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The association between the gut microbiota and obesity is well documented in both

humans and in animal models. It is also demonstrated that dietary factors can change

the gut microbiota composition and obesity development. However, knowledge of how

diet, metabolism and gut microbiota mutually interact and modulate energy metabolism

and obesity development is still limited. Epidemiological studies indicate an association

between intake of certain dietary protein sources and obesity. Animal studies confirm

that different protein sources vary in their ability to either prevent or induce obesity.

Different sources of protein such as beans, vegetables, dairy, seafood, and meat differ in

amino acid composition. Further, the type and level of other factors, such as fatty acids

and persistent organic pollutants (POPs) vary between dietary protein sources. All these

factors can modulate the composition of the gut microbiota and may thereby influence

their obesogenic properties. This review summarizes evidence of how different protein

sources affect energy efficiency, obesity development, and the gut microbiota, linking

protein-dependent changes in the gut microbiota with obesity.
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INTRODUCTION

The importance of the gut microbiota in obesity is well documented (Villanueva-Millan et al., 2015;
Sonnenburg and Backhed, 2016; reviewed in Baothman et al., 2016). Still, lifestyle and diet are
closely linked to obesity, and increased consumption of energy-dense food with a concomitant
increase in total energy intake is probably a major driver of the obesity epidemic (Swinburn et al.,
2011; Romieu et al., 2017). In humans dietary patterns play important roles in shaping the gut
microbiota (De Filippo et al., 2010; Muegge et al., 2011; Yatsunenko et al., 2012; David et al., 2014;
Schnorr et al., 2014; Carmody et al., 2015; Graf et al., 2015) as well as in the development of obesity
(Bellissimo and Akhavan, 2015).

High protein diets are reported to promote weight loss and weight maintenance in humans
(Westerterp-Plantenga et al., 2009, 2012; Pesta and Samuel, 2014; Pasiakos, 2015), but a systematic
review revealed that the long-term effects of high-protein diets are neither consistent nor conclusive
(Lepe et al., 2011). The results from rodent trials are more consistent, and a number of studies has
demonstrated that a high protein: carbohydrate ratio prevents high fat diet induced obesity (Lacroix
et al., 2004; Marsset-Baglieri et al., 2004; Morens et al., 2005; Pichon et al., 2006; Madsen et al., 2008;
Ma et al., 2011; Freudenberg et al., 2012, 2013; Hao et al., 2012; McAllan et al., 2014).
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Importantly, the notion that the obesogenic potential of
high fat diets in rodents is attenuated by increasing the
protein:carbohydrate ratio is largely based on studies using
casein or whey as the protein source. However, there is little
knowledge as to how different protein sources may modulate the
response to high protein intake. Recently, we demonstrated that
feeding obesity-prone C57BL/6J mice a high fat, high protein
diet using casein, soy, or filets of cod, beef, chicken (skinless)
or pork as protein sources led to striking differences in obesity
development at thermoneutral conditions. Casein was the most
efficient protein source preventing weight gain and accretion
of adipose mass, whereas mice fed high protein diets based
on “white meat” (lean pork or chicken filets) had the highest
increase in feed efficiency and adipose tissue mass (Liisberg
et al., 2016b). Epidemiological studies also indicate that intake of
dairy and vegetarian protein sources is associated with protection
against obesity, whereas a high intake of meat, in particular red
meat, predicts higher weight gain (Fogelholm et al., 2012; Smith
et al., 2015; Mozaffarian, 2016). To what extent intake of red
meat protein affects the composition and function of the gut
microbiota in humans remains to be established.

It has been suggested that dietary patterns are associated with
distinct bacterial communities in the human gut (Wu et al.,
2011). It is further well known that dietary characteristics, such
as the content of fat, whole grain, fruits and nuts, as well as high
fiber diets in general, influence the gut microbiota (De Filippo
et al., 2010; Muegge et al., 2011; David et al., 2014; Schnorr
et al., 2014; Carmody et al., 2015; Graf et al., 2015; Eid et al.,
2017). However, it is still not established which food constituents
specifically promote growth and function of beneficial bacteria
in the intestine. Recently, differences in profiles of gut bacteria
between rats fed proteins from redmeat (beef and pork), chicken,
and fish (here defined as white meat) and other sources (casein
and soy) were reported (Zhu et al., 2015, 2016). Still, very little
is known about the effect of protein source and quality on the
regulation of energy balance.

An undoubtedly important factor determining protein quality
is the amino acid composition (Millward et al., 2008). Different
protein sources provide different amino acids (AAs) that differ in
properties and effects on body functions. In addition to the amino
acid composition, different protein sources vary in the content of
micro- and macronutrients as well as undesirable compounds.
For instance, legumes are rich in fibers, red meat is generally
rich in saturated fat and iron, dairy products are generally
high in calcium, whereas fatty fish may contain polychlorinated
biphenyls (PCBs) in addition to omega-3 fatty acids and vitamin
D. Additionally, the absorption rate of protein rich food items
may vary and is likely to affect postprandial energy metabolism
(Boirie et al., 1997; Soucy and Leblanc, 1998; Stanstrup et al.,
2014; Aadland et al., 2015, 2016; Vincent et al., 2017). To further
complicate the picture, the effects of protein rich food on energy
metabolism is strongly influenced by the background diet, i.e.,
the complemental part of the meal that also varies in micro-
and macronutrients depending on food habits and culture.
Finally, the gut microbiota may directly determine to what extent
dietary proteins are converted into other metabolically active
compounds such as short-chain fatty acids, branched chain fatty

acids, or different nitrogen containing compounds (Lin et al.,
2017).

Here, we summarize evidence of how different protein
sources affect energy efficiency, obesity development and the
gut microbiota in humans and mice. The overall phylum
level composition in mouse gut is quite similar to that of
the human gut microbiome, with Firmicutes, Bacteroidetes,
and Proteobacteria comprising more than 70% of the gut
microbiota (Xiao et al., 2015). Although only 4.0% of the
mouse gut microbial genes are shared with those of the human
gut microbiome, the mouse and human gut microbiome are
functionally similar sharing 95.2% of their KEGG orthologous
groups (Xiao et al., 2015). Of note, introduction of fecal microbes
from human adult female twin pairs discordant for obesity
into germ-free mice fed low-fat mouse chow induced an obese
phenotype in chow fed mice receiving fecal bacteria from the
obese twin (Ridaura et al., 2013). Vice versa, Christensenella
minuta, a cultured member of the Christensenellaceae taxa
known to be enriched in humans with low body mass index,
led to reduced adiposity when transplanted to germ free mice
together with an obese-associated microbiome (Goodrich et al.,
2014). The reduced abundance of Bacteroides thetaiotamicron
in obese humans is correlated with an increase in plasma
glutamate, and interestingly, gavaging normal SPF C57BL/6 with
B. thetaiotaomicron reduced diet-induced obesity in mice and
diminished plasma glutamate levels (Liu et al., 2017). Hence,
adiposity related phenotypes can be transmissible from humans
to mice. We here review how different protein sources affect
energy efficiency, obesity development and the gut microbiota.
Finally, we discuss the possible importance of different amino
acids, fatty acid composition and persistent organic pollutants
(POPs). Different protein sources will also contain different
amount of other food components, including micronutrients,
trace elements, and vitamins. Their impact on the gut microbiota
was recently reviewed (Roca-Saavedra et al., 2017), but since their
possible roles on obesity development remain to be established,
this will not be further described here.

PROTEIN SOURCES, GUT MICROBIOTA,
AND OBESITY

High protein diets represent a popular dietary approach to
induce weight loss in humans. Data from numerous convincing
rodent trials demonstrate strong attenuation or total prevention
of high fat diet-induced obesity when the diet contains a
high protein:carbohydrate ratio (Lacroix et al., 2004; Marsset-
Baglieri et al., 2004; Morens et al., 2005; Pichon et al.,
2006; Madsen et al., 2008; Ma et al., 2011; Freudenberg
et al., 2012, 2013; Hao et al., 2012; McAllan et al., 2014).
Still, review of human trials has revealed that the long-term
effects of high-protein diets on obesity are neither consistent
nor conclusive (Lepe et al., 2011; Astrup et al., 2015). In
mice, we have demonstrated that long term high fat, high
protein feeding limits obesity development and prevents the
reduction in survival observed in mice fed a high fat, high
sucrose diet compared to low fat fed mice (Kiilerich et al.,
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2016). In humans aged 50–65, results from the study of
Levine et al. suggest that a high protein intake may be
associated with increased overall mortality. However, this was
not observed if the proteins were plant derived. It was
suggested that the intake of animal proteins was a main
factor driving the increase in overall mortality, highlighting
the importance of the protein source (Levine et al., 2014)
and the type of dietary protein would most likely modulate
the (anti)-obesogenic effect of high protein diets also in
humans.

The gut microbiota may also convert components from
different protein sources into compounds that may be linked to
development of disease. Well-known examples are L-carnitine
and phosphatidylcholine, present in red meats and egg, which
can be metabolized to trimethylamine and trimethylamine oxide
(TMAO). In humans, circulating TMAO levels are reported to
be associated with increased risk for atherosclerosis development
(Koeth et al., 2013; Tang et al., 2013) and recently also linked to
obesity (Dumas et al., 2017). However, fish and seafood, known
to protect against cardiovascular disease contain high amounts
of TMAO (Cho et al., 2017; Landfald et al., 2017). It is speculated
that free TMAO from seafood may act as an electron acceptor for
facultative anaerobic bacteria able to respire with the aldehydes
resulting from the TMA elimination reactions of choline and
carnitine (Cho et al., 2017).

Both diet composition (Arumugam et al., 2011; Graf et al.,
2015; Kiilerich et al., 2016; Xiao et al., 2017) and the state of
obesity (Ley et al., 2005, 2006) are important factors determining
the gut microbial diversity in both animals and humans. As
mentioned above, epidemiological studies have linked food
groups and dietary patterns to obesity. Still, the linkage between
diet, obesity, and gut microbiota is not elucidated. Vegetarian
diets, whole grain products, fruits and nuts, vegetables, and
legumes, as well as food constituents such as fat, protein,
phytochemicals and fibers impact the gut microbiota in humans
(Graf et al., 2015). The latter may be of particular importance as
non-digestible carbohydrates or fibers represent a primary energy
source for many gut microbes. Hence, bacterial fermentation,
total bacterial numbers and species composition are affected.
Further, fibers reduce the energy density of the diet, and
microbial fermentation results in production of short chain
fatty acids (SCFAs) that apart from a multitude of effects on
host physiology may influence directly on metabolism (Flint,
2012; Koh et al., 2016; Sawicki et al., 2017). Accumulating
evidence suggests the gut microbiota as a link between the
dietary impact and host metabolism. The diet-induced response
of the gut microbiota has been divided into; (1) a rapid gut
response upon large dietary changes, (2) long-term dietary habits
as a dominant factor for gut microbiota composition and (3)
different responses upon dietary change due to individualized gut
microbiota (reviewed in Sonnenburg and Backhed, 2016).

It has been reported that a high-protein low carbohydrate
diet when given in combination with caloric restriction in
obese humans resulted in an increase in branched-chain fatty
acids, a decrease in butyrate, and a decrease in the abundance
of the Roseburia/Eubacterium rectale group of bacteria in
the gut (Russell et al., 2011). Concomitantly, the levels of

metabolites associated with protection from cancer decreased
whereas the levels of several metabolites assumed to be hazardous
increased. Unfortunately, the protein sources in these diets were
not described. Using casein as the protein source, we have
demonstrated that in mice fed high fat diets with high or
low protein:sucrose ratio, the dietary fat content, and not the
protein:sucrose ratio, was the major driver of the composition
of the gut microbiota (Kiilerich et al., 2016). Distinct changes in
the gut microbiome composition were also observed over time,
suggesting that host age in mice (Kiilerich et al., 2016) as well as
in humans (Claesson et al., 2012) is also an important factor in
defining the gut microbiome.

We have investigated the effect of a high fat, high protein
diet using casein, soy, or filets of cod, beef, chicken (skinless)
or pork as protein sources in C57BL/6J mice (Liisberg et al.,
2016b). Of note, among the protein sources tested, casein was the
only protein that actually prevented development of obesity and
the mice fed casein had significantly lower fat mass than mice
fed a high fat, high sucrose (HF/HS) reference diet (Figure 1;
Liisberg et al., 2016b). Fat masses in mice fed a high proportion
of soy, cod and beef were comparable to those fed HF/HS
diet (Figure 1). Strikingly, compared with mice fed the HF/HS
reference diet, mice fed diets with high content of proteins from
chicken and pork had significantly more fat mass (Figure 1),
also verified by dissection of different adipose tissue depots
(Liisberg et al., 2016b). Mice fed proteins from pork exhibited a
“whitening” of the classic brown adipose tissue, whereas the mice
fed casein maintained a classic brown adipocyte morphology.
The casein fed mice further exhibited an upregulated expression
of genes related to futile cycling in brown adipose tissue. Of
note, differences in obesity development could not be explained
by differences in feed intake or digestibility of protein or fat
(Liisberg et al., 2016b). Compared with mice fed a low fat
reference diet and mice fed a high proportion of casein or soy,
the pork and chicken fed mice also had reduced lean mass
(Figure 1).

So far, very little is known on how different protein sources
affect the gut microbiota. But recently, the composition of gut
bacteria in the caecum of rats fed proteins from red meat (beef
and pork), white meat (chicken and fish) as well as casein
and soy was determined (Zhu et al., 2015). In this study, the
meat proteins had been extracted from animal muscles and the
animal feed contained regular amount (20%) of protein and
was low (7%) in fat. Marked inter- and intra-group variation
in the composition of the cecal microbiota was observed, with
a more tight microbiota clustering of rats fed the non-meat
proteins casein and soy, indicating that the composition of the
gut microbiota diverged between rats fed feed based on meat
proteins and non-meat proteins (Zhu et al., 2015). Young rats
fed a diet with proteins from chicken (17.7%) for 14 days
had an increased relative abundance in the genus Lactobacillus.
However, the opposite pattern was demonstrated in middle-aged
rats (Zhu et al., 2016).

Animal studies from our laboratories suggest that proteins
from seafood are less obesogenic than proteins from terrestrial
animals. C57BL/6J mice fed a Western diet containing a mixture
of lean seafood (ling, rosefish, cod, wolf fish, and muscle from
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FIGURE 1 | Fat mass (A) and lean mass (B) of male C57BL/6J mice fed high fat, high protein diets with different protein sources; casein, soy, cod, beef, chicken, or

pork for 11 weeks at thermoneutral conditions. Mice fed a low fat and high fat, high sucrose diet based on casein were used as references. Diet composition and

analyses are described in Liisberg et al. (2016b). Data represent mean ± SEM (n = 9). Different letters above the bars denote significant differences between the

groups (p < 0.05), using 1-way ANOVA followed by Tukey’s multiple comparison.

Canadian scallop) for 12 weeks accumulated less fat mass
than mice fed a Western diet containing a mixture of skinless
chicken breast, pork tenderloin, and beef sirloin (Holm et al.,
2016). Comparison of the gut microbiomes of mice fed the
two Western diets revealed significant differences in the relative
abundance of operational taxonomic units belonging to the
orders Bacteroidales and Clostridiales, with genes involved in
metabolism of aromatic amino acids exhibiting higher relative
abundance in the microbiomes of mice fed the seafood Western
diet (Holm et al., 2016). Whether these differences in the
abundance of microbial genes were of physiological relevance is
still not clear. In a similar dietary setting, obesity development
was attenuated in mice by exchanging lean pork meat with cod
(Liisberg et al., 2016a). Further, intake of lean seafood such as
white crab meat, scallop, and a mixture of cod and scallops has
been demonstrated to attenuate diet-induced obesity and hepatic
steatosis in mice (Tastesen et al., 2014a,b).

As discussed above, rodent studies clearly demonstrate that
the protein source modulates the obesogenic effect of high
protein diets and that casein is a rather unique protein source.
However, the anti-obesogenic properties of casein may also
extend to other milk-derived proteins, such as whey, and may
be of relevance in humans. Epidemiological studies indicate
that a high intake of low-fat dairy products is associated with
protection against obesity (Fogelholm et al., 2012; Mozaffarian,
2016). Additionally, some human intervention studies using a
dairy protein source with 80% casein and 20% whey have shown
promising effects on weight loss (Zemel et al., 2004; Faghih
et al., 2011). Still a meta-analysis of randomized controlled
trials suggests that dairy intake only increases weight loss in
combination with energy restriction (Chen et al., 2012).

To our knowledge, data on the potential of casein and/or
whey to induce weight loss in obese animals is lacking. When
present in the diet in regular amounts we have demonstrated
that casein has an anti-obesogenic effect when compared with
meat proteins from terrestrial animals and seafood (Ibrahim

et al., 2011; Tastesen et al., 2014b). However, data from us
and others suggest that whey is slightly more efficient than
casein (Lillefosse et al., 2014; McAllan et al., 2015; Tranberg
et al., 2015). Of note, concomitant with reduced weight gain,
mice fed whey protein isolate had lower stomach weight and
intestinal length (McAllan et al., 2015). In a study where mice
were fed a high fat diet with either casein or a lactoperoxidase
and lactoferrin-enriched whey protein isolate (WPI) at different
doses, WPI specifically increased Lactobacillaceae/Lactobacillus
and decreased Clostridiaceae/Clostridium in high fat diet-fed
mice (McAllan et al., 2015). Further, Shi et al. have shown that
replacing 5, 50, or 100% of the dietary casein-derived energy
content with WPI caused a proportional suppression of body
weight gain in high fat diet fed mice (Shi et al., 2011). It has been
demonstrated that in comparison to casein, whey protein intake
increased levels of Lactobacilli and Bifidobacteria in a rat model
of colitis (Sprong et al., 2010). Still, whether the observed changes
in the gut microbiota can be linked to differences in the anti-
obesogenic effects of casein and whey remain to be investigated.
It should be mentioned that some strains of Bifidobacteria are
reported to have anti-obesogenic properties in rodents (An et al.,
2011; Wang et al., 2015; Li et al., 2016). Increased proportions of
Lactobacillus have been observed in high fat diet fed mice (Clarke
et al., 2013). However, certain species of Lactobacillus, such as
Lactobacillus plantarum (Isokpehi et al., 2017) were recently
associated with weight-loss in humans. Further, supplementation
with Lactobacillus curvatus HY7601 and L. plantarum KY1032
in diet-induced obese mice was associated with gut microbial
changes and reduction in obesity (Park et al., 2013). The two
probiotic strains L. plantarum KY1032 and L. curvatus HY7601
have also been demonstrated to reduce adipose tissue mass in
diet-induced obese mice (Yoo et al., 2013).

In line with epidemiological studies indicating that a high
intake of proteins from vegetarian sources and dairy is
associated with protection against obesity (Fogelholm et al.,
2012; Mozaffarian, 2016), rats receiving soy as the protein source

Frontiers in Physiology | www.frontiersin.org 4 December 2017 | Volume 8 | Article 1047

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Madsen et al. Dietary Proteins, Gut Microbiota, Obesity

were demonstrated to gain less body weight than rats receiving
beef, pork, or turkey (Brandsch et al., 2006). A few human
studies have investigated differences between omnivores and
vegetarians but the results from these studies are not consistent
(Graf et al., 2015). Human and animal studies investigating the
effect of soy on the microbiota were recently reviewed, and in
general, consumption of soy foods appeared to increase the levels
of Bifidobacteria and Lactobacilli and alter the ratio between
Firmicutes and Bacteroidetes (Huang et al., 2016). Although
challenged, a decreased Bacteroidetes-to-Firmicutes ratio has
been associated with obesity in both humans and animals (Ley
et al., 2005; Turnbaugh et al., 2006). Further, as demonstrated
with certain strains of Lactobacillus (see above), also some strains
of Bifidobacteria have been associated with protection against
diet-induced obesity in rodents (An et al., 2011;Wang et al., 2015;
Li et al., 2016). Still, further studies are required to establish a
causal relationship.

BRANCHED CHAIN AMINO ACIDS

Beyond the needs required for protein synthesis, amino acids
participate in numerous pathways and certain amino acids
may be directly involved in regulating metabolism. The impact
on metabolism can be directly proportional to dietary intake.
For instance, dietary intake of tryptophan or phenylalanine
affects appetite regulation, intake of arginine alters nitric oxide
production, and intake of branched chain amino acids (BCAAs)
activates mammalian target of rapamycin complex 1. Casein and
whey have a high content of the BCAAs; valine, leucine, and
isoleucine. Of note, the chronic elevated levels of BCAAs in mice
with disrupted mitochondrial branched chain aminotransferase
were associated with increased energy expenditure (She et al.,
2007). In rats fed a high fat diet, inclusion of BCAAs also
attenuated obesity (Newgard et al., 2009). The relative high
amounts of BCAAs in casein and whey, may hence contribute
to the anti-obesogenic effect of dairy proteins. Studies by
Freudenberg et al. have demonstrated that increasing leucine
content in a high fat diet with regular protein content to
a level matching a diet with high whey content attenuated
obesity development (Freudenberg et al., 2012, 2013). Of note,
BCAA-supplementation in mice delayed age-associated changes
in the gut microbiota (Yang et al., 2016). In addition, BCAA
supplemented mice had higher abundance of Akkermansia and
Bifidobacterium in the gut. This may be of importance as
Akkermansia muciniphilia has been associated with protection
against diet-induced obesity (Everard et al., 2013; Shin et al.,
2014), and the same has been reported for some strains of
Bifidobacteria (An et al., 2011; Wang et al., 2015; Li et al.,
2016). Still, the finding that equimolar supplementation with
alanine decreased body fat mass gain in a short-term mouse
experiment similarly as leucine (Freudenberg et al., 2013; Petzke
et al., 2014), suggests that at least some of the observed effects
are not specifically related to leucine, but due to increased
amino nitrogen consumption. Thus, emphasizing that the
effect of BCAA on metabolism is complex and far from fully
understood.

TAURINE

Compared to terrestrial protein sources, seafood protein
is characterized by high levels of taurine (Spitze et al.,
2003). Supplementation of taurine to the diet or drinking
water has been shown to prevent diet-induced weight gain,
adiposity, and steatosis in rodents (Nakaya et al., 2000;
Chang et al., 2011; Nardelli et al., 2011). In mice, it has
been demonstrated that taurine supplementation reduced the
abundance of Proteobacteria, especially Helicobacter and led
to increased SCFA content in feces (Yu et al., 2016). SCFA,
mainly acetate, propionate and butyrate are produced from non-
digestible carbohydrates and may enter the systemic circulation
and directly affect metabolism. Thus, SCFAs generally have been
reported to counteract obesity in both rodents and humans
(Canfora et al., 2015). However, a recent study revealed that
increased acetate production led to hyperphagia and obesity in
mice (Perry et al., 2016).

We have demonstrated that in mice fed an obesogenic diet
with varying taurine concentrations, i.e., chicken, cod, crab, and
scallop, for 7 weeks, the intake of taurine and glycine correlated
negatively with body mass and total fat mass gain (Tastesen
et al., 2014a). Further, rats fed diets with fish protein hydrolysate,
rich in taurine and glycine exhibited reduced adiposity, possibly
via increased bile acid concentration in plasma (Liaset et al.,
2009, 2011). Primary bile acids are synthesized in the liver from
cholesterol where they are conjugated to glycine or taurine in a
species-dependent manner, and metabolized into secondary bile
acids in the gut by the microbiota. Bile acids are ligands for the
nuclear receptor farnesoid X receptor (FXR) and intestinal FXR
is required for the development of obesity in response to a high-
fat diet (Li et al., 2013). In addition, bile acids may also by binding
and activating TGR5 increase energy expenditure (Watanabe
et al., 2006; Broeders et al., 2015; Zietak and Kozak, 2016). In
rodents, it has been proposed that the gut microbiota, in addition
to regulating secondary bile acid metabolism, also inhibits bile
acid synthesis in the liver by alleviating FXR inhibition in the
ileum via reduced production of tauro-beta-muricholic acid
(Sayin et al., 2013). Further, it is demonstrated that the gut
microbiota promoted weight gain in an FXR-dependent manner,
and the bile acid profiles and composition of fecal microbiota
differed between Fxr−/− and wild-type mice (Parseus et al.,
2017). Hence, whether the amino acid composition in protein
rich food is able to influence obesity development via effects
on bile acid metabolism in the microbiota warrants further
investigation.

FATTY ACID COMPOSITION

In addition to the amino acid composition, different protein
sources vary in other macronutrients. Regarding obesity
development, the type and amount fat may be of particular
importance. Meat from terrestrial sources, in particular red
and processed meats, is rich in saturated fatty acids (SFAs),
whereasmeat from seafood, such asmackerel, halibut and salmon
contains marine n-3 polyunsaturated fatty acids. The dietary fatty
acid composition may influence obesity development directly,
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as well as via their reported influence on the gut microbiota.
Animal studies have shown that intake of diets rich in SFAs
resulted in increased adiposity and lower metabolic rate, relative
to a polyunsaturated fatty acid (PUFA)-rich diet (Matsuo et al.,
1995; Takeuchi et al., 1995). Data from an intervention study
with abdominally obese humans also showed that intake of SFAs,
as compared to n-6 PUFAs, promoted hepatic fat deposition
(Bjermo et al., 2012). In an overeating study with young healthy
adults, intake of SFAs induced hepatic and visceral fat gain
as compared to intake of n-6 PUFAs (Rosqvist et al., 2014).
Thus, consumption of SFAs is likely to induce fat gain relative
to n-6 PUFAs. We recently demonstrated that the fatty acid
composition in salmon filet may be of importance. Replacement
of marine oils in salmon feed with vegetable oils, soybean oil in
particular, profoundly increased the n-6:n-3 ratio in fish filets and
in red blood cells (RBCs) collected from mice consuming the
salmon (Alvheim et al., 2013; Midtbo et al., 2013). Of note, the
increased n-6:n-3 ratio in the RBC of the mice was accompanied
with increased obesity (Alvheim et al., 2013; Midtbo et al.,
2013, 2015). Although the results from rodent studies are
more convincing than results from human trials (Madsen and
Kristiansen, 2012), n-3 fatty acids are reported to increase weight
loss also in humans (Thorsdottir et al., 2007).

It is well-known that the gut microbiota of high-fat diet-
induced obese mice differs from that of lean mice (Serino et al.,
2012; Xiao et al., 2015; Kiilerich et al., 2016), and we recently
demonstrated that high-fat feeding rather than obesity drives
taxonomical and functional changes in the gut microbiota in
mice (Xiao et al., 2017). The dietary fatty acid composition
is also reported to change the gut bacteria profile. Compared
with n-6 or n-3 PUFAs, feeding mice diets rich in SFAs, over
a 14-week period decreased the proportion of Bacteroidetes
species and hence, the SFA-rich diet resulted in significantly
greater decreases in Bacteroidetes-to-Firmicutes ratio than did
either of the PUFA-rich diets (Liu et al., 2012). Mice fed fish
oil are also reported to have increased levels of A. muciniphila
(Caesar et al., 2015), which has been shown to reduce fat
mass gain, and white adipose tissue macrophage infiltration,
and to improve gut barrier function and glucose metabolism
when administered to mice with diet-induced obesity. Further,
antibiotic-treated mice receiving gut microbiota from a lard-fed
donor showed increased adiposity and inflammation, whereas
enrichment of Akkermansia co-occurred with partial protection
against adiposity in mice transplanted with microbiota from fish
oil fed mice (Caesar et al., 2015).

The different fatty acids have different capacities to
activate the Toll-like receptors. In the study mentioned
above, saturated lipids from lard were suggested to induce
metabolic inflammation through Toll-like receptor signaling
mediated by the gut microbiota (Caesar et al., 2015). By contrast,
in another study on middle-aged rats, fish oil feeding was
demonstrated to increase the relative abundances of the phylum
Proteobacteria and the genus Desulfovibrio, concurrent with
induced inflammation compared to rats receiving diets with soy
bean oil or lard (Li et al., 2017). The innate pathogen receptors,
a part of the first line of defense against infectious agents,
including Toll-like receptors, nucleotide oligomerization domain

containing proteins, and inflammasomes, have been pointed
out as a link between the gut microbiota and host metabolism
(Jin and Flavell, 2013). Inflammasome-deficiency-dependent
modulation of the gut microbiota may be associated with
abnormalities related to the metabolic syndrome and obesity
in mouse models (Henao-Mejia et al., 2012). Further, changes
in gut permeability may be affected through the interaction
between diet, host and gut microbiota, augmenting access
for proinflammatory molecules and activating inflammation,
thereby affecting obesity development (reviewed in Tremaroli
and Backhed, 2012).

It has been demonstrated that inclusion of lean fish in low
energy diets was as efficient as inclusion of fatty fish or fish oil
supplement in accelerating weight loss in humans (Thorsdottir
et al., 2007). The total content of n-3 PUFAs is far lower in
lean than in fatty seafood, but in lean seafood the majority of
the fatty acids are present in the phospholipid (PL) fraction (Lie
and Lambertsen, 1991). The bioavailability of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) is reported to
be higher when they are PL-bound than triacylglycerol (TAG)-
bound (Murru et al., 2013). Of note, the anti-obesogenic effects
of PL-bound n-3 PUFAs are superior to TAG-bound n-3 PUFAs
in mice (Rossmeisl et al., 2012). The high biological activity of
PL-bound PUFAs is suggested to include effects mediated via the
endocannabinoid signaling system (Batetta et al., 2009; Rossmeisl
et al., 2012).

The endocannabinoid signaling system may link the gut
microbiota to adipogenesis, as CBI receptors are reported
to control gut permeability through interactions with the
gut microbiota (Muccioli et al., 2010). Further, changes
in the composition of the gut microbiota during obesity
induce gut-barrier dysfunction, which may lead to leakage
from the gut of components from Gram-negative bacteria
and metabolic endotoxemia triggering the onset of metabolic
disorders associated with obesity (Cani et al., 2016). Conversely,
administration of the intestinal bacteriumA.muciniphila to high-
fat diet fed mice led to an increase in intestinal levels of the
endocannabinoids, 2-arachidonoylglycerol, 2-oleoylglycerol and
2-palmitoylglycerol, along with improved gut-barrier function
and decreased metabolic endotoxemia (Everard et al., 2013). The
molecular mechanisms that link gut microorganisms and the
synthesis of endocannabinoids or other bioactive lipids are still
unknown, and it is not known to what extent such molecules
play significant roles in obesity development or metabolic
dysfunctions associated with obesity.

PERSISTENT ORGANIC POLLUTANTS

Importantly, food is also the primary route of exposure to
pollutants from numerous chemical classes. Actually, food
contributesmore than 90% to the total current exposure of POPs,
especially food of animal origin such as fish, dairy products,
or meat (Li et al., 2006; Malisch and Kotz, 2014). During the
last decade increasing attention has been paid to the possible
relationship between POP exposure and the current obesity
epidemic. Studies have reported an association between obesity
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and plasma levels of certain polychlorinated biphenyls (PCBs)
and pesticides (Dhooge et al., 2010; Ronn et al., 2011; Lee
et al., 2012; Roos et al., 2013). Thus, concern about the possible
connection between exposure to environmental contaminants
and the epidemics of obesity has been raised (Lee et al., 2014).
However, a causal relationship between POP exposure and
obesity development has not yet been demonstrated, and inverse
relationships between obesity and plasma levels of POPs, in
particular highly chlorinated PCBs, are also reported (Nawrot
et al., 2002; Dirinck et al., 2011). A direct causal link between
POP exposure and obesity in humans is difficult to establish, but
repeated injections of PCB-153 (Wahlang et al., 2013) and PCB-
77 (Arsenescu et al., 2008) are reported to exacerbate obesity

in mice. We have previously observed that POPs of marine
origin accumulate in adipose tissue concomitant with obesity
development in mice fed farmed Atlantic salmon (Ibrahim et al.,
2011). However, mice fed high levels of POPs from whale
meat were leaner than control casein fed mice, despite a high
accumulation of POPs in adipose tissue (Ibrahim et al., 2012). In
a recent study we reduced the levels of PCBs and DDTs by 50%
in salmon filets by partial replacement of fish oil with vegetable
oils in aquatic feed leading to aggravated insulin resistance and
hepatic lipid accumulation, despite a reduction in the levels of
PCBs and DDTs (Midtbo et al., 2013).

The relationship between the gut bacteria and environmental
pollutants is bidirectional (Parks et al., 2013). First, POP exposure

FIGURE 2 | Illustration of how different protein sources vary in their efficiency to attenuate obesity development and suggested links with the gut microbiota. Proteins

derived from different food sources contain varying amounts of amino acids, fatty acids, and pollutants, which may interact with the gut microbiota and change the

host metabolism, and further impact on obesity development. Casein and other dairy products have a high content of branched chain amino acids and are efficient

protein sources for attenuating obesity development in rodents. Proteins from vegetarian sources contribute to high fiber content in the diet and have been

demonstrated to protect against obesity. Compared to animal protein sources, seafoods contain high amounts of taurine, aromatic amino acids, n-3 polyunsaturated

fatty acids (PUFAs) and persistent organic pollutants, which further may impact on the gut microbiota, production of bile acids or endocannabinoids. Different sources

of meat contribute with saturated fatty acids, n-6 PUFAs and persistent organic pollutants. Generally, intake of proteins from meat has been demonstrated to be more

obesogenic than intake of proteins from seafood or vegetables. It remains to be established to what extent such differences between proteins reflect direct metabolic

effects in the host or to what extent the microbiota plays a causal role.
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alters the composition of the gut microbiota in mice. It has been
demonstrated that gavage with a high dose of a mixture of PCB
congeners found in meat and fatty fish for 2 days diminished the
overall abundance of bacteria (Choi et al., 2013). Of note, exercise
prevented these changes (Choi et al., 2013). Further, it has been
reported that exposure to 2,3,7,8 tetrachlorodibenzofuran, TCDF,
alters the gut microbiome by shifting the ratio of Firmicutes to
Bacteroidetes (Zhang et al., 2015), which as mentioned earlier
has been associated with obesity (Ley et al., 2005; Turnbaugh
et al., 2006). Secondly, the gut microbiota can affect body
burden of POPs by a number of mechanisms. The bacteria may
metabolize the POPs and alter absorption and excretion as well as
influence the host detoxification capacity and the enterohepatic
circulation of environmental chemicals (Claus et al., 2016;
Spanogiannopoulos et al., 2016). Last, we have provided evidence
that the dietary composition of macronutrients profoundly
modulates accumulation of four environmental relevant POPs in
adipose tissue and liver in C57BL/6 mice (Myrmel et al., 2016).
Thus, understanding the potential roles of the gut microbiota in
the metabolism and toxicity of environmental pollutants could
provide valuable knowledge for targeted approaches in reducing
the detrimental health impact of environmental pollution.

CONCLUSION

The efficiency of different proteins to attenuate obesity in both
human and animal trials varies depending on the protein source
as illustrated in Figure 2. Different food groups and dietary
patterns are linked to obesity and disease development, and to
distinct gut microbiota composition. However, the association
between diet, obesity and gut microbiota is not established.
Here we have reviewed data from several different studies in

order to illustrate how different protein sources may affect the
gut microbiota, linking protein-dependent changes in the gut
microbiota with metabolism. The varying amounts of amino
acids, fatty acid composition, and POPs derived from different
protein sources, such as dairy, vegetarian sources, seafood and
meat, are discussed in light of their impact on gut microbiota
and obesity. Casein and other dairy proteins stand out as the
most efficient protein sources in preventing obesity, having a
high content of BCAAs with possible impact on gut microbiota
and obesity. The distinct impacts of lean seafood and meat
are suggested to involve differences in the content of amino
acids, such as aromatic amino acids, glycine and taurine,
possibly affecting the bile acids with further impact on energy
expenditure and the gut microbiota. The n-3 PUFAs may affect
the metabolism through the endocannabinoid system and the gut
microbiota composition, but the molecular mechanisms linking
the gut microorganisms to the synthesis of endocannabinoids
or other bioactive lipids are still largely unexplored. As dietary
sources will inevitably lead to exposure of pollutants, their impact
on metabolism may also contribute to the varying impact of
different protein sources. Knowledge of the mutually reciprocal
interactions between the gut microbiota and environmental
pollutants present in different food sources and the combined
effects on whole body metabolism could provide new modalities
involving targeted dietary approaches reducing the detrimental
health impact of environmental pollution.

AUTHOR CONTRIBUTIONS

LM: Researched data and wrote the article; KK, LSM, EF, and
BL: Contributed to discussion of the content, illustration, revised,
and/or edited the manuscript before submission.

REFERENCES

Aadland, E. K., Graff, I. E., Lavigne, C., Eng, O., Paquette, M., Holthe, A.,

et al. (2016). Lean seafood intake reduces postprandial C-peptide and lactate

concentrations in healthy adults in a randomized controlled trial with a

crossover design. J. Nutr. 146, 1027–1034. doi: 10.3945/jn.115.229278

Aadland, E. K., Lavigne, C., Graff, I. E., Eng, O., Paquette, M., Holthe, A., et al.

(2015). Lean-seafood intake reduces cardiovascular lipid risk factors in healthy

subjects: results from a randomized controlled trial with a crossover design.

Am. J. Clin. Nutr. 102, 582–592. doi: 10.3945/ajcn.115.112086

Alvheim, A. R., Torstensen, B. E., Lin, Y. H., Lillefosse, H. H., Lock, E.

J., Madsen, L., et al. (2013). Dietary linoleic acid elevates endogenous 2-

arachidonoylglycerol and anandamide in Atlantic salmon (Salmo salar L.) and

mice, and induces weight gain and inflammation in mice. Br. J. Nutr. 109,

1508–1517. doi: 10.1017/S0007114512003364

An, H. M., Park, S. Y., Lee, D. K., Kim, J. R., Cha, M. K., Lee, S. W., et al. (2011).

Antiobesity and lipid-lowering effects of Bifidobacterium spp. in high fat diet-

induced obese rats. Lipids Health Dis. 10:116. doi: 10.1186/1476-511X-10-116

Arsenescu, V., Arsenescu, R. I., King, V., Swanson, H., and Cassis, L. A.

(2008). Polychlorinated biphenyl-77 induces adipocyte differentiation and

proinflammatory adipokines and promotes obesity and atherosclerosis.

Environ. Health Perspect. 116, 761–768. doi: 10.1289/ehp.10554

Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D. R.,

et al. (2011). Enterotypes of the human gut microbiome. Nature 473, 174–180.

doi: 10.1038/nature09944

Astrup, A., Raben, A., and Geiker, N. (2015). The role of higher protein diets

in weight control and obesity-related comorbidities. Int. J. Obes. 39, 721–726.

doi: 10.1038/ijo.2014.216

Baothman, O. A., Zamzami, M. A., Taher, I., Abubaker, J., and Abu-Farha, M.

(2016). The role of Gut Microbiota in the development of obesity and Diabetes.

Lipids Health Dis. 15:108. doi: 10.1186/s12944-016-0278-4

Batetta, B., Griinari, M., Carta, G., Murru, E., Ligresti, A., Cordeddu, L., et al.

(2009). Endocannabinoids may mediate the ability of (n-3) fatty acids to reduce

ectopic fat and inflammatory mediators in obese Zucker rats. J. Nutr. 139,

1495–1501. doi: 10.3945/jn.109.104844

Bellissimo, N., and Akhavan, T. (2015). Effect of macronutrient composition

on short-term food intake and weight loss. Adv. Nutr. 6, 302S−308S.

doi: 10.3945/an.114.006957

Bjermo, H., Iggman, D., Kullberg, J., Dahlman, I., Johansson, L., Persson, L., et al.

(2012). Effects of n-6 PUFAs compared with SFAs on liver fat, lipoproteins, and

inflammation in abdominal obesity: a randomized controlled trial. Am. J. Clin.

Nutr. 95, 1003–1012. doi: 10.3945/ajcn.111.030114

Boirie, Y., Dangin, M., Gachon, P., Vasson, M. P., Maubois, J. L., and

Beaufrere, B. (1997). Slow and fast dietary proteins differently modulate

postprandial protein accretion. Proc. Natl. Acad. Sci. U.S.A. 94, 14930–14935.

doi: 10.1073/pnas.94.26.14930

Brandsch, C., Shukla, A., Hirche, F., Stangl, G. I., and Eder, K. (2006). Effect

of proteins from beef, pork, and turkey meat on plasma and liver lipids

of rats compared with casein and soy protein. Nutrition 22, 1162–1170.

doi: 10.1016/j.nut.2006.06.009

Frontiers in Physiology | www.frontiersin.org 8 December 2017 | Volume 8 | Article 1047

https://doi.org/10.3945/jn.115.229278
https://doi.org/10.3945/ajcn.115.112086
https://doi.org/10.1017/S0007114512003364
https://doi.org/10.1186/1476-511X-10-116
https://doi.org/10.1289/ehp.10554
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/ijo.2014.216
https://doi.org/10.1186/s12944-016-0278-4
https://doi.org/10.3945/jn.109.104844
https://doi.org/10.3945/an.114.006957
https://doi.org/10.3945/ajcn.111.030114
https://doi.org/10.1073/pnas.94.26.14930
https://doi.org/10.1016/j.nut.2006.06.009
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Madsen et al. Dietary Proteins, Gut Microbiota, Obesity

Broeders, E. P., Nascimento, E. B., Havekes, B., Brans, B., Roumans, K. H., Tailleux,

A., et al. (2015). The bile acid chenodeoxycholic acid increases human brown

adipose tissue activity.Cell Metab. 22, 418–426. doi: 10.1016/j.cmet.2015.07.002

Caesar, R., Tremaroli, V., Kovatcheva-Datchary, P., Cani, P. D., and Backhed,

F. (2015). Crosstalk between gut microbiota and dietary lipids aggravates

WAT inflammation through TLR signaling. Cell Metab. 22, 658–668.

doi: 10.1016/j.cmet.2015.07.026

Canfora, E. E., Jocken, J. W., and Blaak, E. E. (2015). Short-chain fatty acids

in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol. 11,

577–591. doi: 10.1038/nrendo.2015.128

Cani, P. D., Plovier, H., Van Hul, M., Geurts, L., Delzenne, N. M., Druart,

C., et al. (2016). Endocannabinoids–at the crossroads between the gut

microbiota and host metabolism. Nat. Rev. Endocrinol. 12, 133–143.

doi: 10.1038/nrendo.2015.211

Carmody, R. N., Gerber, G. K., Luevano, J. M. Jr., Gatti, D. M., Somes, L., Svenson,

K. L., et al. (2015). Diet dominates host genotype in shaping the murine gut

microbiota. Cell Host Microbe 17, 72–84. doi: 10.1016/j.chom.2014.11.010

Chang, Y. Y., Chou, C. H., Chiu, C. H., Yang, K. T., Lin, Y. L., Weng, W.

L., et al. (2011). Preventive effects of taurine on development of hepatic

steatosis induced by a high-fat/cholesterol dietary habit. J. Agric. Food Chem.

59, 450–457. doi: 10.1021/jf103167u

Chen, M., Pan, A., Malik, V. S., and Hu, F. B. (2012). Effects of dairy intake on

body weight and fat: a meta-analysis of randomized controlled trials. Am. J.

Clin. Nutr. 96, 735–747. doi: 10.3945/ajcn.112.037119

Cho, C. E., Taesuwan, S., Malysheva, O. V., Bender, E., Tulchinsky, N. F.,

Yan, J., et al. (2017). Trimethylamine-N-oxide (TMAO) response to animal

source foods varies among healthy young men and is influenced by their gut

microbiota composition: a randomized controlled trial. Mol. Nutr. Food Res.

61:1600324. doi: 10.1002/mnfr.201600324

Choi, J. J., Eum, S. Y., Rampersaud, E., Daunert, S., Abreu, M. T., and Toborek,

M. (2013). Exercise attenuates PCB-induced changes in the mouse gut

microbiome. Environ. Health Perspect. 121, 725–730. doi: 10.1289/ehp.1306534

Claesson, M. J., Jeffery, I. B., Conde, S., Power, S. E., O’connor, E. M., Cusack, S.,

et al. (2012). Gut microbiota composition correlates with diet and health in the

elderly. Nature 488, 178–184. doi: 10.1038/nature11319

Clarke, S. F., Murphy, E. F., O’sullivan, O., Ross, R. P., O’toole, P. W., Shanahan, F.,

et al. (2013). Targeting the microbiota to address diet-induced obesity: a time

dependent challenge. PLoS ONE 8:e65790. doi: 10.1371/journal.pone.0065790

Claus, S. P., Guillou, H., and Ellero-Simatos, S. (2016). The gut microbiota: a

major player in the toxicity of environmental pollutants? NPJ Biofilms Microb.

2:16003. doi: 10.1038/npjbiofilms.2016.3

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E.,

Wolfe, B. E., et al. (2014). Diet rapidly and reproducibly alters the human gut

microbiome. Nature 505, 559–563. doi: 10.1038/nature12820

De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J. B., Massart, S.,

et al. (2010). Impact of diet in shaping gut microbiota revealed by a comparative

study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. U.S.A.

107, 14691–14696. doi: 10.1073/pnas.1005963107

Dhooge, W., Den Hond, E., Koppen, G., Bruckers, L., Nelen, V., Van De Mieroop,

E., et al. (2010). Internal exposure to pollutants and body size in Flemish

adolescents and adults: associations and dose-response relationships. Environ.

Int. 36, 330–337. doi: 10.1016/j.envint.2010.01.005

Dirinck, E., Jorens, P. G., Covaci, A., Geens, T., Roosens, L., Neels, H., et al.

(2011). Obesity and persistent organic pollutants: possible obesogenic effect of

organochlorine pesticides and polychlorinated biphenyls. Obesity 19, 709–714.

doi: 10.1038/oby.2010.133

Dumas, M. E., Rothwell, A. R., Hoyles, L., Aranias, T., Chilloux, J., Calderari, S.,

et al. (2017). Microbial-host co-metabolites are prodromal markers predicting

phenotypic heterogeneity in behavior, obesity, and impaired glucose tolerance.

Cell Rep. 20, 136–148. doi: 10.1016/j.celrep.2017.06.039

Eid, H. M., Wright, M. L., Anil Kumar, N. V., Qawasmeh, A., Hassan, S. T. S.,

Mocan, A., et al. (2017). Significance of microbiota in obesity and metabolic

diseases and the modulatory potential by medicinal plant and food ingredients.

Front. Pharmacol. 8:387. doi: 10.3389/fphar.2017.00387

Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al.

(2013). Cross-talk between Akkermansia muciniphila and intestinal epithelium

controls diet-induced obesity. Proc. Natl. Acad. Sci. U.S.A. 110, 9066–9071.

doi: 10.1073/pnas.1219451110

Faghih, S., Abadi, A. R., Hedayati, M., and Kimiagar, S. M. (2011). Comparison

of the effects of cows’ milk, fortified soy milk, and calcium supplement

on weight and fat loss in premenopausal overweight and obese women.

Nutr. Metab. Cardiovasc. Dis. 21, 499–503. doi: 10.1016/j.numecd.2009.

11.013

Flint, H. J. (2012). The impact of nutrition on the human microbiome. Nutr. Rev.

70(Suppl. 1), S10–S13. doi: 10.1111/j.1753-4887.2012.00499.x

Fogelholm, M., Anderssen, S., Gunnarsdottir, I., and Lahti-Koski, M. (2012).

Dietary macronutrients and food consumption as determinants of long-term

weight change in adult populations: a systematic literature review. Food Nutr.

Res. 56:19103. doi: 10.3402/fnr.v56i0.19103

Freudenberg, A., Petzke, K. J., and Klaus, S. (2012). Comparison of high-

protein diets and leucine supplementation in the prevention of metabolic

syndrome and related disorders in mice. J. Nutr. Biochem. 23, 1524–1530.

doi: 10.1016/j.jnutbio.2011.10.005

Freudenberg, A., Petzke, K. J., and Klaus, S. (2013). Dietary L-leucine and L-alanine

supplementation have similar acute effects in the prevention of high-fat diet-

induced obesity. Amino Acids 44, 519–528. doi: 10.1007/s00726-012-1363-2

Goodrich, J. K., Waters, J. L., Poole, A. C., Sutter, J. L., Koren, O., Blekhman, R.,

et al. (2014). Human genetics shape the gut microbiome. Cell 159, 789–799.

doi: 10.1016/j.cell.2014.09.053

Graf, D., Di Cagno, R., Fak, F., Flint, H. J., Nyman, M., Saarela, M., et al. (2015).

Contribution of diet to the composition of the human gut microbiota. Microb.

Ecol. Health Dis. 26:26164. doi: 10.3402/mehd.v26.26164

Hao, Q., Lillefosse, H. H., Fjaere, E., Myrmel, L. S., Midtbo, L. K., Jarlsby, R.

H., et al. (2012). High-glycemic index carbohydrates abrogate the antiobesity

effect of fish oil in mice. Am. J. Physiol. Endocrinol. Metab. 302, E1097–E1112.

doi: 10.1152/ajpendo.00524.2011

Henao-Mejia, J., Elinav, E., Jin, C., Hao, L., Mehal, W. Z., Strowig, T., et al.

(2012). Inflammasome-mediated dysbiosis regulates progression of NAFLD

and obesity. Nature 482, 179–185. doi: 10.1038/nature10809

Holm, J. B., Ronnevik, A., Tastesen, H. S., Fjaere, E., Fauske, K. R., Liisberg, U.,

et al. (2016). Diet-induced obesity, energy metabolism and gut microbiota in

C57BL/6J mice fed Western diets based on lean seafood or lean meat mixtures.

J. Nutr. Biochem. 31, 127–136. doi: 10.1016/j.jnutbio.2015.12.017

Huang, H., Krishnan, H. B., Pham, Q., Yu, L. L., and Wang, T. T. (2016). Soy and

gut microbiota: interaction and implication for human health. J. Agric. Food

Chem. 64, 8695–8709. doi: 10.1021/acs.jafc.6b03725

Ibrahim,M.M., Fjaere, E., Lock, E. J., Froyland, L., Jessen, N., Lund, S., et al. (2012).

Metabolic impacts of high dietary exposure to persistent organic pollutants in

mice. Toxicol. Lett. 215, 8–15. doi: 10.1016/j.toxlet.2012.09.022

Ibrahim, M. M., Fjaere, E., Lock, E. J., Naville, D., Amlund, H., Meugnier, E., et al.

(2011). Chronic consumption of farmed salmon containing persistent organic

pollutants causes insulin resistance and obesity in mice. PLoS ONE 6:e25170.

doi: 10.1371/journal.pone.0025170

Isokpehi, R. D., Simmons, S. S., Johnson, M. O., and Payton, M. (2017). Genomic

evidence for bacterial determinants influencing obesity development. Int. J.

Environ. Res. Public Health 14:345. doi: 10.3390/ijerph14040345

Jin, C., and Flavell, R. A. (2013). Innate sensors of pathogen and stress:

linking inflammation to obesity. J. Allergy Clin. Immunol. 132, 287–294.

doi: 10.1016/j.jaci.2013.06.022

Kiilerich, P., Myrmel, L. S., Fjaere, E., Hao, Q., Hugenholtz, F., Sonne, S. B.,

et al. (2016). Effect of a long-term high-protein diet on survival, obesity

development, and gut microbiota in mice. Am. J. Physiol. Endocrinol. Metab.

310, E886–E899. doi: 10.1152/ajpendo.00363.2015

Koeth, R. A., Wang, Z., Levison, B. S., Buffa, J. A., Org, E., Sheehy, B. T., et al.

(2013). Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat,

promotes atherosclerosis. Nat. Med. 19, 576–585. doi: 10.1038/nm.3145

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., and Backhed, F. (2016). From

dietary fiber to host physiology: short-chain fatty acids as key bacterial

metabolites. Cell 165, 1332–1345. doi: 10.1016/j.cell.2016.05.041

Lacroix, M., Gaudichon, C., Martin, A., Morens, C., Mathe, V., Tome, D., et al.

(2004). A long-term high-protein diet markedly reduces adipose tissue without

major side effects in Wistar male rats. Am. J. Physiol. Regul. Integr. Comp.

Physiol. 287, R934–R942. doi: 10.1152/ajpregu.00100.2004

Landfald, B., Valeur, J., Berstad, A., and Raa, J. (2017). Microbial trimethylamine-

N-oxide as a disease marker: something fishy? Microb. Ecol. Health Dis.

28:1327309. doi: 10.1080/16512235.2017.1327309

Frontiers in Physiology | www.frontiersin.org 9 December 2017 | Volume 8 | Article 1047

https://doi.org/10.1016/j.cmet.2015.07.002
https://doi.org/10.1016/j.cmet.2015.07.026
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1038/nrendo.2015.211
https://doi.org/10.1016/j.chom.2014.11.010
https://doi.org/10.1021/jf103167u
https://doi.org/10.3945/ajcn.112.037119
https://doi.org/10.1002/mnfr.201600324
https://doi.org/10.1289/ehp.1306534
https://doi.org/10.1038/nature11319
https://doi.org/10.1371/journal.pone.0065790
https://doi.org/10.1038/npjbiofilms.2016.3
https://doi.org/10.1038/nature12820
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1016/j.envint.2010.01.005
https://doi.org/10.1038/oby.2010.133
https://doi.org/10.1016/j.celrep.2017.06.039
https://doi.org/10.3389/fphar.2017.00387
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1016/j.numecd.2009.11.013
https://doi.org/10.1111/j.1753-4887.2012.00499.x
https://doi.org/10.3402/fnr.v56i0.19103
https://doi.org/10.1016/j.jnutbio.2011.10.005
https://doi.org/10.1007/s00726-012-1363-2
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.3402/mehd.v26.26164
https://doi.org/10.1152/ajpendo.00524.2011
https://doi.org/10.1038/nature10809
https://doi.org/10.1016/j.jnutbio.2015.12.017
https://doi.org/10.1021/acs.jafc.6b03725
https://doi.org/10.1016/j.toxlet.2012.09.022
https://doi.org/10.1371/journal.pone.0025170
https://doi.org/10.3390/ijerph14040345
https://doi.org/10.1016/j.jaci.2013.06.022
https://doi.org/10.1152/ajpendo.00363.2015
https://doi.org/10.1038/nm.3145
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1152/ajpregu.00100.2004
https://doi.org/10.1080/16512235.2017.1327309
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Madsen et al. Dietary Proteins, Gut Microbiota, Obesity

Lee, D. H., Lind, L., Jacobs, D. R. Jr., Salihovic, S., Van Bavel, B., and Lind, P. M.

(2012). Associations of persistent organic pollutants with abdominal obesity in

the elderly: the Prospective Investigation of the Vasculature in Uppsala Seniors

(PIVUS) study. Environ. Int. 40, 170–178. doi: 10.1016/j.envint.2011.07.010

Lee, D. H., Porta, M., Jacobs, D. R. Jr., and Vandenberg, L. N. (2014). Chlorinated

persistent organic pollutants, obesity, and type 2 diabetes. Endocr. Rev. 35,

557–601. doi: 10.1210/er.2013-1084

Lepe, M., Bacardi Gascon, M., and Jimenez Cruz, A. (2011). Long-term efficacy

of high-protein diets: a systematic review. Nutr. Hosp. 26, 1256–1259.

doi: 10.3305/nh.2011.26.6.5353

Levine, M. E., Suarez, J. A., Brandhorst, S., Balasubramanian, P., Cheng, C. W.,

Madia, F., et al. (2014). Low protein intake is associated with a major reduction

in IGF-1, cancer, and overall mortality in the 65 and younger but not older

population. Cell Metab. 19, 407–417. doi: 10.1016/j.cmet.2014.02.006

Ley, R. E., Backhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., and Gordon,

J. I. (2005). Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. U.S.A.

102, 11070–11075. doi: 10.1073/pnas.0504978102

Ley, R. E., Turnbaugh, P. J., Klein, S., and Gordon, J. I. (2006). Microbial

ecology: human gut microbes associated with obesity. Nature 444, 1022–1023.

doi: 10.1038/4441022a

Li, F., Jiang, C., Krausz, K. W., Li, Y., Albert, I., Hao, H., et al. (2013). Microbiome

remodelling leads to inhibition of intestinal farnesoid X receptor signalling and

decreased obesity. Nat. Commun. 4:2384. doi: 10.1038/ncomms3384

Li, H., Zhu, Y., Zhao, F., Song, S., Li, Y., Xu, X., et al. (2017). Fish oil, lard and

soybean oil differentially shape gut microbiota of middle-aged rats. Sci. Rep.

7:826. doi: 10.1038/s41598-017-00969-0

Li, Q. Q., Loganath, A., Chong, Y. S., Tan, J., and Obbard, J. P. (2006). Persistent

organic pollutants and adverse health effects in humans. J. Toxicol. Environ.

Health Part A 69, 1987–2005. doi: 10.1080/15287390600751447

Li, Z., Jin, H., Oh, S. Y., and Ji, G. E. (2016). Anti-obese effects of two Lactobacilli

and two Bifidobacteria on ICR mice fed on a high fat diet. Biochem. Biophys.

Res. Commun. 480, 222–227. doi: 10.1016/j.bbrc.2016.10.031

Liaset, B., Hao, Q., Jorgensen, H., Hallenborg, P., Du, Z. Y., Ma, T., et al. (2011).

Nutritional regulation of bile acid metabolism is associated with improved

pathological characteristics of the metabolic syndrome. J. Biol. Chem. 286,

28382–28395. doi: 10.1074/jbc.M111.234732

Liaset, B., Madsen, L., Hao, Q., Criales, G., Mellgren, G., Marschall, H. U.,

et al. (2009). Fish protein hydrolysate elevates plasma bile acids and reduces

visceral adipose tissue mass in rats. Biochim. Biophys. Acta 1791, 254–262.

doi: 10.1016/j.bbalip.2009.01.016

Lie, O., and Lambertsen, G. (1991). Fatty acid composition of glycerophospholipids

in seven tissues of cod (Gadus morhua), determined by combined high-

performance liquid chromatography and gas chromatography. J. Chromatogr.

565, 119–129. doi: 10.1016/0378-4347(91)80376-N

Liisberg, U., Fauske, K. R., Kuda, O., Fjaere, E., Myrmel, L. S., Norberg, N.,

et al. (2016a). Intake of a Western diet containing cod instead of pork

alters fatty acid composition in tissue phospholipids and attenuates obesity

and hepatic lipid accumulation in mice. J. Nutr. Biochem. 33, 119–127.

doi: 10.1016/j.jnutbio.2016.03.014

Liisberg, U., Myrmel, L. S., Fjaere, E., Ronnevik, A. K., Bjelland, S., Fauske, K.

R., et al. (2016b). The protein source determines the potential of high protein

diets to attenuate obesity development in C57BL/6J mice.Adipocyte 5, 196–211.

doi: 10.1080/21623945.2015.1122855

Lillefosse, H. H., Clausen, M. R., Yde, C. C., Ditlev, D. B., Zhang, X., Du, Z. Y.,

et al. (2014). Urinary loss of tricarboxylic acid cycle intermediates as revealed

bymetabolomics studies: an underlyingmechanism to reduce lipid accretion by

whey protein ingestion? J. Proteome Res. 13, 2560–2570. doi: 10.1021/pr500039t

Lin, R., Liu, W., Piao, M., and Zhu, H. (2017). A review of the relationship between

the gut microbiota and amino acid metabolism. Amino Acids 49, 2083–2090.

doi: 10.1007/s00726-017-2493-3

Liu, R., Hong, J., Xu, X., Feng, Q., Zhang, D., Gu, Y., et al. (2017). Gut

microbiome and serummetabolome alterations in obesity and after weight-loss

intervention. Nat. Med. 23, 859–868. doi: 10.1038/nm.4358

Liu, T., Hougen, H., Vollmer, A. C., and Hiebert, S. M. (2012). Gut bacteria profiles

ofMusmusculus at the phylum and family levels are influenced by saturation of

dietary fatty acids. Anaerobe 18, 331–337. doi: 10.1016/j.anaerobe.2012.02.004

Ma, T., Liaset, B., Hao, Q., Petersen, R. K., Fjaere, E., Ngo, H. T., et al.

(2011). Sucrose counteracts the anti-inflammatory effect of fish oil in adipose

tissue and increases obesity development in mice. PLoS ONE 6:e21647.

doi: 10.1371/journal.pone.0021647

Madsen, L., and Kristiansen, K. (2012). Of mice and men: factors abrogating

the antiobesity effect of omega-3 fatty acids. Adipocyte 1, 173–176.

doi: 10.4161/adip.20689

Madsen, L., Pedersen, L. M., Liaset, B., Ma, T., Petersen, R. K., Van Den

Berg, S., et al. (2008). cAMP-dependent signaling regulates the adipogenic

effect of n-6 polyunsaturated fatty acids. J. Biol. Chem. 283, 7196–7205.

doi: 10.1074/jbc.M707775200

Malisch, R., and Kotz, A. (2014). Dioxins and PCBs in feed and food–

review from European perspective. Sci. Total Environ. 491–492, 2–10.

doi: 10.1016/j.scitotenv.2014.03.022

Marsset-Baglieri, A., Fromentin, G., Tome, D., Bensaid, A., Makkarios, L., and

Even, P. C. (2004). Increasing the protein content in a carbohydrate-free diet

enhances fat loss during 35% but not 75% energy restriction in rats. J. Nutr.

134, 2646–2652.

Matsuo, T., Sumida, H., and Suzuki, M. (1995). Beef tallow diet decreases

beta-adrenergic receptor binding and lipolytic activities in different adipose

tissues of rat. Metab. Clin. Exp. 44, 1271–1277. doi: 10.1016/0026-0495(95)90

028-4

McAllan, L., Skuse, P., Cotter, P. D., O’connor, P., Cryan, J. F., Ross, R. P., et al.

(2014). Protein quality and the protein to carbohydrate ratio within a high fat

diet influences energy balance and the gut microbiota in C57BL/6J mice. PLoS

ONE 9:e88904. doi: 10.1371/journal.pone.0088904

McAllan, L., Speakman, J. R., Cryan, J. F., and Nilaweera, K. N. (2015). Whey

protein isolate decreases murine stomach weight and intestinal length and

alters the expression of Wnt signalling-associated genes. Br. J. Nutr. 113,

372–379. doi: 10.1017/S0007114514004024

Midtbo, L. K., Borkowska, A. G., Bernhard, A., Ronnevik, A. K., Lock, E.

J., Fitzgerald, M. L., et al. (2015). Intake of farmed Atlantic salmon fed

soybean oil increases hepatic levels of arachidonic acid-derived oxylipins and

ceramides in mice. J. Nutr. Biochem. 26, 585–595. doi: 10.1016/j.jnutbio.2014.

12.005

Midtbo, L. K., Ibrahim, M. M., Myrmel, L. S., Aune, U. L., Alvheim, A. R., Liland,

N. S., et al. (2013). Intake of farmed Atlantic salmon fed soybean oil increases

insulin resistance and hepatic lipid accumulation in mice. PLoS ONE 8:e53094.

doi: 10.1371/journal.pone.0053094

Millward, D. J., Layman, D. K., Tome, D., and Schaafsma, G. (2008). Protein quality

assessment: impact of expanding understanding of protein and amino acid

needs for optimal health. Am. J. Clin. Nutr. 87, 1576S−1581S.

Morens, C., Keijzer, M., De Vries, K., Scheurink, A., and Van Dijk, G.

(2005). Effects of high-fat diets with different carbohydrate-to-protein ratios

on energy homeostasis in rats with impaired brain melanocortin receptor

activity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 289, R156–R163.

doi: 10.1152/ajpregu.00774.2004

Mozaffarian, D. (2016). Dietary and policy priorities for cardiovascular disease,

diabetes, and obesity: a comprehensive review. Circulation 133, 187–225.

doi: 10.1161/CIRCULATIONAHA.115.018585

Muccioli, G. G., Naslain, D., Backhed, F., Reigstad, C. S., Lambert, D.M., Delzenne,

N. M., et al. (2010). The endocannabinoid system links gut microbiota to

adipogenesis.Mol. Syst. Biol. 6:392. doi: 10.1038/msb.2010.46

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., Gonzalez, A., Fontana,

L., et al. (2011). Diet drives convergence in gut microbiome functions

across mammalian phylogeny and within humans. Science 332, 970–974.

doi: 10.1126/science.1198719

Murru, E., Banni, S., and Carta, G. (2013). Nutritional properties of

dietary omega-3-enriched phospholipids. Biomed Res. Int. 2013:965417.

doi: 10.1155/2013/965417

Myrmel, L. S., Fjaere, E., Midtbo, L. K., Bernhard, A., Petersen, R. K., Sonne,

S. B., et al. (2016). Macronutrient composition determines accumulation of

persistent organic pollutants from dietary exposure in adipose tissue of mice.

J. Nutr. Biochem. 27, 307–316. doi: 10.1016/j.jnutbio.2015.09.019

Nakaya, Y., Minami, A., Harada, N., Sakamoto, S., Niwa, Y., and Ohnaka,

M. (2000). Taurine improves insulin sensitivity in the Otsuka Long-Evans

Tokushima Fatty rat, a model of spontaneous type 2 diabetes. Am. J. Clin. Nutr.

71, 54–58.

Nardelli, T. R., Ribeiro, R. A., Balbo, S. L., Vanzela, E. C., Carneiro, E. M., Boschero,

A. C., et al. (2011). Taurine prevents fat deposition and ameliorates plasma

Frontiers in Physiology | www.frontiersin.org 10 December 2017 | Volume 8 | Article 1047

https://doi.org/10.1016/j.envint.2011.07.010
https://doi.org/10.1210/er.2013-1084
https://doi.org/10.3305/nh.2011.26.6.5353
https://doi.org/10.1016/j.cmet.2014.02.006
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1038/4441022a
https://doi.org/10.1038/ncomms3384
https://doi.org/10.1038/s41598-017-00969-0
https://doi.org/10.1080/15287390600751447
https://doi.org/10.1016/j.bbrc.2016.10.031
https://doi.org/10.1074/jbc.M111.234732
https://doi.org/10.1016/j.bbalip.2009.01.016
https://doi.org/10.1016/0378-4347(91)80376-N
https://doi.org/10.1016/j.jnutbio.2016.03.014
https://doi.org/10.1080/21623945.2015.1122855
https://doi.org/10.1021/pr500039t
https://doi.org/10.1007/s00726-017-2493-3
https://doi.org/10.1038/nm.4358
https://doi.org/10.1016/j.anaerobe.2012.02.004
https://doi.org/10.1371/journal.pone.0021647
https://doi.org/10.4161/adip.20689
https://doi.org/10.1074/jbc.M707775200
https://doi.org/10.1016/j.scitotenv.2014.03.022
https://doi.org/10.1016/0026-0495(95)90028-4
https://doi.org/10.1371/journal.pone.0088904
https://doi.org/10.1017/S0007114514004024
https://doi.org/10.1016/j.jnutbio.2014.12.005
https://doi.org/10.1371/journal.pone.0053094
https://doi.org/10.1152/ajpregu.00774.2004
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
https://doi.org/10.1038/msb.2010.46
https://doi.org/10.1126/science.1198719
https://doi.org/10.1155/2013/965417
https://doi.org/10.1016/j.jnutbio.2015.09.019
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Madsen et al. Dietary Proteins, Gut Microbiota, Obesity

lipid profile in monosodium glutamate-obese rats. Amino Acids 41, 901–908.

doi: 10.1007/s00726-010-0789-7

Nawrot, T. S., Staessen, J. A., Den Hond, E. M., Koppen, G., Schoeters, G., Fagard,

R., et al. (2002). Host and environmental determinants of polychlorinated

aromatic hydrocarbons in serum of adolescents. Environ. Health Perspect. 110,

583–589. doi: 10.1289/ehp.02110583

Newgard, C. B., An, J., Bain, J. R., Muehlbauer, M. J., Stevens, R. D., Lien, L. F.,

et al. (2009). A branched-chain amino acid-related metabolic signature that

differentiates obese and lean humans and contributes to insulin resistance. Cell

Metab. 9, 311–326. doi: 10.1016/j.cmet.2009.02.002

Park, D. Y., Ahn, Y. T., Park, S. H., Huh, C. S., Yoo, S. R., Yu, R.,

et al. (2013). Supplementation of Lactobacillus curvatus HY7601 and

Lactobacillus plantarum KY1032 in diet-induced obese mice is associated

with gut microbial changes and reduction in obesity. PLoS ONE 8:e59470.

doi: 10.1371/journal.pone.0059470

Parks, B. W., Nam, E., Org, E., Kostem, E., Norheim, F., Hui, S. T., et al.

(2013). Genetic control of obesity and gut microbiota composition in

response to high-fat, high-sucrose diet in mice. Cell Metab. 17, 141–152.

doi: 10.1016/j.cmet.2012.12.007

Parseus, A., Sommer, N., Sommer, F., Caesar, R., Molinaro, A., Stahlman, M.,

et al. (2017). Microbiota-induced obesity requires farnesoid X receptor. Gut 66,

429–437. doi: 10.1136/gutjnl-2015-310283

Pasiakos, S. M. (2015). Metabolic advantages of higher protein diets and benefits of

dairy foods on weight management, glycemic regulation, and bone. J. Food Sci.

80(Suppl. 1), A2–A7. doi: 10.1111/1750-3841.12804

Perry, R. J., Peng, L., Barry, N. A., Cline, G. W., Zhang, D., Cardone, R. L., et al.

(2016). Acetate mediates a microbiome–brain–β-cell axis to promote metabolic

syndrome. Nature 534, 213–217. doi: 10.1038/nature18309

Pesta, D. H., and Samuel, V. T. (2014). A high-protein diet for reducing

body fat: mechanisms and possible caveats. Nutr. Metab. 11:53.

doi: 10.1186/1743-7075-11-53

Petzke, K. J., Freudenberg, A., and Klaus, S. (2014). Beyond the role of dietary

protein and amino acids in the prevention of diet-induced obesity. Int. J. Mol.

Sci. 15, 1374–1391. doi: 10.3390/ijms15011374

Pichon, L., Huneau, J. F., Fromentin, G., and Tome, D. (2006). A high-protein,

high-fat, carbohydrate-free diet reduces energy intake, hepatic lipogenesis, and

adiposity in rats. J. Nutr. 136, 1256–1260.

Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., et al.

(2013). Gut microbiota from twins discordant for obesity modulate metabolism

in mice. Science 341:1241214. doi: 10.1126/science.1241214

Roca-Saavedra, P., Mendez-Vilabrille, V., Miranda, J. M., Nebot, C., Cardelle-

Cobas, A., Franco, C. M., et al. (2017). Food additives, contaminants and

other minor components: effects on human gut microbiota-a review. J. Physiol.

Biochem. doi: 10.1007/s13105-017-0564-2. [Epub ahead of print].

Romieu, I., Dossus, L., Barquera, S., Blottiere, H. M., Franks, P. W., Gunter, M.,

et al. (2017). Energy balance and obesity: what are the main drivers? Cancer

Causes Control 28, 247–258. doi: 10.1007/s10552-017-0869-z

Ronn, M., Lind, L., Van Bavel, B., Salihovic, S., Michaelsson, K., and Lind, P. M.

(2011). Circulating levels of persistent organic pollutants associate in divergent

ways to fat mass measured by DXA in humans. Chemosphere 85, 335–343.

doi: 10.1016/j.chemosphere.2011.06.095

Roos, V., Ronn, M., Salihovic, S., Lind, L., Van Bavel, B., Kullberg, J., et al.

(2013). Circulating levels of persistent organic pollutants in relation to visceral

and subcutaneous adipose tissue by abdominal MRI. Obesity 21, 413–418.

doi: 10.1002/oby.20267

Rosqvist, F., Iggman, D., Kullberg, J., Cedernaes, J., Johansson, H. E., Larsson,

A., et al. (2014). Overfeeding polyunsaturated and saturated fat causes

distinct effects on liver and visceral fat accumulation in humans. Diabetes 63,

2356–2368. doi: 10.2337/db13-1622

Rossmeisl, M., Jilkova, Z. M., Kuda, O., Jelenik, T., Medrikova, D., Stankova, B.,

et al. (2012). Metabolic effects of n-3 PUFA as phospholipids are superior to

triglycerides inmice fed a high-fat diet: possible role of endocannabinoids. PLoS

ONE 7:e38834. doi: 10.1371/journal.pone.0038834

Russell, W. R., Gratz, S. W., Duncan, S. H., Holtrop, G., Ince, J., Scobbie, L.,

et al. (2011). High-protein, reduced-carbohydrate weight-loss diets promote

metabolite profiles likely to be detrimental to colonic health. Am. J. Clin. Nutr.

93, 1062–1072. doi: 10.3945/ajcn.110.002188

Sawicki, C. M., Livingston, K. A., Obin, M., Roberts, S. B., Chung,

M., and McKeown, N. M. (2017). Dietary fiber and the human gut

microbiota: application of evidence mapping methodology. Nutrients 9:125.

doi: 10.3390/nu9020125

Sayin, S. I., Wahlstrom, A., Felin, J., Jantti, S., Marschall, H. U., Bamberg, K., et al.

(2013). Gut microbiota regulates bile acid metabolism by reducing the levels of

tauro-beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab.

17, 225–235. doi: 10.1016/j.cmet.2013.01.003

Schnorr, S. L., Candela, M., Rampelli, S., Centanni, M., Consolandi, C., Basaglia,

G., et al. (2014). Gut microbiome of the Hadza hunter-gatherers.Nat. Commun.

5:3654. doi: 10.1038/ncomms4654

Serino, M., Luche, E., Gres, S., Baylac, A., Berge, M., Cenac, C., et al. (2012).

Metabolic adaptation to a high-fat diet is associated with a change in the gut

microbiota. Gut 61, 543–553. doi: 10.1136/gutjnl-2011-301012

She, P., Reid, T. M., Bronson, S. K., Vary, T. C., Hajnal, A., Lynch, C. J., et al. (2007).

Disruption of BCATm inmice leads to increased energy expenditure associated

with the activation of a futile protein turnover cycle. Cell Metab. 6, 181–194.

doi: 10.1016/j.cmet.2007.08.003

Shi, J., Tauriainen, E., Martonen, E., Finckenberg, P., Ahlroos-Lehmus, A.,

Tuomainen, A., et al. (2011). Whey protein isolate protects against diet-

induced obesity and fatty liver formation. Int. Dairy J. 21, 513–522.

doi: 10.1016/j.idairyj.2011.03.006

Shin, N. R., Lee, J. C., Lee, H. Y., Kim, M. S., Whon, T. W., Lee, M. S., et al.

(2014). An increase in the Akkermansia spp. population induced by metformin

treatment improves glucose homeostasis in diet-induced obese mice. Gut 63,

727–735. doi: 10.1136/gutjnl-2012-303839

Smith, J. D., Hou, T., Ludwig, D. S., Rimm, E. B., Willett, W., Hu, F. B., et al. (2015).

Changes in intake of protein foods, carbohydrate amount and quality, and long-

term weight change: results from 3 prospective cohorts. Am. J. Clin. Nutr. 101,

1216–1224. doi: 10.3945/ajcn.114.100867

Sonnenburg, J. L., and Backhed, F. (2016). Diet-microbiota interactions

as moderators of human metabolism. Nature 535, 56–64.

doi: 10.1038/nature18846

Soucy, J., and Leblanc, J. (1998). Effects of beef steak and cod fillet on plasma

glucose, insulin, amino acids and energy metabolism in normal subjects. Nutr.

Res. 18, 1113–1123. doi: 10.1016/S0271-5317(98)00093-1

Spanogiannopoulos, P., Bess, E. N., Carmody, R. N., and Turnbaugh, P. J. (2016).

The microbial pharmacists within us: a metagenomic view of xenobiotic

metabolism. Nat. Rev. Microbiol. 14, 273–287. doi: 10.1038/nrmicro.2016.17

Spitze, A. R., Wong, D. L., Rogers, Q. R., and Fascetti, A. J. (2003).

Taurine concentrations in animal feed ingredients; cooking influences

taurine content. J. Anim. Physiol. Anim. Nutr. 87, 251–262.

doi: 10.1046/j.1439-0396.2003.00434.x

Sprong, R. C., Schonewille, A. J., and Van DerMeer, R. (2010). Dietary cheese whey

protein protects rats against mild dextran sulfate sodium-induced colitis: role of

mucin and microbiota. J. Dairy Sci. 93, 1364–1371. doi: 10.3168/jds.2009-2397

Stanstrup, J., Schou, S. S., Holmer-Jensen, J., Hermansen, K., and Dragsted, L. O.

(2014). Whey protein delays gastric emptying and suppresses plasma fatty acids

and their metabolites compared to casein, gluten, and fish protein. J. Proteome

Res. 13, 2396–2408. doi: 10.1021/pr401214w

Swinburn, B. A., Sacks, G., Hall, K. D., McPherson, K., Finegood, D. T., Moodie,

M. L., et al. (2011). The global obesity pandemic: shaped by global drivers and

local environments. Lancet 378, 804–814. doi: 10.1016/S0140-6736(11)60813-1

Takeuchi, H., Matsuo, T., Tokuyama, K., Shimomura, Y., and Suzuki, M. (1995).

Diet-induced thermogenesis is lower in rats fed a lard diet than in those fed a

high oleic acid safflower oil diet, a safflower oil diet or a linseed oil diet. J. Nutr.

125, 920–925.

Tang, W. H., Wang, Z., Levison, B. S., Koeth, R. A., Britt, E. B., Fu, X., et al. (2013).

Intestinal microbial metabolism of phosphatidylcholine and cardiovascular

risk. N. Engl. J. Med. 368, 1575–1584. doi: 10.1056/NEJMoa1109400

Tastesen, H. S., Keenan, A. H., Madsen, L., Kristiansen, K., and Liaset,

B. (2014a). Scallop protein with endogenous high taurine and glycine

content prevents high-fat, high-sucrose-induced obesity and improves

plasma lipid profile in male C57BL/6J mice. Amino Acids 46, 1659–1671.

doi: 10.1007/s00726-014-1715-1

Tastesen, H. S., Ronnevik, A. K., Borkowski, K., Madsen, L., Kristiansen, K., and

Liaset, B. (2014b). A mixture of cod and scallop protein reduces adiposity and

Frontiers in Physiology | www.frontiersin.org 11 December 2017 | Volume 8 | Article 1047

https://doi.org/10.1007/s00726-010-0789-7
https://doi.org/10.1289/ehp.02110583
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1371/journal.pone.0059470
https://doi.org/10.1016/j.cmet.2012.12.007
https://doi.org/10.1136/gutjnl-2015-310283
https://doi.org/10.1111/1750-3841.12804
https://doi.org/10.1038/nature18309
https://doi.org/10.1186/1743-7075-11-53
https://doi.org/10.3390/ijms15011374
https://doi.org/10.1126/science.1241214
https://doi.org/10.1007/s13105-017-0564-2
https://doi.org/10.1007/s10552-017-0869-z
https://doi.org/10.1016/j.chemosphere.2011.06.095
https://doi.org/10.1002/oby.20267
https://doi.org/10.2337/db13-1622
https://doi.org/10.1371/journal.pone.0038834
https://doi.org/10.3945/ajcn.110.002188
https://doi.org/10.3390/nu9020125
https://doi.org/10.1016/j.cmet.2013.01.003
https://doi.org/10.1038/ncomms4654
https://doi.org/10.1136/gutjnl-2011-301012
https://doi.org/10.1016/j.cmet.2007.08.003
https://doi.org/10.1016/j.idairyj.2011.03.006
https://doi.org/10.1136/gutjnl-2012-303839
https://doi.org/10.3945/ajcn.114.100867
https://doi.org/10.1038/nature18846
https://doi.org/10.1016/S0271-5317(98)00093-1
https://doi.org/10.1038/nrmicro.2016.17
https://doi.org/10.1046/j.1439-0396.2003.00434.x
https://doi.org/10.3168/jds.2009-2397
https://doi.org/10.1021/pr401214w
https://doi.org/10.1016/S0140-6736(11)60813-1
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1007/s00726-014-1715-1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Madsen et al. Dietary Proteins, Gut Microbiota, Obesity

improves glucose tolerance in high-fat fed male C57BL/6J mice. PLoS ONE

9:e112859. doi: 10.1371/journal.pone.0112859

Thorsdottir, I., Tomasson, H., Gunnarsdottir, I., Gisladottir, E., Kiely, M.,

Parra, M. D., et al. (2007). Randomized trial of weight-loss-diets for young

adults varying in fish and fish oil content. Int. J. Obes. 31, 1560–1566.

doi: 10.1038/sj.ijo.0803643

Tranberg, B., Madsen, A. N., Hansen, A. K., and Hellgren, L. I. (2015).

Whey-reduced weight gain is associated with a temporary growth

reduction in young mice fed a high-fat diet. J. Nutr. Biochem. 26, 9–15.

doi: 10.1016/j.jnutbio.2014.07.009

Tremaroli, V., and Backhed, F. (2012). Functional interactions between

the gut microbiota and host metabolism. Nature 489, 242–249.

doi: 10.1038/nature11552

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and

Gordon, J. I. (2006). An obesity-associated gut microbiome with increased

capacity for energy harvest. Nature 444, 1027–1031. doi: 10.1038/nature05414

Villanueva-Millan, M. J., Perez-Matute, P., and Oteo, J. A. (2015). Gut microbiota:

a key player in health and disease. A review focused on obesity. J. Physiol.

Biochem. 71, 509–525. doi: 10.1007/s13105-015-0390-3

Vincent, A., Savolainen, O. I., Sen, P., Carlsson, N. G., Almgren, A., Lindqvist,

H., et al. (2017). Herring and chicken/pork meals lead to differences in plasma

levels of TCA intermediates and arginine metabolites in overweight and obese

men and women.Mol. Nutr. Food Res. 61. doi: 10.1002/mnfr.201600400

Wahlang, B., Falkner, K. C., Gregory, B., Ansert, D., Young, D., Conklin, D.

J., et al. (2013). Polychlorinated biphenyl 153 is a diet-dependent obesogen

that worsens nonalcoholic fatty liver disease in male C57BL6/J mice. J. Nutr.

Biochem. 24, 1587–1595. doi: 10.1016/j.jnutbio.2013.01.009

Wang, J., Tang, H., Zhang, C., Zhao, Y., Derrien, M., Rocher, E., et al.

(2015). Modulation of gut microbiota during probiotic-mediated attenuation

of metabolic syndrome in high fat diet-fed mice. ISME J. 9, 1–15.

doi: 10.1038/ismej.2014.99

Watanabe, M., Houten, S. M., Mataki, C., Christoffolete, M. A., Kim, B.

W., Sato, H., et al. (2006). Bile acids induce energy expenditure by

promoting intracellular thyroid hormone activation. Nature 439, 484–489.

doi: 10.1038/nature04330

Westerterp-Plantenga, M. S., Lemmens, S. G., and Westerterp, K. R. (2012).

Dietary protein - its role in satiety, energetics, weight loss and health. Br. J.

Nutr. 108(Suppl. 2), S105–S112. doi: 10.1017/S0007114512002589

Westerterp-Plantenga, M. S., Nieuwenhuizen, A., Tome, D., Soenen, S., and

Westerterp, K. R. (2009). Dietary protein, weight loss, and weight maintenance.

Annu. Rev. Nutr. 29, 21–41. doi: 10.1146/annurev-nutr-080508-141056

Wu, G. D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y. Y., Keilbaugh, S. A.,

et al. (2011). Linking long-term dietary patterns with gut microbial enterotypes.

Science 334, 105–108. doi: 10.1126/science.1208344

Xiao, L., Feng, Q., Liang, S., Sonne, S. B., Xia, Z., Qiu, X., et al. (2015).

A catalog of the mouse gut metagenome. Nat. Biotechnol. 33, 1103–1108.

doi: 10.1038/nbt.3353

Xiao, L., Sonne, S. B., Feng, Q., Chen, N., Xia, Z., Li, X., et al. (2017). High-fat

feeding rather than obesity drives taxonomical and functional changes in the

gut microbiota in mice.Microbiome 5:43. doi: 10.1186/s40168-017-0258-6

Yang, Z., Huang, S., Zou, D., Dong, D., He, X., Liu, N., et al. (2016). Metabolic

shifts and structural changes in the gut microbiota upon branched-chain

amino acid supplementation in middle-aged mice. Amino Acids 48, 2731–2745.

doi: 10.1007/s00726-016-2308-y

Yatsunenko, T., Rey, F. E., Manary, M. J., Trehan, I., Dominguez-Bello, M. G.,

Contreras, M., et al. (2012). Human gut microbiome viewed across age and

geography. Nature 486, 222–227. doi: 10.1038/nature11053

Yoo, S. R., Kim, Y. J., Park, D. Y., Jung, U. J., Jeon, S. M., Ahn, Y. T., et al.

(2013). Probiotics, L. plantarum and L. curvatus in combination alter hepatic

lipid metabolism and suppress diet-induced obesity. Obesity 21, 2571–2578.

doi: 10.1002/oby.20428

Yu, H., Guo, Z., Shen, S., and Shan, W. (2016). Effects of taurine on

gut microbiota and metabolism in mice. Amino Acids 48, 1601–1617.

doi: 10.1007/s00726-016-2219-y

Zemel, M. B., Thompson, W., Milstead, A., Morris, K., and Campbell, P.

(2004). Calcium and dairy acceleration of weight and fat loss during

energy restriction in obese adults. Obes. Res. 12, 582–590. doi: 10.1038/oby.

2004.67

Zhang, L., Nichols, R. G., Correll, J., Murray, I. A., Tanaka, N., Smith, P. B., et al.

(2015). Persistent organic pollutants modify gut microbiota-host metabolic

homeostasis in mice through aryl hydrocarbon receptor activation. Environ.

Health Perspect. 123, 679–688. doi: 10.1289/ehp.1409055

Zhu, Y., Li, H., Xu, X., Li, C., and Zhou, G. (2016). The gut microbiota in young

and middle-aged rats showed different responses to chicken protein in their

diet. BMCMicrobiol. 16:281. doi: 10.1186/s12866-016-0895-0

Zhu, Y., Lin, X., Zhao, F., Shi, X., Li, H., Li, Y., et al. (2015). Meat, dairy and

plant proteins alter bacterial composition of rat gut bacteria. Sci. Rep. 5:15220.

doi: 10.1038/srep15220

Zietak, M., and Kozak, L. P. (2016). Bile acids induce uncoupling protein

1-dependent thermogenesis and stimulate energy expenditure at

thermoneutrality in mice. Am. J. Physiol. Endocrinol. Metab. 310, E346–E354.

doi: 10.1152/ajpendo.00485.2015

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Madsen, Myrmel, Fjære, Liaset and Kristiansen. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 12 December 2017 | Volume 8 | Article 1047

https://doi.org/10.1371/journal.pone.0112859
https://doi.org/10.1038/sj.ijo.0803643
https://doi.org/10.1016/j.jnutbio.2014.07.009
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature05414
https://doi.org/10.1007/s13105-015-0390-3
https://doi.org/10.1002/mnfr.201600400
https://doi.org/10.1016/j.jnutbio.2013.01.009
https://doi.org/10.1038/ismej.2014.99
https://doi.org/10.1038/nature04330
https://doi.org/10.1017/S0007114512002589
https://doi.org/10.1146/annurev-nutr-080508-141056
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/nbt.3353
https://doi.org/10.1186/s40168-017-0258-6
https://doi.org/10.1007/s00726-016-2308-y
https://doi.org/10.1038/nature11053
https://doi.org/10.1002/oby.20428
https://doi.org/10.1007/s00726-016-2219-y
https://doi.org/10.1038/oby.2004.67
https://doi.org/10.1289/ehp.1409055
https://doi.org/10.1186/s12866-016-0895-0
https://doi.org/10.1038/srep15220
https://doi.org/10.1152/ajpendo.00485.2015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Links between Dietary Protein Sources, the Gut Microbiota, and Obesity
	Introduction
	Protein Sources, Gut Microbiota, and Obesity
	Branched Chain Amino Acids
	Taurine
	Fatty Acid Composition
	Persistent Organic Pollutants
	Conclusion
	Author Contributions
	References


