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Play down protein to play up metabolism?
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different dietary macronutrients.

FGF21 production benefits
energy metabolism

After an exhausting day and when crav-
ing dinner, not many of us appreciate that
over the course of the day, various signal-
ing molecules have been delivered into the
bloodstream in order to cope with continu-
ally changing energy demands without a
sacrifice in optimal function. One of the
key players in fine-tuning the endocrine
machinery is FGF21, which has widely
been considered a fasting-induced hor-
mone. Primarily expressed in the liver and
adipose tissue (1, 2), FGF21 exerts a num-
ber of beneficial effects on energy metabo-
lism (Figure 1), making it a popular drug
target for the pharmaceutical industry. In
adipose tissue, FGF21 has been reported
to promote glucose uptake in an insulin-
independent fashion, and this FGF21-
dependent glucose uptake appears to be
mediated through modulation of glucose
transporter GLUT1 expression and is addi-
tive to the glycemic action of insulin (3).
In line with its participation in glycemic
regulation, FGF21 enhances hepatic glu-
coneogenesis and helps maintain normo-
glycemia under conditions of increased
glucose utilization. FGF21 also lowers

Who among us hasn’t fantasized about a diet that allows ingestion of a
surfeit of calories that are burned off effortlessly by ramping up energy
expenditure? In this issue of the JCI, research led by Christopher Morrison
suggests that this dream may become a reality; however, a complete
understanding of the molecular interface that connects nutrient choices
with our cellular metabolism will be required. Laeger et al. show that the
expression and secretion of the weight-reducing hormone fibroblast growth
factor 21 (FGF21) is regulated by dietary proteins and not, as has been
heretofore assumed, simply triggered by reduced caloric intake. This study
not only sheds new light on the role of FGF21 in systems metabolism, but
also on the ways our bodies cope with the ever-changing availability of

body weight by increasing energy expen-
diture, an effect that seemingly involves
FGF21 signaling in both the CNS (4) and
the periphery (5). Based on its combined
effects on both glucose homeostasis and
energy expenditure, FGF21 is considered
a potential weapon against the negative
metabolic consequences associated with
the metabolic syndrome.

A low-protein diet induces
FGF21 expression

Current thought is that FGF21 is a fast-
ing hormone secreted from the liver into
circulation in response to increased fatty
acid oxidation, as occurs after fasting or
exposure to a ketogenic diet (6-8). While
numerous studies have established that
levels of circulating FGF21 increase under
conditions of nutrient deprivation, the
exact physiologic stimulus that regulates
FGF21 secretion has been elusive. In this
issue, Laeger et al. provide an answer to
this important problem and demonstrate
that serum levels of FGF21 increase spe-
cifically upon exposure to low-protein (LP)
diets, regardless of overall caloric intake,
in both rodents and humans (9). Laeger et
al. assessed hepatic FGF21 expression in
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rats following exposure to a diet either low
in protein, low in energy, or low in both. In
this feeding paradigm, rats restricted for
dietary protein but not energy intake dis-
played a robust increase in hepatic FGF21
expression. In contrast, rats that were
energy restricted but not protein restricted
showed decreased levels of FGF21. Impor-
tantly, Laeger et al. corroborated this
observation in humans by demonstrating
increased FGF21 levels in participants of a
clinical study that were fed a LP diet.
Next, Laeger et al. assessed FGF21
levels upon fasting and refeeding and
observed that the fasting-induced increase
in FGF21 is potentiated by refeeding with
an LP diet, but not a high-protein diet.
To this end, protein supplementation in
mice fed a ketogenic diet lowered FGF21
levels to approximately 50% of the level
observed in mice fed a ketogenic diet with-
out protein supplementation. Notably,
carbohydrate supplementation in animals
on a ketogenic diet had no effect on FGF21
levels, confirming that dietary protein
restriction underlies the increased levels of
circulating FGF21 typically observed after
feeding with a ketogenic diet. These data
confirm and extend the findings of a pre-
vious study by Bielohuby and colleagues,
in which they demonstrated that circulat-
ing FGF21 levels are increased in rats fed a
ketogenic diet limited to 10% protein, but
not in rats fed an isocaloric ketogenic diet
comprising 20% or 30% protein (10).
While previous studies have reported
that hepatic expression of FGF21 is regu-
lated via activation of PPARa (6,7), Laeger
et al. found no changes in PPARa expres-
sion or signaling following protein depri-
vation. Instead, increased FGF21 levels
were associated with increased phosphor-
ylation of hepatic eukaryotic initiation
factor 20 (elF2a), which is phosphory-
lated by the serine/threonine kinase gen-
eral control nonderepressible 2 (GCN2)
under conditions of protein deprivation.
Moreover, Laeger et al. evaluated the
effect of protein restriction on circulating
FGF21 levels in mice deficient for either
GCN2 or PPARo. Strikingly, mice lack-

1


http://www.jci.org
http://dx.doi.org/10.1172/JCI77508

Downloaded August 25, 2014 from The Journal of Clinical Investigation.

COMMENTARY

Low-protein  High-protein
diet diet

: A

| Hepatic FGF21 expression |

/

( Circulating FGF21 |

-

ing either GCN2 or PPARa did not exhibit
an increase in FGF21 expression follow-
ing exposure to a LP diet, indicating that
both GCN2 and PPARa are involved in the
regulation FGF21 expression in response
to protein restriction. Laeger et al. also
assessed whether FGF21 is required for
the behavioral and metabolic response
to protein restriction by evaluating the
metabolic phenotype of WT and Fgf21-
KO mice during a 14-day exposure to an
LP diet. In line with the authors’ initial
observations that dietary proteins regu-
late FGF21 secretion, WT mice exposed
to the LP diet showed a marked increase
in both food intake and energy expendi-
ture, assessed by analysis of covariance
(ANCOVA), as previously suggested (11).
Of note, neither food intake nor energy
expenditure was affected in Fgf21-KO
mice upon protein restriction, indicating
that these metabolic alterations are medi-
ated by FGF21 signaling.
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CNS

Increased energy expenditure
Decreased body weight
Increased thermogenesis

Liver

Increased gluconeogenesis

Decreased LDL cholesterol
» Increased HDL cholesterol

I, kY Decreased hepatic steatosis

Increased fatty acid oxidation

Pancreas Increased ketogenesis

Increased islet function
Increased insulin sensitivity
Increased glucose tolerance
Decreased plasma insulin
Decreased glucagon

—— Adipose tissue

Increased glucose uptake via GLUT1
Increased browning

Increased lipolysis

Increased leptin sensitivity

Conclusions and future
directions

This elegant series of studies by Laeger
and colleagues combines mechanistic
studies with translational human trials,
offering important insights into the molec-
ular interface that connects macronutrient
intake with endogenous control of nutri-
ent partitioning. While the work described
by Laeger et al. convincingly shows that
FGF21 is regulated specifically by protein
restriction rather than energy depriva-
tion, further studies will need to address
whether FGF21 expression is regulated by
the lack of dietary proteins in general or
by a deficiency in specific types of dietary
proteins. In this regard, food-derived opi-
oid peptides (nutropioids) were recently
shown to regulate gut-brain neural cir-
cuits that control intestinal gluconeogen-
esis and satiety via activation of p-opioid
receptors (MORs) in the portal vein (12,
13). It might be informative not only to
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Figure 1. Metabolic action of FGF21. Genera-
tion of hepatic FGF21is induced in response to
a LP diet. Once FGF21 enters the circulation,

it targets different sites throughout the body,
resulting in overall beneficial effects on energy
metabolism. In contrast, a high-protein diet
blocks hepatic FGF21 production.

assess the role of specific dietary proteins,
such as nutropioids, but also the effect of
general classes of dietary proteins, such as
essential, nonessential, and conditional
amino acids, on FGF21 metabolism. More-
over, FGF21 has been recently described
in the regulation of transdifferentiation of
white adipose tissue into brown/brite adi-
pose tissue (14); therefore, future research
will undoubtedly revisit the specific role of
dietary proteins in this process.

The findings described by Laeger et al.
are encouraging and certainly advance our
knowledge on how FGF21 expression is
regulated. Importantly, these results chal-
lenge the current view that FGF21 is sim-
ply a classical fasting-induced hormone.
The work by Laeger and colleagues also
emphasizes the importance and relevance
of well-designed diet-controlled studies
in investigating and truly appreciating the
physiological underpinnings of the complex
neuroendocrine signaling nodes respon-
sible for regulating systems metabolism.
These results follow an era of high-protein
diets, such as Atkins, South Beach, and the
Paleo diet. While these diets all focus on
enhanced protein consumption, they vary
in their prescribed consumption of fats and
carbohydrates. For example, the Atkins diet
dramatically limits the intake of carbohy-
drates but not fat, and many on the diet self
restrict overall calorie consumption, result-
ing in weight loss. Because these high-
protein diets have received broad attention
and considerable media coverage, it may
seem tempting (and lucrative) to usher in
yet a new dietary era focused on protein
restriction rather than energy deprivation.
Undoubtedly, a diet that naturally increases
secretion of a candidate factor for the treat-
ment of the metabolic syndrome suggests
that protein restriction might offer desir-
able benefits despite a potential undesired
impact on muscle mass.
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