-007-9398-2.

Singh B, Arora A, Goswami B, Mallika V. Metabolic syndrome: a review of emerging
markers and management. Diabetes & Metabolic Syndrome: Clinical Research &
Reviews 2009; 3:240-254. doi: 10.1016/j.dsx.2009.04.012.

Tennyson CA, Friedman G. Microeology, obesity and probiotics. Curr Opin Endocrinol
and Diabetes 2008; 15:422-427. doi: 10.1097/MED.0b013e328308dbfh

Turnbaugh PJ, Béackhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to
marked but reversible alterations in the mouse distal gut microbiome. Cell 2008;
3:213-223. doi:10.1016/j.chom.2008.02.015

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-
associated gut microbiome with increased capacity for energy harvest. Nature 2006;
444:1027-1031. doi:10.1038/nature05414.

Vilela EG, Ferrari MLA, Torres HOG et al. Intestinal permeability and antigliadin
antibody test for monitoring adult patients with celiac disease. Dig Dis Sci 2007;
52:1304-1309. d0i:10.1007/s10620-006-9511-8.

Waisbren E, Rosen H, Bader A, Lipsitz S, Rogers SO, Eriksson E. Percent body fat and
prediction of surgical site infection. J Am Coll Surg 2010; 210:381-389.
doi:10.1016/j.jamcollsurg.2010.01.004.

43



ARTIGO IlII:

Increased short-chain fatty acid in feces of obese patients correlates with metabolic

syndrome risk factors

ABSTRACT

It has been postulated that the gut microbiota of obese individuals might harvest
more energy from the diet and contribute for weight imbalance. Short-chain fatty acids
(SCFA) are the main end products of bacterial fermentation and thus might play a role
in obesity. The aim of this study was to assess the level of SCFA in feces of lean and
obese individuals and verify if there is any association of possible increased production
of SCFA with metabolic risk factors. Twenty lean and twenty obese females of similar
age participated in the study. Anthropometric measurements, body composition, blood
pressure and biochemical analyses were assessed. Feces were collected for short-chain
fatty acid extraction and analysis by HPLC. Blood pressure and blood glucose, although
within the normal limits, were higher in the obese group (p<0.05). Low-HDL
concentration and high insulin and HOMA index values were observed in the obese
group (p<0.05). The median values of butyric, propionic and acetic acid in the obese
group was respectively 94.3%, 144.5% and 106.8% higher in comparison with the lean
group (p<0.05). It was found significant correlation between SCFA and metabolic
syndrome risk factors such as low HDL, increased waist circumference and HOMA
index. In summary our results are in line with previous reports suggesting that increased
SCFA production might play a considerable role in obesity once they are related to

metabolic syndrome risk factors. Further studies are needed to confirm our findings.

Key words: short-chain fatty acids, insulin, HOMA, low HDL levels
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1. Introduction

Obesity is one of the essential components, together with glucose intolerance,
hypertension and dyslipidemia, included among some definitions proposed for
metabolic syndrome (Eckel et al, 2005). Increased consumption and availability of high-
energy foods in modern society are considered as one of the main causes of this global
epidemic of obesity (Kopelman, 2000; Finkelstein et al, 2005). Recently, new evidences
suggest a microbial role for obesity development (Béckhed et al, 2009).

Microbial metabolism converts dietary macromolecules into absorbable
molecules that can be used as an energetic substrate for the host. The higher energy
extraction favors the anabolic pathways and inhibits fatty acid oxidation ultimately
resulting in higher adiposity and lower glucose tolerance (Béackhed et al 2007,
Reinhardt et al, 2009). Bacteroides thetaiotaomicron are prominent members of the
distal human gut microbiota and has an important contribution to carbohydrate
metabolism (Zocco et al, 2007). Studies with germ-free animals colonized with this
specie show fat mass gain and induction of monosaccharide transporters by the high
activity of polysaccharides processing (Béckhed et al, 2004) which is greater with the
association with the Methanobrevibacter smithii specie (Samuel et al, 2008). These
observations has led to the postulation that the gut microbiota of obese individual might
harvest more energy from the diet and contribute to weight imbalance (Backhed et al,
2004; Turnbaugh et al, 2006).

Microbiota composition, together with substrate availability and intestinal transit
time regulates the amount and proportions of SCFA in the gut (Macfarlane &
Macfarlane, 2003). Short chain fatty acids (SCFA), which are organic fatty acids with
1-6 carbons (ex: acetate, propionate and butyrate), are the main end products arising
from bacterial fermentation in the gut (Cook & Sellin, 1998; Zocco et al, 2007; Wong &
Jenkins, 2007) mainly over carbohydrates resistant to digestion, carbohydrates that
escape absorption in the small intestine and also proteins (Macfarlane & Macfarlane,
2003; Wong & Jenkins, 2007), and thus may play a role in obesity. In this context, the
aim of this study was to assess the level of SCFA in feces of lean and obese individuals
and verify if there is any association of possible increased production of SCFA with

metabolic risk factors.
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2. Subjects and methods
2.1. Subjects

The recruitment of female volunteers occurred using written announcements.
Volunteers interested in participating in the study were screened by the phone. Inclusion
criteria were: older than 18 years of age, not pregnant or breast-feeding, free of any
liver, thyroid or gastrointestinal disease, not taking any kind of supplements or

medications except oral contraceptive, being lean or obese.

The subjects were evaluated at the Laboratory of Energetic Metabolism and
Body Composition (LAMECC) at two occasions: the first one to provide information
about health history and to receive all the recommendations prior to the next meeting. In
the second meeting, subjects arrived in the morning at LAMECC after fasting for 10h.
They were weighted wearing light clothes, their body composition was analyzed by a
tetra polar bioimpedance (BodySystems®, Washington, USA), blood pressure was
assessed and blood samples were collected to biochemical analyses. Fresh feces samples
were collected between these two occasions period or at the second encounter and were

then immediately frozen at -20°C.

Twenty lean females (BMI 19-24,99 kg/m?) and twenty obese females (BMI >
30 kg/m?) of similar age (mean age of the lean and obese group 28.5+7.6 vs 30.7 + 6.5,
p=0.33) participated in the study. According to a physical examination and a brief
medical history, all subjects were in good health. The study was approved by the ethical
committee of Federal University of Vigosa and the participants provided written

informed consent (protocol number 001/2010).
2.2.  Biochemical analysis

Blood samples were centrifuged at 3500 rpm for 15 min and the plasma was
processed at the Laboratory of Clinical Analysis of the Health Division at Federal
University of Vigosa. The biochemical assessments were total cholesterol and
lipoproteins (enzymatic colorimetric method), aspartate (AST) and alanin (ALT)
aminotransferases (kinetic colorimetric method), fasting plasma glucose (enzymatic
colorimetric method of glucose-oxidase) (all the kits used were from Bioclin/Quibasa,
Brazil) and insulin through quimioluminecsence method using the Cobas Mira Plus-
Roche automatic analyzer (Roche Diagnostics®). The LDL concentration was estimated

by the Friedwald formula (Friedwald et al, 1972). Homeostasis model assessment
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(HOMA) index were calculated as follow: fasting glucose (mmol/L) x fasting insulin
(mU/L)/22,5 (Matthews et al, 1985; Oliveira et al, 2007).

2.3.  Fecal short-chain fatty acids analysis

Short-chain fatty acids extraction was adapted from Smiricky-Tjardes et al
(2003). Briefly, around 800 mg of fresh/wet feces were weighted and 1mL of m-
phosphoric solution (25%) was added and homogenized. After 30 min rest at room
temperature samples were centrifuged once at 13500 rpm during 30 min at 4°C and the
supernatant were transferred to another vial. Another centrifugation and supernatant
collection were processed and it was subsequently frozen at -20°C. A third
centrifugation was performed before analysis. The short chain fatty acids - butyric,
propionic and acetic - were measured by gas chromatography (model CG-17A,
Shimadzu®, Japan) equipped with flame ionization detector and capillary Nukol
column (30m x 0.25 mm, Supelco®). Nitrogen was used as the carrier gas and the flux
in the column was 1.0 mL/min. The temperatures of the injector and detector were set at
220°C and 250°C, respectively. Initial column temperature was 100°C sustained for 5
min, rising at 10°C/min until reaching 185°C. Samples were injected (1 uL) through
Hamilton® syringe (10pL) in split system 5. The total run time was 33.5 min. The data
are expressed as mmol/L and represents the concentration of the fatty acids in the

supernatant.
2.4.  Statistical Analysis

Statistical analyses were performed with the use of the software Sigma Plot for
Windows version 11.0 (Systat® Software, Chicago, USA). To compare if all variables
assessed differed between the obese and lean groups student t-test was used for those
variables that passed in the normality and equal variance test while Mann-Whitney was
used for those that did not pass. Throughout the manuscript, the data are expressed as
median (minimum-maximum). To measure the degree of correlation between each short
chain fatty acid concentration with other metric variables Spearman’s correlation test
was performed. ANOVA on ranks was used to verify if there were differences between
the short-chain fatty acids concentrations of each group and Tukey test was used to all
pairwise multiple comparison procedures. The level of significance considered in the

tests was 5%.
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3. Results
3.1.  Subjects characteristics

As can be observed in table 1, although blood pressure parameters are below the
threshold value for hypertension, they were higher for obese group (p<0.05). As
expected, anthropometric and body composition variables were significantly higher for
obese group (p<0.05). The biochemical variables are represented in table 2 and the main
differences between the groups were regarding HDL, fasting glucose, insulin

concentrations and the HOMA index.
3.2.  Fecal short-chain fatty acids

It was observed an increased proportion (p<0.05) of all short-chain fatty acids in
the obese group as shown in figure 1. The median values of butyric, propionic and
acetic acid (table 3) in the obese group was respectively 94.3%, 144.5% and 106.8%
higher in comparison with the lean group. Acetic acid was in higher proportions in both
groups, but the proportion between them (acetic:propionic:butyric) considering median

values was 2:1:1 in the lean group and 2:1.4:1 in the obese group.

Table 1- Anthropometric, body composition and blood pressure variables of lean and obese women

Variables Lean (n=20) Obese (n=20)

Median Median p value

(min-max) (min-max)

Systolic BP (mmHg) 100 (90-120) 120 (90-130) 0.005"
Dyastolic BP (mmHg) 60 (50-80) 80 (60-90) 0.002"
Weight (kg) 54.6 (42.2-64.8) 88.02 (74.6-118.1) <0.001"
Height (cm) 159.5 (148.5-173.6) 159 (150-168.2) NS
BMI (kg/m? 21.2 (19.22-23.9) 34.4 (29.4-44.6) <0.001"
Waist (cm) 68.5 (65-77) 94.5 (80.5-118) <0.001"
Abdominal circumference (cm) 80.5 (73-87.5) 108 (96-138) <0.001"
Body fat (%) 22.6 (15.8-28.6) 37.4 (29.4-43) <0.001°

BP= blood pressure; BMI = Body mass index, "Mann-Whitney; *Student t test
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Table 2 — Biochemical variables of lean and obese women

Lean (n=19)* Obese (n=20) p value
Median (min-max) Median (min-max)

Total Cholesterol (mg/dL) 178 (134-257) 166 (120-220) 0.33°
HDL (mg/dL) 52 (37-89) 42 (30-76) 0.001"
LDL (mg/dL) 101.4 (65.2-172.8) 100.9 (68.6-168.4) 0.87°
TGL (mg/dL) 73 (38-166) 85 (37-144) 0.35
VLDL (mg/dL) 14.6 (7.6-32.2) 17 (7.4-28.8) 0.35"
TC/HDL 3.09 (2.23-6.22) 3.84 (2.54-7.33) 0.016"
LDL/HDL 1.91 (1.07-4.67) 2.51 (1.32-5.61) 0.025"
Fasting glucose (mg/dL) 86 (75-95) 89.5 (83-98) 0.027*
Fasting insulin (mcU/mL) 8.1 (5-15.3) 11.4 (6.8-36.3) <0.001"
HOMA 1.65 (0.96-3.47) 2.55 (1.39-8.15) <0.001"
AST (U/L) 18 (13-30) 17.5 (14-28) 0.47"
ALT (U/L) 13 (7-30) 14 (8-32) 0.827

?0ne volunteer from this group had a difficult venous access and wasn't included, "Mann-Whitney; *Student t test
TC = Total cholesterol; HDL = High density lipoprotein; LDL = Low density lipoprotein; VLDL= Very low density
lipoprotein; TC/HDL= total cholesterol/ high density lipoprotein; HOMA = Homeostasis Model Assessment; AST =

Aspartate Aminotransferase; ALT= Alanine Aminotransferase

Analyzing each group separately, acetic acid concentration were significantly
higher (p<0.05) than butyric and propionic acids concentration in the lean group, but
there was no difference between these two. On the other hand, in the obese group acetic
acid was only higher than butyric acid, and there were not differences between acetic
and propionic acid and propionic and butyric acid, indicating that the proportion of
individual SCFA changed in favor of propionate in obese subjects.

Table 3 — Concentration (mmol/L) of short-chain fatty acids in feces supernatant from lean and
obese group

SCFA Lean group (n=18)% Obese group (n=17)? p
(mmol/L) Median (min-max) Median (min-max)

Butyric acid 4.25(0.71-17.5) 8.26 (1.75-55.06) 0.02
Propionic acid 4.8 (1.9-12.1) 11.74 (2.87-355.6) 0.007
Acetic acid 8.46 (4.55-28.0) 17.5 (6.29-60.7) 0.007

Not every volunteers brought a feces sample, " Mann-Whitney
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Fig 1 — Median values of SCFA in lean and obese group. * p<0.05 (Mann-Whitney)

Correlation tests were run for all variables analyzed in the study, but only the

ones that presented a statistically significant correlation (p<0.05) were represented in

table 4. As can be observed, variables related to metabolic syndrome diagnosis, such as

waist circumference, blood pressure, HDL and insulin concentrations and HOMA

index, were significantly correlated with short-chain fatty acids concentrations.

Table 4 — Correlation coefficient (r) from comparison of short-chain fatty acid concentration in
feces supernatant with anthropometric, blood pressure and biochemical variables

T

T

Variables Butyric p Propionic (r) p Acetic p
r r

Weight 0.35 0.044 0.44 0.009 0.47 0.005
BMI 0.34 0.05 0.46 0.007 0.49 0.003
Body fat 0.26 0.13 0.36 0.036 0.41 0.016
Waist circumference 0.36 0.036 0.43 0.012 0.50 0.002
Abdominal circumference 0.39 0.023 0.46 0.007 0.53 0.001
Systolic BP 0.39 0.0024 0.36 0.036 0.45 0.008
Diastolic BP 0.32 0.06 0.33 0.05 0.36 0.035
HDL -0.38 0.03 -0.31 0.08 -0.57 0.0006
Insulin 0.46 0.007 0.53 0.001 0.60 0.0002
HOMA index 0.49 0.004 0.54 0.001 0.59 0.0003

BP = blood pressure, BMI = Body mass index, HOMA = Homeostasis Model Assessment,

tSpearman correlation test
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4. Discussion

The main finding of this investigation was in agreement with the study of
Schwiertz and co-workers (2009) who found that the obese subjects show a higher
concentration of acetate, propionate and butyrate compared to the lean group. They also
found that the proportion of individual SCFA changed in favor of propionate in obese
subjects. In general, fecal SCFA production is in the order acetate > propionate >
butyrate in an approximate molar ratio of 3:1:1, respectively (Topping & Cilfton, 2001).
It is known that changes in concentration and proportion of individual SCFA are
concurrent with changes in bacterial groups. Although we haven't analyzed fecal
microbiota, a group of investigators found that propionate producers belonging to the
genera Bacteroides and Prevotella were numerous in overweight volunteers and there
was significant correlation between propionate and body mass index (Schwiertz et al,
2009).

The colonization of mice with Bacteroides thetaiotaomicron and
Methanobrevibacter smithii increased fecal propionate and acetate concentration. These
SCFA, especially propionate, are signaling molecules for the GPR41 receptor to
increase host adiposity (Samuel et al, 2008) and leptin production (Xiong et al, 2004;
Samuel et al, 2008). The loss of GPR41 is associated with reduced efficiency of energy
harvest from the diet (Samuel et al, 2008), indicating that propionate interacting with
GPR41 increases energy harvest. It was demonstrated in cell culture that acetate and
propionate act on lipid accumulation and inhibition of lipolysis (Hong et al, 2005). This
may explain the positive correlation found between propionic and acetic acid with
weight, BMI, body fat percentage, waist and abdominal circumference found in this

study.

Waist circumference has been considered a useful preliminary tool for metabolic
syndrome screening and prediction of body adiposity (Janssen et al, 2002; Alberti et al,
2009) what indirectly also explain the direct correlation found for these SCFA with
insulin and the HOMA index in the present study, once these are markers of metabolic
syndrome related to fat accumulation (Carey et al, 1996; Arner, 2003). Insulin
resistance theory provides mechanistic explanations to the observed tendency to higher
blood pressure (Reaven et al, 1996), higher plasma glucose (Jellinger, 2007) and lower
HDL-cholesterol concentrations (Laws & Reaven, 1992; Razani et al, 2008) observed in
the obese group. The effect of SCFA on insulin resistance and these associated-

metabolic disturbances are not well known. The SCFA are absorbed either by diffusion
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or anion exchange, and sodium and water absorption is stimulated (Cook & Sellin,
1998), what may contribute to the positive relation between SCFA and blood pressure

found.

Fasting glucose in the obese group, although within the normal limits, was
higher than in the lean group. It has been demonstrated controversial effects of
propionate over blood glucose concentration, reduction in rats (Boillot et al, 1995) and
increase in humans (Wolever et al, 1991). Acetate may exert a glucose lowering effect
since it promoted a small increase in plasma insulin and a decrease of plasma free fatty
acids (FFA) in overweight individuals following lactulose ingestion. FFA reduction was
related to a decrease in lipolysis (Ferchaud-Roucher et al, 2005), probably insulin-
mediated, once this hormone stimulates lipoprotein lipase and the increase in the uptake
of lipids from the circulation to the cell (Otarod & Goldberg, 2004). Although this
action helps to reduce plasma FFA, it can favor higher body weight and fat percentage.

In the present study it was found a negative correlation between butyric and
acetic acid with HDL. SCFA influence on HDL metabolism is not well established, and
the other lipoproteins are usually more mentioned to be increased with acetate
administration (Wolever et al, 1991; Wolever et al, 1996). Acetate and propionate have
been proposed to have opposing effects in hyperlipidemia (Wong & Jenkins, 2007) and
the effect may depend upon the relative proportions of acetate and propionate produced
(Wolever et al, 1991). Weight loss diet with lower carbohydrate intake was associated
with a higher increase in HDL concentration (Sacks et al, 2009). On the other hand, it
was found that lower carbohydrate intake is associated with lower butyric acid
production (Duncan et al, 2007). From these two different studies one may suppose a
negative correlation between HDL and butyrate, but the exact mechanism still need to
be established.

Butyric acid was the only short chain fatty acid that did not show a positive
correlation with BMI and body fat. There is evidence that butyrate decreases f-
adrenergic response in adipocytes inhibiting lipolysis (Krief et al, 1994) but also that it
exerts protection against diet-induced obesity and insulin resistance (Gao et al, 2009).
This last result differed from what was found in the present study, where a positive
correlation between butyric acid and insulin concentration and the HOMA index was
observed, and would partially explain the inverse relation to HDL concentration (Razani
et al, 2008). From this perspective, it is possible a dual role for butyrate, maybe related

to the concentration or the kind of bacteria present in the gut. Starch fermentation by
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colonic bacteria favors the production of butyric acid, and that either gram-negative
bacteria (Bacteroides thetaiotaomicron) or gram-positive (Roseburia and Butyrivibrio)
compete effectively for the starch molecules (Ramsay et al, 2006). If butyric acid is
increasing in response to gram-negative bacteria, there might result in an increase in the
endotoxin levels (lipopolysaccharide) which can disturb the gut mucosal barrier
(Courtois et al, 2003). It has been shown that an altered intestinal permeability would
contribute to endotoxemia, a subclinical increase in plasma LPS, leading to metabolic

changes related to obesity such as insulin resistance (Cani et al, 2007).

In summary our results are in line with previous reports suggesting that SCFA
production might play a considerable role in obesity once they are related to metabolic
syndrome risk factors such as low HDL, high waist circumference and the HOMA
index. We have previously shown that the obese patients evaluated in this study also
presented higher lactulose excretion, which didn’t present any correlation with short-
chain fatty acids concentration in feces. On the other hand, as for SCFA, lactulose and
mannitol excretion showed positive correlation with insulin and the HOMA index, but
not with weight or body fat percentage. We hypothesized that the altered intestinal
permeability would be the result of host interaction with gram-negative bacteria that
increases in number due to the pattern of obese diet, and would favor permeation of
endotoxins that contribute to insulin resistance development (Cani et al, 2009).
Meanwhile, these bacteria would also be able to harvest higher energy from the diet
through SCFA production, contributing directly to weight gain, adiposity and indirectly
to insulin resistance. Further studies are needed to address the role of increased SCFA in

feces of obese patients in the metabolic syndrome features.
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APPENDIX |

Results of hemogram from lean and obese group

Lean (n=19) Obese (n=20) p value
Mean + SD Mean + SD
Median (min-max)  Median (min-max)
Erythrocytes 4.37 £0.344 4.39 £ 0.255 0.807
4.39 (3.8-5.13) 4.39 (3.93-4.94)
Hemoglobin 12.66 +1.03 12.6 + 0.57 0.888
12.8 (11.1-14.4) 12.7 (11.7-13.5)
Hematocrit 38.6 +3.18 38.8 +1.65 0.603
38.5 (34.1-45.5) 39 (35.6-42.5)
MCV 88.35 £ 3.97 88.36 £ 4.29 0.996
88.5 (79.1-97.7) 88.7 (80.7-98.9)
MCH 289+141 28.69+1.71 0.647
28.9 (25.6-31.8) 28.5 (25.2-31.8)
MCHC 32.72 £ 0.67 32.45+0.92 0.294
32.7 (31.5-33.9) 32.4 (30.9-34.5)
Leukocytes 5805.26 + 1455.82 6290 + 1479.29 0.309
6000 (3200-8500) 6450 (3500-8800)
Eosinophils 159.15 + 109.33 151.2 + 103.3 0.866
128 (32-360) 136 (0-360)
Lynphocytes 2007.5 + 646,75 2110.9 + 522.75 0.325
1938 (1152-3655)  2076.5 (1330-3344)
Monocytes 116.42 + 86.77 118.4 + 69.79 0.938
114 (0-355) 129 (0-255)
Platelets 209.57 £ 47.3 233.2+£67.29 0.376

201 (135-331)

217 (133-398)

MCYV = mean corpuscular volume
MCH = mean corpuscular hemoglobin
MCHC= mean corpuscular hemoglobin concentration
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APPENDIX 11

Comparison of anthropometric, body composition and biochemical variables of
women below (n=20) and above (n=20) the median of the percentage of lactulose

excretion
Women below % of Women above % of p value
lactulose excretion lactulose excretion
median median
Mean+SD Mean+SD
Median (min-max) Median (min-max)
Weight (kg) 64.4+14.4 78.8+19.9 0.013
58.1 (49.7-92.6) 80.1 (42.4-118.1)
Height (cm) 159.4+5.2 159+ 4.8 0.82
159 (151.2-173.6) 159.1 (148.5-169.5)
BMI 25.4+5.7 31.2+78 0.012
22.6 (20.2-36.6) 32.6 (19.2-44.6)
Waist circumference 76.15+10.4 87.9+ 15.02 0.007*
(cm) 71.5 (65-97) 92.25 (65-118)
Abdominal 88.5+12.9 101.72 £ 18.55 0.013
circumference (cm) 84 (74.5-121) 104.5 (73-138)
Hip (cm) 101.15+10.8 110.22 +13.15 0.022
96.2 (90.5-119) 113 (87-133)
Body fat % 26.05+7.9 33.01+82 0.017
23.2 (15.8-38.9) 35.9 (16.4-43)
Body fat (kg) 17.7+95 27.4+12.3 0.008"
13 (8.3-36) 29 (9-50.8)
HOMA index 1.89 + 0.66 315+1.8 0.008"
1.74 (0.96-3.47) 2.45(1.21-8.15)
Fasting insulin 8.66 + 2.78 143+7.38 0.008"
8.2 (5-15.3) 10.8 (5.8-36.3)
% Mannitol 15.4 + 6.02 23.7+7.2 <0.001%
excretion 16.6 (1.12-25.9) 22.56 (12.2-39.8)
% Lactulose 0.18 £ 0.06 0.47+0.21 <0.001"
excretion 0.19 (0.05-0.26) 0.417 (0.27-1.06)
L/M 0.011 £ 0.003 0.020 + 0.007 <0.001"

0.012 (0.007-0.019)

0.018 (0.01-0.035)

*Student t test; "Mann-Whitney test
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APPENDIX I

Comparison of anthropometric, body composition and biochemical variables of
women below (n=24) and above (n=16) the mean of the percentage of mannitol
excretion

Women below % of Women above % of p value
mannitol excretion mean  mannitol excretion mean
Mean+SD Mean+SD
Median (min-max) Median (min-max)
Weight (kg) 67.6+17.6 77.6+19.1 0.09
58.9 (50.4-106.8) 79.5 (42.4-118.1)
Height (cm) 159.7+5.2 1585+ 4.7 0.47*
159 (151.2-173.6) 159.3 (148.5-167.5)
BMI 26.6+7.3 308+7.0 0.08*
22.9(19.6-43.7) 32.1(19.2-44.6)
Waist circumference 78.2+127 87.6x 14.5 0.036
(cm) 73 (65.5-102) 90.7 (65- 118)
Abdominal 91.6+ 16.6 100.2 + 17 0.121°
circumference (cm) 85 (74.5-128) 103.7 (73-138)
Hip (cm) 102.6 + 12 110.2£12.7 017}
96.2 (90.5-123) 111.2 (87-133)
Body fat % 27.5+ 8.6 325+8.2 0.07*
23.8 (15.8-42.5) 35.2 (15.8-43)
Body fat (kg) 19.9+115 26.6 +11.7 0.20
13.4 (8.4-45.4) 27.9 (8.3-50.8)
HOMA index 2.26+1.16 29+18 0.17"
1.99 (0.96-5.5) 2.39 (1.46-8.15)
Fasting insulin 10.3 £ 5.08 133179 0.13"
9.1 (5-23.5) 10.6 (6.5-36.3)
% Mannitol 14.7+4.7 26.8+5.5 <0.001*
excretion 16.6 (1.12-19.4) 25.5 (20.2-39.8)
% Lactulose 0.24+£0.12 0.46+0.25 <0.001"
excretion 0.229 (0.05-0.54) 0.37 (0.15-1.06)
L/M 0.011 £ 0.006 0.017 + 0.008 0.589"

0.014 (0.007-0.034)

0.015 (0.008-0.035)

*Student t test; "Mann-Whitney test
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APPENDIX IV

Comparison of anthropometric, body composition and biochemical variables of
women below (n=20) and above (n=20) the median of L/M ratio

Women below L/M median ~ Women above L/M median  p value
MeantSD MeanzSD
Median (min-max) Median (min-max)
Weight (kg) 68.4 +19.6 745+17.7 0.213"
61.4 (42.4-118.1) 79.4 (50.4-106.8)
Height (cm) 158.8 + 0.06 159.6 + 3.7 0.35"
158.5 (148.5-173.6) 160 (150-169.5)
BMI 27.1+7.3 29.4+75 0.33"
23.8 (19.2-44.6) 31.6 (19.6-43.7)
Waist circumference 79.7+14.3 84.09+ 13.8 0.217
(cm) 74.5 (65-118) 85 (66-102)
Abdominal 92.1+18.1 97.8 + 16.07 0.13"
circumference (cm) 83 (73-138) 104.5 (73-138)
Hip (cm) 103.2+12.3 107.9+13 0.30"
99 (87-123) 110.5 (90.5-133)
Body fat % 28.2+ 8.6 30.7+8.9 0.45"
24.5 (15.8-43) 34.3 (15.8-42.5)
Body fat (kg) 20.7+12.1 242+11.7 0.32"
14.7 (8.3-50.8) 27 (8.4-45.4)
HOMA index 23+1.8 2.76+1.13 0.016"
1.74 (0.96-8.15) 2.45 (1.21-5.5)
Fasting insulin 10.4 +7.67 12.6 £5.18 0.022"
8.2 (5-36.3) 10.8 (5.8-23.5)
HDL 54.6% 15.6 43.8 +7.09 0.036"
46 (34-89) 43 (30-61)
TC/HDL 3.34 £0.79 4.1+1.19 0.025'
3.35(2.23-5.4) 4.04 (2.23-7.33)
LDL/HDL 2.02+0.72 2.69+1.04 0.027"
1.95(1.08-3.9) (1.07-5.6)
% Mannitol excretion 19.2+8.5 19.8+7.2 0.799°
18.1 (4.34-39.8) 18.9 (1.1-35.1)
% Lactulose excretion 0.21+£0.11 0.4440.22 <0.001"
0.179 (0.05-0.56) 0.39 (0.22-1.06)
L/M 0.019 +0.002 0.021 + 0.006 <0.001"

0.012 (0.007-0.014)

0.019 (0.015-0.035)

*Student t test; "Mann-Whitney test
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APPENDIX V

Comparison of anthropometric, body composition and biochemical variables of

women without (n=30) and with (n=10) insulin resistance (HOMA index >2.71)

Women without Women with p value
insulin resistance insulin resistance
Mean £SD Mean £SD
Median (min- Median (min-
max) max)
Weight (kg) 65.7 £ 15.5 89.35 + 16.4 0.001"
59.5 (42.4-97.2)  91.5(58.9-118.1)
Height (cm)
BMI 25.9+6.1 35.4+6.3 0.001"
22.6 (19.2-37.4) 36 (22.9-44.6)
Waist circumference 77.7+11.9 95+123 0.001"
(cm) 73.2 (65-101.5) 96.2 (71-118)
Abdominal 89.5 + 13.9 111.9+1511  <0.001'
circumference (cm) 84 (73-121) 110.7 (85-138)
Hip (cm)
Body fat % 2779 37.1+6.6 < 0.0017
24.5 (15.8-41.3) 37.4 (19.5-43)
Body fat (kg) 18.8+9.8 33.9+10.6 0.001"
14.1 (8.3-40.1) 34.3 (11.5-50.8)
Leukocytes 5617.2 + 1348.5 7320 +1029.3 < 0.0017
5700 (3200-8500) 7100 (5900-8800)
Eosinophils 153.7 £ 106.9 158.8 + 104.4 0.84
159 (0-360) 129 (59-348)
Linfocytes 1957.9 £ 552.6 2402.6 +569.8 0.036"
1949 (1152-3655) 2211 (1820-3344)
Monocytes 1175+ 80.8 117.2+70.8 0.99
114 (0-355) 129 (0-213)
Segmented 3377.9 + 1009.6 4669.9 + 724.05  <0.001°
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Platelets

HOMA index

Fasting insulin

% Mannitol excretion

% Lactulose excretion

L/M

3420 (1887-5382) 4611 (3658-6177)

2055 + 44.8 268.4 +71.6 0.008"
200 (133-331) 251 (190-398)
1.85+0.48 45+1.69 <0.001"
1.8 (0.96-2.6) 4.27 (2.7-8.15)
8.57 +2.07 202 +7.2 <0.001"
8.9 (5-12.4) 20.2 (11.7-36.3)
18.03 £ 6.99 24.27 + 858 0.026*
17.5 (1.12-32.8) 21.27 (13.65-
39.89)
0.306 + 0.225 0.413+0.16 0.026"
0.239 (0.05-1.069)  0.402 (0.167-
0.697)
0.0158 + 0.007 0.0174 +0.006 0.36
0.0145 (0.007- 0.0155 (0.01-
0.035) 0.03)
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