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Abstract

Recent studies have demonstrated that dietary protein dilution (PD) can promote metabolic
inefficiency and improve glucose metabolism. However, whether PD can promote other aspects of
metabolic health, such as improve systemic lipid metabolism, and mechanisms therein, remains
unknown. Mouse models of obesity such as high fat diet fed C57BI/6N mice, and New Zealand Obese
mice were fed normal (i.e. 20%P) and protein-dilute (i.e. 5%EP) diets. Fgf21-/- and Cd36-/- and
corresponding littermate +/+ controls were also studied to examine gene-diet interactions. Here we
show that chronic PD retards the development of hypertrigylceridemia and fatty liver in obesity, and
that this relies on the induction of the hepatokine fibroblast growth factor 21 (FGF21). Furthermore,
PD greatly enhances systemic lipid homeostasis, the mechanisms by which include FGF21-
stimulated, and cluster of differentiation 36 (CD36) mediated, fatty acid clearance by oxidative
tissues such as heart and brown adipose tissue. Taken together our pre-clinical studies demonstrate
a novel nutritional strategy, as well as highlight a role for FGF21-stimulated systemic lipid

metabolism, in combatting obesity-related dyslipidemia.
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Introduction

Dietary protein dilution (PD), where dietary protein intake is reduced and replaced by calories from
carbohydrate and/or fat, has emerged as an influential environmental variable affecting ageing and
age-related disease such as type 2 diabetes (T2D). Indeed several studies have demonstrated that PD
promotes longevity in rodents [1-3] and can retard age-related disease such as cancer [4] and type 2
diabetes [5]. Furthermore, protein intake rates have been positively associated with increased risk

for type 2 diabetes and all-cause mortality in humans [6, 7].

While metabolic health pursuant to dietary PD are likely to involve numerous mechanisms, we
recently demonstrated that dietary PD promotes glucose homeostasis in murine T2D via induction of
the liver-derived hormone fibroblast-growth factor 21 (FGF21) [5]. Indeed, it has been reproducibly
shown that FGF21 is an endocrine signal of PD in rodents [3, 5, 8, 9] and in humans [5, 8, 10, 11].
While the downstream mechanisms by which FGF21 improves metabolic health with PD are yet to
be fully resolved, FGF21 does confer the increased energy expenditure and glucose disposal upon
PD, at least in mice [5, 8], and heightened energy expenditure is thought to be a promising strategy

to combat obesity-related metabolic disease [12, 13].

Other than worsened glucose homeostasis, another major metabolic pathology associated with
obesity is dyslipidemia, which often ultimately manifests in such diseases as fatty liver disease [14]
and atherosclerosis-related cardiovascular disease [15]. Importantly, in humans and non-human
primates, FGF21 treatment has been shown to promote weight loss and improve biomarkers of
dyslipidemia in obesity [16, 17]. Similar results have been found in mice, where FGF21 lowers plasma
triglycerides [18, 19] by various mechanisms including the clearance of both TG-rich lipoproteins and
non-esterified fatty acids into various tissues [19] as well as affecting adipose tissue lipolysis [20, 21],
ultimately culminating in reduced arteriosclerosis [22]. Hence, here we tested whether and how PD
improves lipid metabolism in mice and demonstrate that PD promotes fatty acid clearance in

peripheral tissues, and reduces fatty liver in obesity, at least in part via FGF21.



Methods

Mouse experiments.

Male mice, aged 7 weeks upon arrival, were acclimated to the housing facility (12-12h light-dark
cycle, 22-24°C) and fed their respective low fat experimental control diet for at least one week prior
to experimentation. Mice used for experiments were C57BI/6NCrl mice (#027, Charles River
Laboratories), as well as New Zealand Black (NZB, #000993, NZB/BINJ) and New Zealand Obese (NZO,
#002105, NZO/HILtJ, Jackson Laboratories) strains. We also studied diet-gene activity interactions in
male Fgf21 -/- [20] and Cd36-/- [23] mice which were on the C57BI/6 background.

For studies of protein restriction in the setting of HF diet-induced obesity, diet compositions are
outlined in Supplementary Table 1. Following acclimation on the low-fat control diet, some
C57BI/6NCrl mice were switched to a diet containing low protein, or maintained on the control diet,
and some mice were sacrificed after 3d, 14d, and 112d to examine the time-effect of diet treatment
on metabolic phenotypes. We tested the effects of dietary protein restriction in the setting of
murine obesity-driven insulin resistance and T2D using nutritional and polygenic experimental
mouse models: C57BI6/NCrl mice fed a high fat (HF) diet and the NZO mouse strain. While both
models share obesity and insulin resistance in common, male NZO mice display hyperphagia and
random fed hyperglycemia with reduced levels of physical activity and energy expenditure [24].
Following acclimation, C57BI/6NCrl mice were switched to a diet containing low protein, or a HF diet
containing either normal or low protein for 16 weeks prior to euthanizing (in the random fed state)
by cervical dislocation, with subsequent trunk blood collection and tissue harvesting. For studies
involving NZO vs lean NZB mice, half of the mice from each genotype were switched to a low protein
diet for 10 weeks followed by tissue collection as described above. These studies have been

previously reported [5].

We also examined diet-gene activity interactions in Fgf21+/+ and Fgf21-/- mice. For diet feeding
studies, we conducted both low-fat diet and high-fat diet studies with either 20%E or 5%E from
protein, as reported previously [5]. Furthermore, we examined diet-gene activity interactions in
Cd36+/+ and Cd36-/- mice. Here we examined we fed mice with the diets for 4 weeks with the OLTT

and tracer study conducted at week 2 and 4, respectively.



Inclusion criteria were mice of a certain age (i.e. 8-9 weeks) at the beginning of the experiment.
Criteria for exclusion of mice from study groups were obvious infections/wounds which would
impact on feeding behavior as well as metabolic profile. These criteria were pre-established. Animal
experiments were conducted according to local, national, and EU ethical guidelines and approved by
local regulatory authorities (Regierungsprasidium Karlsruhe, DEU), and conformed to ARRIVE

guidelines.

Metabolic Phenotyping.

Blood samples were collected from the tail vein in the 5-6h fasted state (ZT6-7) for assessment of
blood glucose and serum insulin levels for the calculation of an insulin sensitivity index (ISI;
1000/(glucose (mM) x insulin (pM)), which is a good surrogate measure of whole-body insulin action

in mice [5].

An oral lipid (100uL/mouse olive oil delivered by oral gavage; 01514, Sigma-Aldrich, DEU) tolerance
test (OLTT) was conducted in the fasted (i.e. 5-6h) state as we have conducted previously [25], with

blood samples collected from a tail vein nick before and at 1, 3 and 6h thereafter.

To assess in vivo tissue-specific long-chain fatty acid uptake we adapted a method previously
described [26] where we injected a small amount of R->H-bromopalmitic acid (dried and then
dissolved in 10% mouse serum) into the tail vein of mice after at 3-4h fast. Blood samples were
collected from the tail vein at 2 and 15 min after injection and mice were then sacrificed at 16 min
by cervical dislocation and tissues were rapidly harvested, carefully weighed and frozen in LN,.
Known amounts of tissues were homogenized in Solvable (6NE9100, Perkin-Elmer) and tissue
homogenates and serum samples were then subjected to liquid-scintillation counting ((Packard
2200CA Tri-Carb Liquid Scintillation analyzer; Packard Instruments). Tissue uptake rates were
calculated based upon the weighted average of the specific activity of the administered *H-NEFA
(cpm/mol), along with tissue counts (cpm) and mass (g), and time (h) of collection after

administration.

Blood metabolites & hormones. Commercially available kits were used to measure serum non-
esterified fatty acids (NEFA; NEFA-HR, Wako), glycerol/triglyceride (TG; TR-0100; Sigma-Aldrich),
cholesterol (CH200, Randox), insulin (80-INSMS-EOQ1, Alpco) and FGF21 (MF2100, R&D systems)



essentially according to manufacturer’s instructions. All samples were loaded in order to fit within

the assay range of the reagents supplied.

Tissue metabolite extraction and assay. For tissue lipid determinations, frozen tissue samples were
pulverized, weighed and extracted. Lipid analyses were conducted according to established
guidelines [27] using glycerol/triglyceride (TR-0100; Sigma-Aldrich) assay kits. Values were calculated
as molar concentration per gram wet tissue as well as amounts per organ by multiplying by total

tissue mass.

Tissue histology. For oil red O lipid staining, 5 um cryosections of liver embedded in Tissue Tek OCT
compound (Sakura, NL) were fixed in Baker's formol for 5 mins, followed by 5 mins in 60%
isopropanol. Lipids were stained for 10 mins with QOil Red O (Sigma Aldrich). After brief rinses in 60%
isopropanol and water, sections were counterstained with hematoxylin and coverslipped using Dako
mounting medium (Agilent Technologies). For Sudan Red staining, cryo sections (5 um) were cut and

stained with Sudan Red (0.25% Sudan IV in ethanolic solution).

Study design criteria and statistical analyses

Based upon preliminary data showing the expected effect size of major outcome variables, a power
analysis was conducted in order to determine the minimal number of animals to be used for each
experiment. For genotype difference studies, offspring mice from Het x Het breeding’s were initially
randomized to each experiment group. Afterwards, counterbalancing was done in order to realize
equal sample sizes per experimental group. When conducting studies, the investigators were aware
of which mouse was in which experimental group due to prior genotyping and allocation. However,

the technical assistants involved in the studies were blinded.

Statistical analyses were performed using t-tests (two-sided), or 2-way analysis of variance (ANOVA)
with or without repeated measures, where appropriate, with Holm-Sidak-adjusted post-tests. All

analyses were carried out with SigmaPlot v.13 software (Systat Software GmbH, DEU).



Results

As we previously demonstrated that dietary protein dilution (PD) improves glucose homeostasis [5],
here we chose to examine another important outcome of obesity-related metabolic dysfunction,
namely dyslipidemia. To investigate this further, we conducted a time-course study to distinguish
the acute and chronic effects of PD, and demonstrate that while there were rapid effects of PD on
body mass and composition, with a rapid and sustained lower accrual of body mass, lean mass, and
fat mass over time in PD fed mice (Fig. 1A-C). Furthermore, the difference in fat mass was more
pronounced over time, and eventually became a major influence on total body mass. The effects of
PD on systemic glucose homeostasis, as determined by an insulin sensitivity index (Fig. 1D) based
upon fasting insulin and glucose levels (Fig. 1E-F), are rapid and sustained. Similarly, serum FGF21
levels were also higher (Fig. 1G), and the effects of the diet were rapid and sustained. Similarly,
serum triglyceride (Fig. 1H), but not non-esterified fatty acids (NEFA, Fig. S1A) or cholesterol (Fig.
S1B), are reduced rapidly upon PD feeding. On the other hand, liver triglyceride levels were

profoundly lower, but only after chronic PD feeding (Fig, 1l; Fig. S1C-D).

Given that serum and liver triglyceride levels are thought to be a pre-disposing factor for
cardiovascular and non-alcoholic fatty liver disease, respectively [14, 15], particularly in the context
of obesity-driven metabolic complications, we then investigated whether PD would retard the
effects of obesity to promote a dyslipidemic phenotype. To this end, we employed two mouse
models of obesity, a dietary model (i.e. high fat diet feeding) and a polygenetic model of
hyperphagia-induced obesity [5]. Chronic PD in both of these models reduced both blood serum (Fig.
2A-B) and liver (Fig. 2C-E; Fig. S2A) triglyceride levels. The effects of PD were particularly pronounced
in the obese models, with triglyceride levels returning to those of the control diet feeding,

independent of body mass and fatness [5].

To then obtain insight into the mechanisms by which PD mediates this improved lipid metabolism,
we employed an oral lipid tolerance test, and could demonstrate that PD feeding enhances lipid
homeostasis as reflected by a substantially blunted serum triglyceride (Fig. 2F) and NEFA (Fig. 2G)
excursion following the lipid dose. While this enhanced lipid tolerance may be explained by several
factors, we chose to investigate whether there is enhanced NEFA clearance, which ultimately might
also explain the lower serum triglyceride levels as well. Of note, in vivo NEFA uptake was enhanced
in liver, heart, as well as brown (BAT) and white (WAT) adipose tissues, but not skeletal muscle (Fig.

2H; Fig. S2B).



As the metabolic response to PD is partially explained by an induction and secretion of liver-derived
fibroblast growth factor 21 (FGF21) [5, 8] we chose to investigate whether FGF21 was involved in the
lipid metabolic phenotype we observe with PD (Fig. 1-2). Indeed, studies in rodents [18, 19, 28] and
humans [16, 17] have demonstrated that FGF21 per se has an effect on lipid metabolism and can
reduce biomarkers of lipid metabolic dysfunction in obesity. In response to chronic PD feeding, the
reductions in both serum and liver triglyceride levels were abrogated in the absence of FGF21, both
in response to low (Fig. 3A-B) and high (Fig. 3C-E) fat diet feeding, results which corroborate former
studies of mice showing that FGF21 can retard hepatic steatosis [29-33]. This aligned with an
abrogation of downregulated triglyceride stores upon PD in BAT, skeletal muscle and heart (Fig. S3A-
C), suggesting a clear systemic effect of PD to affect lipid homeostasis via FGF21. In line with this, in
further relatively acute diet administration experiments, the effects of PD to enhance lipid
homeostasis during an oral lipid challenge were completely absent in Fgf21 knockout mice (Fig. 3F-
G). To understand which tissues contribute to this effect we then performed in vivo NEFA uptake
tracer experiments, and could show that while the upregulation in NEFA clearance into BAT, heart
and inguinal WAT (iWAT) was absent in Fgf21 KO mice, the uptake in liver and abdominal WAT
(aWAT) was conversely enhanced (Fig. 3H & S3D).

Since FGF21 is known to promote enhanced systemic lipid disposal via CD36 [19], and CD36 is known
to promote FA uptake in highly oxidative tissues such as heart and BAT [34] of which we observe to
be affected by PD (Fig. 2), we then investigated whether the effects of PD to promote enhanced lipid
metabolism relies on FA clearance by CD36. To this end we employed Cd36 knockout mice, and
could observe that the effect of PD to lower serum triglyceride levels was completely abrogated with
systemic CD36 loss-of-function (Fig. 4A). Furthermore, the effects of PD to enhance lipid
homeostasis during an oral lipid challenge were completely absent in Cd36 knockout mice (Fig. 4B-
C). To understand the tissues which contribute to this effect we then performed in vivo NEFA uptake
tracer experiments, and could show that while the upregulation in NEFA clearance in BAT, heart and

iWAT was absent in Cd36 KO mice, the uptake in liver was conversely enhanced (Fig. 4D & S4).

Discussion

Here we demonstrate that feeding a protein diluted diet (PD) to mice reduces obesity-related
hypertriglyceridemia and hepatosteatosis (Fig. 2). Since these parameters are closely linked to
obesity-related pathologies such as cardiovascular disease [15] and non-alcoholic steatohepatitis

[14] and hepatocellular carcinoma [35], feeding a protein reduced diet may be a potential nutritional



strategy to retard the development of such diseases. Clearly this is a potential area for future
investigations. Importantly, our studies align with prior studies demonstrating that single essential
amino acid restriction affects systemic lipid homeostasis [36], however whether the amino acid
component of dietary protein, and if so, which particular amino acid(s), is involved remain elusive.
This is an important area of investigation, and an in silico predictive approach similar to that taken
by Piper and colleagues [37] may lead us in the right direction for deciphering key nutrient-

phenotype interactions.

In terms of the molecular mechanisms, we demonstrated that the induction of FGF21 [5] upon PD, is
related to and it required for the effects of PD to retard hypertriglyceridemia and hepatosteatosis
(Fig. 3). This is in agreement with prior studies demonstrating that FGF21 can lower
hypertriglyceridemia in both rodents [18, 19] and humans [16, 17] and can retard the development
of hepatosteatosis and non-alcoholic steatohepatitis in rodent models [29-31, 33, 38]. In terms of
the mechanisms by which FGF21 can revert hypertriglyceridemia and ectopic lipid deposition in
obesity, we show that PD feeding increases systemic lipid clearance and promotes non-esterified
fatty acid uptake into various tissues such as heart and brown adipose tissue, of which is dependent
on FGF21 (Fig. 2 & 3). This result is partly in line with the results of Sheja and colleagues [19], who
demonstrated that FGF21 can promote TG-rich lipoprotein and FA uptake in adipose tissues of mice
and our former studies demonstrating that PD promotes increased energy expenditure and systemic
FA oxidation via FGF21 [5]. Furthermore, we demonstrated that the effects of PD to enhance lipid
tolerance and tissue NEFA clearance were dependent on CD36 (Fig. 4). Importantly, this result was
very similar to those from the experiments using FGF21 knockout mice (Fig. 3), strengthening the
prior evidence [19] that FGF21 stimulates lipid clearance thorough mechanisms involving CD36.
While the precise mechanisms by which FGF21 stimulates FA uptake remain elusive in the context of
PD, it is likely that FGF21 operates via an indirect action via the brain and the sympathetic nervous
system [39-42] or via direct action on adipose tissues [43-45] and perhaps liver [46]. Indeed, FGF21
has been shown to stimulate CD36 translocation to the surface membranes of adipose tissue in vivo
[19], and, along with other functions, is known to operate as a facilitative peptide transporter of
long-chain fatty acids at cell-surface membranes [47]. On the other hand, others have reported that
CD36 is necessary for coenzyme Q uptake and hence proper mitochondrial function in tissues [48],
which thus may explain the former [34] and current data that CD36 is responsible for FA disposal in

highly oxidative tissues, particularly when they are stimulated to enhance FA oxidation.

As the major metabolic source of the increase in hepatocellular triglycerides in fatty liver disease

results from direct uptake of adipose-derived NEFAs [14, 49, 50], we propose that the reduction in



fatty liver and perhaps improved glucose metabolism [51] by chronic PD may relate to enhanced FA
clearance and burning by oxidative tissues such as heart and BAT. Indeed, when enhanced clearance
by such tissues was disrupted by either FGF21 or CD36 loss-of function, FA clearance by the liver was
exacerbated (Fig. 3 & 4). Furthermore, our previous work showed that glucose uptake into these
tissues as well as whole-body glucose and fatty acid oxidation were enhanced in dietary PD [5],
suggesting a general switch away from nitrogenous- and toward fat- and carbohydrate-carbon fuel
oxidation. Lastly, as increased serum and liver triglyceride are reliable biomarkers for metabolic
disease such as fatty liver disease and atherosclerosis, our results point towards the potential
application of PD as a prophylaxis for such obesity-driven disease outcomes including non-alcoholic

steatohepatitis and cardiovascular dysfunction.

In summary, dietary protein dilution retards dyslipidemia and hepatosteatosis in obesity and this

may relate to enhanced FGF21-mediated lipid clearance in oxidative tissues.
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Figure legends

Figure 1. Time-effects of dietary protein dilution on body composition and metabolic parameters

in mice.

(A): Body mass after 3d, 14d or 112d in mice fed a control diet (CD) containing 20% caloric energy
from protein (CD) or a protein-diluted (PD) diet containing 5% caloric energy from protein, diluted by

added carbohydrate. N = 5-6/group.

(B): Lean mass as determined by ECHO-MRI from mice as in (A).

(C): Fat mass as determined by ECHO-MRI from mice as in (A).

(D): Insulin sensitivity index (ISI(f)) from mice as in (A).

(E): Fasting blood serum insulin levels from mice as in (A).

(F): Fasting blood glucose levels from mice as in (A).

(G): Blood serum fibroblast growth factor 21 (FGF21) levels from mice as in (A).

(H): Serum triglyceride (TG) levels from fibroblast growth factor 21 (Fgf21) sufficient (Fgf21+/+) and
deficient (Fgf21-/-) mice fed a low-fat (LFD) diet (HFD) with 20% protein (CD) or 5% calories from

protein (PD) for 12 weeks. N = 7-8/group.
(I): Liver triglyceride (TG) amounts from mice as in (A).

Data are mean + SEM. A-K: Significant effect of time: *P<0.05, **P<0.01, ***P<0.001. Significant
effect between CD and PD: *P<0.05, *#P<0.01, "*P<0.001.

Figure S1. Time-effects of dietary protein dilution on body composition and metabolic parameters

in mice.

(A): Blood serum non-esterified fatty acids (NEFA) levels from mice after 3d, 14d or 112d in mice fed
a control diet (CD) containing 20% caloric energy from protein (CD) or a protein-diluted (PD) diet

containing 5% caloric energy from protein, diluted by added carbohydrate. N = 5-6/group.

(B): Blood serum cholesterol levels from mice as in (A).
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(C): Liver triglyceride (TG) levels per unit liver mass from mice as in (A).
(D): Liver mass from mice as in (A).

Data are mean = SEM. A-K: Significant effect of time: *P<0.05, **P<0.01, ***P<0.001. Significant
effect between CD and PD: *P<0.05, "#P<0.01, "*P<0.001.

Figure 2. Dietary protein dilution reduces serum and liver triglyceride levels in obesity and

enhances systemic lipid homeostasis.

(A): Serum triglyceride (TG) levels from mice fed a low-fat (LFD) or high-fat diet (HFD) with 20%

protein (CD) or 5% calories from protein (PD) for 16 weeks. N = 7-8/group.

(B): Serum triglyceride (TG) levels from lean New Zealand Black (NZB) or New Zealand Obese (NZO)
mice fed a high-carbohydrate diet with 20% calories protein (CD) or 5% calories from protein (PD) for

10 weeks. N = 6-8/group.
(C): Liver triglyceride (TG) amounts from mice as in (C).
(D): Liver triglyceride (TG) amounts from mice as in (D).

(E): Neutral lipid (i.e. Oil-red-0) staining of liver cryosections from mice as in (C). Shown are 2

representative images of different individual mice. Scale bar: 50um.

(F): Blood serum triglyceride levels during an oral lipid tolerance test in C57BI/6N mice after 1 week
of pre-feeding a control diet (CD) containing 20% caloric energy from protein (CD) or a protein-
diluted (PD) diet containing 5% caloric energy from protein, diluted by added carbohydrate. N =

4/group.
(G): Blood serum NEFA levels from mice as in (H).

(H): Tissue long-chain fatty acid (LCFA) uptake rate during the in vivo fatty acid uptake experiment
from C57BI/6N mice pre-treated for 2 weeks with a high-carbohydrate diet with 20% calories protein
(CD) or 5% calories from protein (PD). BAT: brown adipose tissue; GCM: gastrocnemius complex

muscle; iWAT: inguinal white adipose tissue; aWAT: abdominal WAT. N=4/group.

Data are mean * SEM. A-H: Significant effect of HFD/genotype: *P<0.05, **P<0.01, ***P<0.001.
Significant effect between CD and PD: *P<0.05, #P<0.01, **P<0.001.

12



Figure S2. Dietary protein dilution reduces serum and liver triglyceride levels in obesity and

enhances systemic lipid homeostasis.

(A): Neutral lipid (i.e. Oil-red-0) staining of liver cryosections from lean New Zealand Black (NZB) or
New Zealand Obese (NZO) mice fed a high-carbohydrate diet with 20% calories protein (CD) or 5%
calories from protein (PD) for 10 weeks. Shown are 3 representative images of different individual

mice. Scale bar: 50um.

(B): Non-esterified fatty acid (NEFA) specific activity of *H-bromopalmitic acid during the in vivo fatty
acid uptake experiment from mice pre-treated with a high-carbohydrate diet with 20% calories

protein (CD) or 5% calories from protein (PD). N=4/group.

Data are mean * SEM. Significant effect between CD and PD: *P<0.05, *P<0.01, **P<0.001.

Figure 3. Dietary protein dilution retards obesity-driven lipid metabolic dysfunction via FGF21-

driven NEFA clearance.

(C): Serum triglyceride (TG) levels from fibroblast growth factor 21 (Fgf21) sufficient (Fgf21+/+) and
deficient (Fgf21-/-) mice fed a high-fat diet (HFD) with 20% protein (CD) or 5% calories from protein
(PD) for 12 weeks. N = 7-8/group.

(D): Liver triglyceride (TG) amounts from mice as in (C).

(E): Neutral lipid (i.e. Sudan red) staining of liver cryosections from mice as in (C). Shown are 3

representative images of different individual mice. Scale bar: 50um.

(F): Blood serum triglyceride (TG) levels during an oral lipid tolerance test (OLTT) in mice as in (A) but

treated with the diets for 1 week.
(G): Serum non-esterified fatty acids (NEFA) from the same mice as in (F).

(H): Tissue uptake rates of long-chain fatty acids (LCFA) by *H-bromopalmitic acid tracing in the same

mice as in (F) but treated with the diets for 2 weeks. N=5/group.

Data are mean + SEM. A-H: Significant effect of dietary protein: *P<0.05, **P<0.01, ***P<0.001.
Significant effect of genotype: *P<0.05, #*P<0.01, **P<0.001. See also Figure S2.
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Figure S3. Dietary protein dilution retards obesity-driven lipid metabolic dysfunction via FGF21-

driven NEFA clearance.

(A): Brown adipose tissue (BAT) triglyceride amounts from fibroblast growth factor 21 (Fgf21)
sufficient (Fgf21+/+) and deficient (Fgf21-/-) mice fed a low-fat (LFD) diet with 20% protein (CD) or

5% calories from protein (PD) for 12 weeks. N = 7-8/group.
(B): Gastrocnemius skeletal muscle (GCM) triglyceride amounts from mice as in (A).
(C): Heart triglyceride amounts from mice as in (A).

(D): Non-esterified fatty acid (NEFA) specific activity of *H-bromopalmitic acid during the in vivo fatty
acid uptake experiment from fibroblast growth factor 21 (Fgf21) sufficient (Fgf21+/+) and deficient
(Fgf21-/-) mice fed a low-fat diet (LFD) with 20% protein (CD) or 5% calories from protein (PD).

N=5/group.

Data are mean = SEM. A-D: Significant effect of dietary protein: *P<0.05, **P<0.01, ***P<0.001.
Significant effect of genotype: *P<0.05, *P<0.01, **P<0.001. See also Figure 2.

Figure 4. Dietary protein dilution enhances lipid metabolism and NEFA clearance by heart and BAT

via CD36.

(A): Blood serum triglyceride (TG) levels from cluster of differentiation 36 (Cd36) sufficient (Cd36+/+)
and deficient (Cd36-/-) mice fed a low-fat diet (LFD) with 20% protein (CD) or 5% calories from

protein (PD) for 4 weeks. N = 7-8/group.

(B): Blood serum triglyceride (TG) levels during an oral lipid tolerance test (OLTT) in mice as in (A)

after 2 weeks diet treatment.
(C): Blood serum non-esterified fatty acid (NEFA) levels from mice as in (B).

(D): Tissue uptake rates of long-chain fatty acids (LCFA) by *H-bromopalmitic acid tracing in mice as

in (A) after 4 weeks diet treatment. N=3-4/group.

Data are mean + SEM. A-D: Significant effect of dietary protein: *P<0.05, **P<0.01, ***P<0.001.
Significant effect of genotype: *P<0.05, #*P<0.01, **P<0.001. See also Figure S3.
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Figure S4. Dietary protein dilution enhances lipid metabolism and NEFA clearance by heart and

BAT via CD36.

Non-esterified fatty acid (NEFA) specific activity of *H-bromopalmitic acid during the in vivo fatty acid
uptake experiment from cluster of differentiation 36 (Cd36) sufficient (Cd36+/+) and deficient (Cd36-
/-) mice fed a low-fat diet (LFD) with 20% protein (CD) or 5% calories from protein (PD). N=3-

4/group.

15



References

[1] Ross MH. Length of life and nutrition in the rat. J Nutr. 1961;75:197-210.

[2] Miller DS, Payne PR. Longevity and protein intake. Exp Gerontol. 1968;3:231-4.

[3] Solon-Biet SM, McMahon AC, Ballard JW, Ruohonen K, Wu LE, Cogger VC, et al. The ratio of
macronutrients, not caloric intake, dictates cardiometabolic health, aging, and longevity in ad
libitum-fed mice. Cell Metab. 2014;19:418-30.

[4] Levine ME, Suarez JA, Brandhorst S, Balasubramanian P, Cheng CW, Madia F, et al. 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. 2014;19:407-17.

[5] Maida A, Zota A, Sjoberg KA, Schumacher J, Sijmonsma TP, Pfenninger A, et al. A liver stress-
endocrine nexus promotes metabolic integrity during dietary protein dilution. J Clin Invest.
2016;126:3263-78.

[6] van Nielen M, Feskens EJ, Mensink M, Sluijs |, Molina E, Amiano P, et al. Dietary protein intake
and incidence of type 2 diabetes in Europe: the EPIC-InterAct Case-Cohort Study. Diabetes Care.
2014;37:1854-62.

[7] Song M, Fung TT, Hu FB, Willett WC, Longo VD, Chan AT, et al. Association of Animal and Plant
Protein Intake With All-Cause and Cause-Specific Mortality. JAMA internal medicine. 2016;176:1453-
63.

[8] Laeger T, Henagan TM, Albarado DC, Redman LM, Bray GA, Noland RC, et al. FGF21 is an
endocrine signal of protein restriction. J Clin Invest. 2014;124:3913-22.

[9] Perez-Marti A, Garcia-Guasch M, Tresserra-Rimbau A, Carrilho-Do-Rosario A, Estruch R, Salas-
Salvado J, et al. A low-protein diet induces body weight loss and browning of subcutaneous white
adipose tissue through enhanced expression of hepatic fibroblast growth factor 21 (FGF21). Mol
Nutr Food Res. 2017.

[10] Gosby AK, Lau NS, Tam CS, Iglesias MA, Morrison CD, Caterson ID, et al. Raised FGF-21 and
Triglycerides Accompany Increased Energy Intake Driven by Protein Leverage in Lean, Healthy
Individuals: A Randomised Trial. PLoS One. 2016;11:e0161003.

[11] Fontana L, Cummings NE, Arriola Apelo SI, Neuman JC, Kasza I, Schmidt BA, et al. Decreased
Consumption of Branched-Chain Amino Acids Improves Metabolic Health. Cell reports. 2016;16:520-
30.

[12] Tseng YH, Cypess AM, Kahn CR. Cellular bioenergetics as a target for obesity therapy. Nat Rev
Drug Discov. 2010;9:465-82.

[13] Hesselink MK, Schrauwen-Hinderling V, Schrauwen P. Skeletal muscle mitochondria as a target
to prevent or treat type 2 diabetes mellitus. Nat Rev Endocrinol. 2016;12:633-45.

[14] Machado MV, Diehl AM. Pathogenesis of Nonalcoholic Steatohepatitis. Gastroenterology.
2016;150:1769-77.

[15] Rader DJ. New Therapeutic Approaches to the Treatment of Dyslipidemia. Cell Metab.
2016;23:405-12.

[16] Gaich G, Chien JY, Fu H, Glass LC, Deeg MA, Holland WL, et al. The effects of LY2405319, an
FGF21 analog, in obese human subjects with type 2 diabetes. Cell Metab. 2013;18:333-40.

[17] Talukdar S, Zhou Y, Li D, Rossulek M, Dong J, Somayaji V, et al. A Long-Acting FGF21 Molecule,
PF-05231023, Decreases Body Weight and Improves Lipid Profile in Non-human Primates and Type 2
Diabetic Subjects. Cell Metab. 2016;23:427-40.

[18] Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R, Galbreath EJ, et al. FGF-21 as
a novel metabolic regulator. J Clin Invest. 2005;115:1627-35.

[19] Schlein C, Talukdar S, Heine M, Fischer AW, Krott LM, Nilsson SK, et al. FGF21 Lowers Plasma
Triglycerides by Accelerating Lipoprotein Catabolism in White and Brown Adipose Tissues. Cell
Metab. 2016;23:441-53.

16



[20] Hotta Y, Nakamura H, Konishi M, Murata Y, Takagi H, Matsumura S, et al. Fibroblast growth
factor 21 regulates lipolysis in white adipose tissue but is not required for ketogenesis and
triglyceride clearance in liver. Endocrinology. 2009;150:4625-33.

[21] Arner P, Pettersson A, Mitchell PJ, Dunbar JD, Kharitonenkov A, Ryden M. FGF21 attenuates
lipolysis in human adipocytes - a possible link to improved insulin sensitivity. FEBS Lett.
2008;582:1725-30.

[22] Lin Z, Pan X, Wu F, Ye D, Zhang Y, Wang Y, et al. Fibroblast growth factor 21 prevents
atherosclerosis by suppression of hepatic sterol regulatory element-binding protein-2 and induction
of adiponectin in mice. Circulation. 2015;131:1861-71.

[23] Febbraio M, Abumrad NA, Hajjar DP, Sharma K, Cheng W, Pearce SF, et al. A null mutation in
murine CD36 reveals an important role in fatty acid and lipoprotein metabolism. J Biol Chem.
1999;274:19055-62.

[24] Kanasaki K, Koya D. Biology of obesity: lessons from animal models of obesity. Journal of
biomedicine & biotechnology. 2011;2011:197636.

[25] Fuhrmeister J, Zota A, Sijmonsma TP, Seibert O, Cingir S, Schmidt K, et al. Fasting-induced liver
GADDA45beta restrains hepatic fatty acid uptake and improves metabolic health. EMBO molecular
medicine. 2016;8:654-69.

[26] Furler SM, Cooney GJ, Hegarty BD, Lim-Fraser MY, Kraegen EW, Oakes ND. Local factors
modulate tissue-specific NEFA utilization: assessment in rats using 3H-(R)-2-bromopalmitate.
Diabetes. 2000;49:1427-33.

[27] Argmann CA, Houten SM, Champy MF, Auwerx J. Lipid and bile acid analysis. Curr Protoc Mol
Biol. 2006;Chapter 29:Unit 29B 2.

[28] Camporez JP, Jornayvaz FR, Petersen MC, Pesta D, Guigni BA, Serr J, et al. Cellular mechanisms
by which FGF21 improves insulin sensitivity in male mice. Endocrinology. 2013;154:3099-109.

[29] Tanaka N, Takahashi S, Zhang Y, Krausz KW, Smith PB, Patterson AD, et al. Role of fibroblast
growth factor 21 in the early stage of NASH induced by methionine- and choline-deficient diet.
Biochim Biophys Acta. 2015;1852:1242-52.

[30] Fisher FM, Chui PC, Nasser IA, Popov Y, Cunniff JC, Lundasen T, et al. Fibroblast growth factor 21
limits lipotoxicity by promoting hepatic fatty acid activation in mice on methionine and choline-
deficient diets. Gastroenterology. 2014;147:1073-83 e6.

[31] Lee JH, Kang YE, Chang JY, Park KC, Kim HW, Kim JT, et al. An engineered FGF21 variant,
LY2405319, can prevent non-alcoholic steatohepatitis by enhancing hepatic mitochondrial function.
American journal of translational research. 2016;8:4750-63.

[32] Coskun T, Bina HA, Schneider MA, Dunbar JD, Hu CC, Chen Y, et al. Fibroblast growth factor 21
corrects obesity in mice. Endocrinology. 2008;149:6018-27.

[33] Xu J, Lloyd DJ, Hale C, Stanislaus S, Chen M, Sivits G, et al. Fibroblast growth factor 21 reverses
hepatic steatosis, increases energy expenditure, and improves insulin sensitivity in diet-induced
obese mice. Diabetes. 2009;58:250-9.

[34] Coburn CT, Knapp FF, Jr., Febbraio M, Beets AL, Silverstein RL, Abumrad NA. Defective uptake
and utilization of long chain fatty acids in muscle and adipose tissues of CD36 knockout mice. J Biol
Chem. 2000;275:32523-9.

[35] Font-Burgada J, Sun B, Karin M. Obesity and Cancer: The Oil that Feeds the Flame. Cell Metab.
2016;23:48-62.

[36] Anthony TG, Morrison CD, Gettys TW. Remodeling of lipid metabolism by dietary restriction of
essential amino acids. Diabetes. 2013;62:2635-44.

[37] Piper MD, Soultoukis GA, Blanc E, Mesaros A, Herbert SL, Juricic P, et al. Matching Dietary
Amino Acid Balance to the In Silico-Translated Exome Optimizes Growth and Reproduction without
Cost to Lifespan. Cell Metab. 2017;25:610-21.

[38] Kim SH, Kim KH, Kim HK, Kim MJ, Back SH, Konishi M, et al. Fibroblast growth factor 21
participates in adaptation to endoplasmic reticulum stress and attenuates obesity-induced hepatic
metabolic stress. Diabetologia. 2015;58:809-18.

17



[39] Sarruf DA, Thaler JP, Morton GJ, German J, Fischer JD, Ogimoto K, et al. Fibroblast growth factor
21 action in the brain increases energy expenditure and insulin sensitivity in obese rats. Diabetes.
2010;59:1817-24.

[40] Owen BM, Ding X, Morgan DA, Coate KC, Bookout AL, Rahmouni K, et al. FGF21 acts centrally to
induce sympathetic nerve activity, energy expenditure, and weight loss. Cell Metab. 2014;20:670-7.
[41] Douris N, Stevanovic DM, Fisher FM, Cisu Tl, Chee MJ, Nguyen NL, et al. Central Fibroblast
Growth Factor 21 Browns White Fat via Sympathetic Action in Male Mice. Endocrinology.
2015;156:2470-81.

[42] Bookout AL, de Groot MH, Owen BM, Lee S, Gautron L, Lawrence HL, et al. FGF21 regulates
metabolism and circadian behavior by acting on the nervous system. Nat Med. 2013;19:1147-52.
[43] Adams AC, Yang C, Coskun T, Cheng CC, Gimeno RE, Luo Y, et al. The breadth of FGF21's
metabolic actions are governed by FGFR1 in adipose tissue. Molecular metabolism. 2012;2:31-7.

[44] Ding X, Boney-Montoya J, Owen BM, Bookout AL, Coate KC, Mangelsdorf DJ, et al. betaKlotho is
required for fibroblast growth factor 21 effects on growth and metabolism. Cell Metab.
2012;16:387-93.

[45] BonDurant LD, Ameka M, Naber MC, Markan KR, Idiga SO, Acevedo MR, et al. FGF21 Regulates
Metabolism Through Adipose-Dependent and -Independent Mechanisms. Cell Metab. 2017;25:935-
44 e4,

[46] Maratos-Flier E. Fatty liver and FGF21 physiology. Exp Cell Res. 2017.

[47] Silverstein RL, Febbraio M. CD36, a scavenger receptor involved in immunity, metabolism,
angiogenesis, and behavior. Science signaling. 2009;2:re3.

[48] Anderson CM, Kazantzis M, Wang J, Venkatraman S, Goncalves RL, Quinlan CL, et al.
Dependence of brown adipose tissue function on CD36-mediated coenzyme Q uptake. Cell reports.
2015;10:505-15.

[49] Schoiswohl G, Stefanovic-Racic M, Menke MN, Wills RC, Surlow BA, Basantani MK, et al. Impact
of Reduced ATGL-Mediated Adipocyte Lipolysis on Obesity-Associated Insulin Resistance and
Inflammation in Male Mice. Endocrinology. 2015;156:3610-24.

[50] Schweiger M, Romauch M, Schreiber R, Grabner GF, Hutter S, Kotzbeck P, et al. Pharmacological
inhibition of adipose triglyceride lipase corrects high-fat diet-induced insulin resistance and
hepatosteatosis in mice. Nature communications. 2017;8:14859.

[51] Samuel VT, Shulman GI. The pathogenesis of insulin resistance: integrating signaling pathways
and substrate flux. J Clin Invest. 2016;126:12-22.

18



Highlights

Dietary protein dilution lowers serum and liver triglycerides and improves systemic fatty
acid handling, especially in obese mice

The effects of dietary protein dilution require FGF21

Dietary protein dilution enhances CD36-mediated fatty acid clearance in brown adipose

tissue and heart
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