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RESEARCH ARTICLE

Protein-carbohydrate interaction effects on energy balance, FGF21, IGF-1, and
hypothalamic gene expression in rats

Josephine Gehring, Dalila Azzout-Marniche, Catherine Chaumontet, Julien Piedcoq, Claire Gaudichon,
and Patrick C. Even
Universit�e Paris-Saclay, AgroParisTech, INRAE, UMR PNCA. Paris, France

Abstract

Amino acids are involved in energy homeostasis, just as are carbohydrates and lipids. Therefore, mechanisms controlling protein
intake should operate independently and in combination with systems controlling overall energy intake to coordinate appropriate
metabolic and behavioral responses. The objective of this study was to quantify the respective roles of dietary protein and car-
bohydrate levels on energy balance, plasma fibroblast growth factor 21 (FGF21) and insulin growth factor 1 (IGF-1) concentrations,
and hypothalamic neurotransmitters (POMC, NPY, AgRP, and CART). In a simplified geometric framework, 7-wk-old male Wistar
rats were fed 12 diets containing 3%–30% protein for 3 wk, in which carbohydrates accounted for 30%–75% of the carbohydrate
and fat part of the diet. As a result of this study, most of the studied parameters (body composition, energy expenditure, plasma
FGF21 and IGF-1 concentrations, and Pomc/Agrp ratio) responded mainly to the protein content and to a lesser extent to the car-
bohydrate content in the diet.

NEW & NOTEWORTHY As mechanisms controlling protein intake can operate independently and in combination with those con-
trolling energy intakes, we investigated the metabolic and behavioral effects of the protein-carbohydrate interaction. With a sim-
plified geometric framework, we showed that body composition, energy balance, plasma FGF21 and IGF-1 concentrations, and
hypothalamic Pomc/Agrp ratio were primarily responsive to protein content and, to a lesser extent, to carbohydrate content of
the diet.

energy balance; FGF21; IGF-1; low-protein diet; protein-carbohydrate interaction

INTRODUCTION

An adequate qualitative and quantitative supply of amino
acids is essential for growth and health. Regulatory systems
dedicated specifically to the detection of insufficient protein
intake operate both independently and in combination with
the systems controlling energy intake to coordinate appro-
priate metabolic and behavioral responses (1). Thus, these
systems are able to sense a defect in protein intake and to
respond by triggering changes in appetite for protein (2, 3),
in energy expenditure, in substrate metabolism, and in regu-
lation of various metabolic processes as well as in simultane-
ously reducing growth to reduce protein requirements.

It appeared recently that fibroblast growth factor 21 (FGF21)
is an essential mediator of these responses (1, 3–8). FGF21 is
expressed in multiple tissues (3, 9), but its circulating concen-
trations have been primarily linked to FGF21 synthesis in the
liver (5, 10, 11) that is well positioned to sense alterations in
amino acid intake due to its direct sensing of absorbed amino
acids via the portal circulation (7). FGF21 also mediates brain-
specific responses to fasting (12) and protein deprivation (3)
and therefore coordinates the hepatic response through a
liver-brain signaling axis. It is now clear that the chronic

metabolic effects of FGF21 are mediated through actions on
the central nervous system (CNS), as deletion of the b-klotho
receptors in the CNS, but not in hepatocytes or adipocytes,
impairs FGF21-mediated effects on energy homeostasis (13–
17). Other parameters than low-protein diets, such as fasting,
ketogenic diets, cold (18), high blood glucose or insulin con-
centrations, and carbohydrate intake (13, 19, 20) have been
shown to increase plasma FGF21 concentrations. Several stud-
ies reported that ingestion of carbohydrate stimulated the
release of FGF21, at least in the short term. In mice, it has
been shown that ingestion of a high-carbohydrate low-protein
diet stimulates FGF21 synthesis and secretion through the
high blood glucose delivery but also the low amino acid con-
centration (21). The same study demonstrated that FGF21 syn-
thesis and secretion in the liver are controlled by hepatic
glucose levels by ex vivo analysis of FGF21 mRNA expression
in hepatocytes. In agreement with these results, other studies
have shown that this carbohydrate-induced increase in FGF21
gene expression in mouse hepatocytes and liver is mediated
by the transcription factor ChREBP (22, 23). In humans, it has
also been shown that a single monosaccharide (fructose)
intake is a powerful but brief activator of FGF21 secretion (24),
as is an excess of dietary carbohydrates (25).
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As inmost studies, low-protein diets were formulated by an
exchange between protein and carbohydrate or inversely to
maintain a fixed fat content, all these results do not lead to a
clear conclusion regarding the possible interaction between
protein and carbohydrate to control the FGF21 response. To
our knowledge, there is only one study in which variations in
dietary protein and carbohydrate did not systematically
evolve in opposite directions (26). This study involved, in a
“nutritional framework,” more than 800 mice consuming a
wide range of diets and is thus difficult to replicate using a rat
model which we consider a better model than the mouse to
study human nutritional requirements (27, 28). The authors
concluded that the dietary protein level was by far the main
parameter affecting plasma FGF21 concentrations, but
noticed also that the largest FGF21 responses occurred in the
context of a low-protein high-carbohydrate diet and therefore
that carbohydrate also affected FGF21 to some extent.

Furthermore, the interest in the role of FGF21 in protein
and energy homeostasis has led to neglecting somewhat the
important role played by insulin-like growth factor-1 (IGF-1).
IGF-1 is very much implicated in the regulation of body com-
position and therefore protein synthesis. As for FGF21, nutri-
tional status and protein intake are critical regulators of IGF-
1 production (29, 30). IGF-1 is a low-molecular weight peptide
that mediates the growth-promoting effects of growth hor-
mone (GH). It circulates bound to specific carrier proteins
and possess, to a different extent, sulfation, mitogenic, and
insulin-like activity (31–33). The principal source of circulat-
ing IGF-1 is the liver, and it is secreted as it is produced.
Plasma IGF-1 concentrations are decreased in patients with
poor nutritional conditions (31) and rise significantly when
the nutritional status is improved and is considered as a reli-
able nutritional parameter (32, 34). The decrease in plasma
IGF-1 also appears to be involved in themetabolic adaptation
to starvation, as treatment with IGF-1 to prevent the starva-
tion-induced decrease in IGF-1 reduces weight loss (35).
Studies in laboratory animals and volunteer human subjects
revealed a strong relationship between caloric intake, dietary
protein, and circulating IGF-l (36–38). However, that protein
rather than energy balance may be particularly involved in
the regulation of IGF-1 can be suspected from the observa-
tion that patients with protein or protein-calorie malnutri-
tion have lower IGF-1 than have patients with calorie-only
malnutrition and that changes in IGF-1 are correlated with
nitrogen balance (39). It appears that IGF-1 responses to
changes in nutrition status is much quicker than that of
other protein like albumin or transferrin but require several
hours (29, 39), whereas FGF21 responds on ameal tomeal ba-
sis (24). In a previous study conducted in mice, we observed
also that the increase in FGF21 and the decrease in IGF-1 that
occurred in response to a decrease in dietary protein content
were closely correlated (11).

There is still debate as to whether FGF21 is regulated solely
by the protein content of the diet or whether the carbohy-
drates content of the diet also plays a significant role, due to
the reported effects of carbohydrates on the plasma and liver
FGF21 levels at least in the short term. The aim of this paper
was to quantify the respective roles of carbohydrates and
protein in the long-term regulation of FGF21 and IGF-1 using
various diets in which protein and carbohydrates did not
systematically evolve in opposite directions.

MATERIALS AND METHODS

Animals and Housing

Male rats (7-wk-old; 215–240 g) of the Wistar RccHan
strain were used (ENVIGO, Gannat, France). The rats were
delivered weekly by groups of 10 and assigned randomly to
one of the experimental diets, for a total of 70 rats. After 1 wk
of adaptation to the laboratory conditions (temperature 22�C
± 1�C, humidity 60%, 12/12 L/D cycle lights on at 08:00), the
rats were singly housed for 3 wk in Plexiglas cages bedded
with wood shavings. The experiments were carried out in ac-
cordance with the European Communities Council Directive
of November 24, 1986 (86/609 EEC), regarding the care and
use of laboratory animals and were approved by the area
Ethics Committee (APAFIS#16996).

Composition of Diets and Pellet Preparation

Twelve diets in which the protein-to-energy ratios (PE)
varied from 3% to 30% and the carbohydrate-to-carbohy-
drate þ fat ratio, subsequently named the carbohydrate-to-
nonprotein-energy ratios (CnpE) varied from 30% to 75%
were used (Table 1). We established a fixed value of CnpE
ratios rather than a fixed value of carbohydrates-to-energy
ratios in the diet, to better control the effects of the fat/carbo-
hydrates content of the diet that is well known to affect
energy intake. The diets were named according to their PE
and CnpE ratios in the form “xxPxxCnp.” The food pellets
were prepared twice per week from dry powders manufac-
tured by the research Sciences de l'Animal et de l'Aliment de
Jouy-en-Josas - Equipe R�egimes à Façon (Jouy-en-Josas,
France). Proteins were whole milk proteins LR 85 F (Armor
Protein, Nantes, France), carbohydrates were corn starch
(Roquette, Lestrem, France) and sucrose (Eurosucre, Paris,
France), and fat was soy oil (Bailly SA, Aulnay-sous-bois,
France). The LR 85 F milk protein is produced by ultrafiltra-
tion, and was initially designed for infant nutrition, sports
nutrition, slimming diets, and hospital nutrition. We did not
directly measure the nitrogen content of the batch used dur-
ing this study, but according to the manufacturer analyses
and quality control periodically performed in the laboratory,
protein content amounts 77% of powder weight assuming
6.25 g protein per gram of nitrogen. Its digestibility after
accounting for nitrogen losses in urine and feces was previ-
ously measured in rats of the same strain and age, as those
used in this experiment and amounts 85%. Therefore, digest-
ible protein intake was computed as milk powder intake �
77% � 85% (Table 1). All the diets were complemented with
minerals and vitamins, according to the AIN-93 require-
ments (40). The powders were mixed with the necessary
amount of water to make a consistent dough and then
formed into pellets sufficient for 3 days of feeding. The pel-
lets were left to dry at room temperature for 3 days before
being given to the rats. The diets and water were provided ad
libitum.

BodyWeight, Body Composition, and Tissues Sampling

Body weight (g) was measured twice per week throughout
the experiments. At the end of the studies, the rats were
anesthetized with isoflurane, blood was collected from the
vena cava until cardiac arrest, and the rats were immediately
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decapitated to remove the brain to collect the hypothalamus
and the nucleus accumbens (NAcc). The liver and the inter-
scapular brown adipose tissue (IBAT) were also collected. All
samples were dissected quickly, deep frozen in liquid nitro-
gen and stored at �80�C for subsequent analysis. Body com-
position was measured by dissection and weighing of all the
fat depots (visceral, subcutaneous, retroperitoneal, and epi-
didymal), the main tissues and organs. Lean body mass
(LBM) was computed as body weightminus fat mass and adi-
posity as fat mass divided by body weight. Active metabolic
mass (AMM) (g) was computed as the weight of lean body
mass plus 20% of the weight of fat mass (41, 42). AMM was
used to normalize energy intake and expenditure. In previ-
ous studies, we have confirmed the validity of this adjust-
ment mode for body composition (11, 42–45). Initial body
composition of rats was estimated from a database in which
body composition was measured by MRI at the “Small
Animal Imaging Platform” of Paris-Descartes University
(Paris, France), and in which we selected of a reference group
of nine rats of the same strain delivered by the same provider
(ENVIGO, Gannat, France). Mean body weight of this refer-
ence group was 267.9± 2.2 g for 269.4± 1.4 g in the rats of this
study.

Energy andWater Intakes

Food intake (g/day) was measured twice per week by
weighing the pellets and was then converted to kJ/day
according to the energy content of the diet and after correc-
tion for the pellet water content (Table 1). The water content
at the time of weighing was calculated based on the water
evaporation curve determined on pellets produced at the
same time as those given to the rats. Water intake was also
measured during the study and added to the amount of

water consumed in the pellets to estimate the total amount
of water consumed (mL/day).

Energy Expenditure, Food Efficiency, and Protein
Oxidation

Mean total energy expenditure (TEE) throughout the
study was computed by subtracting energy retrained in the
body from energy intake. Energy intake was not corrected
for the percent of energy lost in feces, on the average 10%–

15% of the ingested calories (46, 47). Therefore, TEE was
overestimated by 10%–15%. We also assumed that digestibil-
ity was not affected by the dietary protein level (but see dis-
cussion) and therefore that the overestimation was similar in
all groups.

Food efficiency (kJ/kJ) was measured from energy intake
and the gain in fat and LBM assuming 32.2 kJ for 1 g of fat
and 7.6 kJ for 1 g of LBM (48) and computed as energy
retained in the body divided by energy ingested. Protein
intake computed from total energy intake times the percent-
age of protein in the diet, and evolution of body composition
during the study were used to compute protein oxidation
(Pox) as the difference between protein intake (kJ/day) and
the amount of protein fixed in the body (kJ/day) assuming
that protein amounted to 25% of LBM.

Biochemistry

Blood samples (0.5 mL) were collected from the tail vein
in EDTA tubes in the morning (10:00–12:00) from rats that
had not been previously fasted. A drop was immediately
used to measure blood glucose with an automatic analyzer
(Life-Scan, One Touch Vita). Then the blood was centrifuged
(5,000 g, 15 min, 4�C) and the plasma stored at �20�C until
assayed. Plasma concentrations of nonesterified fatty acids

Table 1. Composition and energy content of tested diets

3P45Cnp 3P75Cnp 5P30Cnp 5P60Cnp 8P45Cnp 8P75Cnp 15P30Cnp 15P60Cnp 15P75Cnp 30P30Cnp 30P45Cnp 30P60Cnp

Whole milk protein, g/kg 38.8 30.5 73.8 56.7 101 80.9 208 166 151 380 346 319
Corn starch, g/kg 509 667 379 582 472 629 318 507 575 239 328 402
Sucrose, g/kg 81.9 108 61.0 93.7 76.0 101 51.9 81.7 92.7 38.5 52.8 64.7
Soy oil, g/kg 274 98.0 389 171 254 92.3 327 149 84.6 246 176 117
Mineral compound
AIN-93M, g/kg 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0

Vitamin compound
AIN-93M, g/kg 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

Cellulose, g/kg 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Choline chloride, g/kg 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30
Energy, kJ/g 20.3 16.3 22.9 17.9 19.8 16.1 21.5 17.4 16.0 19.7 18.1 16.7
PE ratio, % 3.00 3.00 5.00 4.90 8.00 7.90 15.2 15.0 14.8 30.3 30.1 30.0
CnpE ratio, % 46.7 76.2 46.7 76.2 46.7 76.2 31.5 61.6 76.2 31.4 46.7 61.7
Carbohydrate-to-energy
ratio, % 45.3 74.0 29.8 58.5 42.9 70.2 26.7 52.4 64.9 21.9 32.6 43.2

Fat-to-energy ratio, % 51.7 23.1 65.1 36.5 49.0 21.9 58.1 32.7 20.3 47.8 37.3 26.8

Whole milk protein was provided by Armor protein. According to the manufacturer, control quality measurements regularly per-
formed by mass spectrometry in our laboratory, protein amounted 77% of the wet weight of the powder. In addition, from studies per-
formed in collaboration with Pr. Vermorel at unit of Human Nutrition at Clermont-Ferrand, we previously measured that digestibility
after nitrogen losses in urine and feces was 85%. Accordingly, the metabolizable energy content of the milk powder was computed as
5.725 � 0.77 � 0.85 = 3.75 kcal/g (15.7 kJ/g). Corn starch was provided by Roquette, dry matter amounted 88%, digestibility 1, and metabo-
lizable energy was thus 4.18 � 0.88 = 3.4 kcal/g (15.7 kJ/g). Saccharose was provided by Eurosucre, dry matter amounted 99.5% digestibil-
ity was 1, and metabolizable energy was thus 3.94 � 0.995= 3.92 kcal/g (16.41 kJ/g). Soy oil was provided by Bailly SA, dry matter was
100% and digestibility 1, so that metabolizable energy was 9 kcal/g (37.7 kJ/g). The carbohydrate-to-nonprotein-energy (CnpE) ratio was
computed as the carbohydrates-to-carbohydrates þ lipid content of the diet. We controlled this parameter rather than the carbohydrates
content only of the diet to prevent to numerous different values of the fat content of the diet, as this parameter is known to affect energy
intake. Fixing a limited value of CnpE ratios allowed to vary the carbohydrates content of the diet and simultaneously to limit to two to
three different levels the carbohydrates/fat content in the diet. CnpE, carbohydrate-to-nonprotein-energy; PE, protein-to-energy.
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(NEFA), albumin, cholesterol, HDL cholesterol, and triglyc-
eride (TG) were determined on an Olympus AU400 robot
(CEFI Bichat-Paris). Plasma insulin, FGF21, and IGF-1 were
assayed by ELISA tests using commercial kits from
Mercodia (Rat Insulin ELISA 10–1250-10), BioVendor
(Mouse/Rat FGF-21 ELISA RD291108200R), and Alpco
(Mouse/Rat IGF-1 ELISA 22-IG1MS-E01). The Homeostatic
Model Assessment of the Insulin Resistance (HOMA-IR)
index was calculated as [insulinemia (pmol/L) � blood glu-
cose (mmol/L)]/405 (49). Liver samples collected during
dissection (80–100 mg) were homogenized in 1 mL of
buffer (150 mM NaCl, 10 mM Tris HCL, and 0.1% Triton X-
100) (50) and their TG content was determined using a
commercial kit (Randox).

Molecular Biology

RNAs were extracted from liver, hypothalamus and NAcc
samples in 1 mL of TRIzol reagent (Invitrogen, Breda, The
Netherlands), and in IBAT in 1.5 mL of TRIzol reagent
(Invitrogen, Breda, the Netherlands). The RNA concentra-
tions were measured (NanoDrop One spectrophotometer),
and after dilution, 0.4 mg of total RNA was reverse-tran-
scribed using a high-capacity cDNA archive kit (Applied
Biosystems). Real-time PCR was performed using a StepOne
Real-time PCR (Applied Biosystems) and the Power SYBR
Green PCR Master Mix (Applied Biosystems), as described
previously (51). For each run, the efficiency and possible con-
taminations were checked. Gene expression was calculated
as 2-DCT relative to 18 s RNA (liver and IBAT) or RPL13 RNA
(hypothalamus and NAcc), used as the housekeeping gene.
Target genes and primers used are detailed in Supplemental
Table S1 (all Supplemental material is available at https://
doi.org/10.6084/m9.figshare.14892405).

Statistical Analysis

Statistical tests were performed using RStudio soft-
ware (2015; Integrated Development for R, RStudio, Inc.;
Boston) and a threshold of P � 0.05 was chosen as signif-
icant. Values in the tables are means ± standard error of
the mean (SEM) and values in figures are presented in
the form of boxplot (1st quartile, median, 3rd quartile).
Normality of the parameter’s distribution was previ-
ously verified by a Shapiro test and corrected by the Box
and Cox transformation before statistical comparisons.
Dietary PE and CnpE ratios were converted in nonnu-
meric factors and differences between groups were ana-
lyzed by two-way ANOVA test (parameter � PE ratio �
CnpE ratio) and a post hoc Bonferroni test. All groups
were presented in the figures when we observed an effect
of both PE and CnpE ratios. However, in most cases, we
observed an effect of only the PE ratio, and for clarity, the
data have been plotted by PE ratios only. When ANOVA
tests revealed significant effects of both PE and CnpE
ratios on a given parameter, the analysis was continued by
performing a stepwise regression analysis to quantify the
respective roles of PE and CnpE ratios on that parameter.
Correlation analyses between various parameters and the
PE ratio were also performed in Excel and the significance
of the correlation was assessed using the Pearson correla-
tion coefficient.

RESULTS

BodyWeight and Body Composition

Body weight gain was negative in the 3 P fed rats, and pos-
itive but significantly lower in 5 P and 8 P fed rats than in 15
P and 30 P fed rats (Table 2). The weight of LBM (Table 2),
and of all measured organs and skin (Supplemental Table
S2), was reduced when the PE ratio was reduced at or below
8%, whereas the CnpE ratio induced no significant effects.
The significant decrease in the weights of tail, head, and
limbs (Supplemental Table S2) in which bone mass amounts
to a significant part of the weight, with the decrease in the di-
etary PE ratio, suggests that together with the LBM decrease,
bone mass was also decreased in rats fed diets with less than
15% of protein. Total fat mass, IBAT mass, and to a lesser
extend adiposity and visceral fat mass were affected only by
the PE ratio (Table 2). LBM gain was negative in the P3 fed
mice and fat mass gain was also lower than in all the other
groups. As a result, energy retained in the body was
extremely low, even when compared with P5 fed rats. The
parameter that was significantly affected by PE ratio and to a
lower extent by CnpE ratio was the subcutaneous fat mass
that tended to be lower in 15 P and 30 P fed rats than in low-
protein fed ones (Table 2), indicating that fat tended to de-
posit more in subcutaneous tissues in low-protein fed rats.

In summary, body composition shows that LBM decreased
in rats fed diets with less than 15% protein, but that the
changes in fat mass were less systematic. On the other hand,
the CnpE ratio had no significant effects on most of the pa-
rameters of body composition.

Energy, Protein, andWater Intake

Energy intake increased as the PE ratio in the diet
decreased, but also increased as the CnpE ratio decreased
except for 3 P and 30 P diets (Fig. 1A). Regression analysis
showed also that the PE ratio alone (R2 = 0.42), but not the
CnpE ratio alone (R2 = 0.04), allowed for a significant predic-
tion of mean energy intake, but stepwise regression analysis
showed that the combination of the PE and CnpE ratios
improved the prediction of mean energy intake (R2 = 0.56;
Fig. 1B). Protein intake was primarily affected by the PE ra-
tio, the CnpE ratio having only a marginal effect in 5 P and 8
P fed rats (Fig. 1C). In a stepwise regression analysis, the
model including only the PE ratio as predictors of protein
intake (R2 = 0.97; Fig. 1D) was not improved by the addition
of the CnpE ratio (R2 = 0.98). Water intake was affected by
both the PE and CnpE ratios (Fig. 1E), being larger with high
PE and high CnpE ratios, i.e., when the protein and carbohy-
drates contents of the diets were higher. Stepwise regression
analysis also showed that the combination of protein and
carbohydrate intakes best predicted water intake (R2 = 0.62;
Fig. 1F) and that catabolism of protein required 15 times
more water than that of carbohydrates (0.266 mL/kJ vs.
0.017 mL/kJ).

Energy Expenditure, Food Efficiency, and Protein
Oxidation

TEE was larger in rats fed the low-protein diets, especially
in the groups fed the 3 P and 5 P diets, and was also affected
by the CnpE ratio (Fig. 2A). Stepwise regression analysis
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showed that use of both the PE and CnpE ratios more accu-
rately predicted TEE (R2 = 0.70; Fig. 2B) than the PE ratio
alone (R2 = 0.60). Food efficiency was affected by the PE ra-
tio only and was significantly lower in 5 P and 8 P fed rats
than in 15 P and 30 P fed ones and further reduced to zero, in
3 P fed rats (Fig. 2C). Pox amounted 94%–96% of protein
intake in 5 P, 8 P, 15 P, and 30 P fed rats and was larger than
protein intake in 3 P fed rats (Fig. 2D), meaning that, as testi-
fied by the negative gain in LBM, the 3 P fed rats had to
mobilize their protein stores to survive. In the 5 P and 8 P fed
rats, the high proportion of dietary protein that was oxidized
(�95%) occurred at the expense of protein deposition as in
these rats, the amount of protein retained in the body was
significantly lower than in 15 P and 30 P fed rats. All groups
taken together, Pox increased as a linear function of protein
intake (Fig. 2E), and protein retained in the body as a log
function of protein intake (Fig. 2F).

FGF21 and IGF-1

Plasma FGF21 and IGF-1 concentrations appeared fairly
tightly correlated (Fig. 3A). Plasma FGF21 concentrations
responded to the PE ratio but not to the CnpE ratio (Fig. 3B).
Accordingly, plasma FGF21 correlated with dietary protein
intake. The relation was best described by a power function
indicating that FGF21 increased slowly when dietary protein
intake decreased from 100 to 40 kJ, then sharply when the
protein intake decreased below 40 kJ (Fig. 3C). Plasma IGF-1
concentrations responded also only to the PE ratio (Fig. 3D).
The relation between plasma IGF-1 concentrations and die-
tary protein intake was best described by a Log function
(Fig. 3E) indicating than IGF-1 decreased abruptly when pro-
tein intake decreased below 20 kJ, i.e., in the P3 group.

Plasma FGF21 and IGF-1 correlated with energy (Fig. 4,
A and B), protein balance (Fig. 4, C and D), body weight
gain (Fig. 4, E and F), and LBM (Supplemental Fig. S1).
They did not correlate with total fat mass and adiposity
(Supplemental Fig. S1).

Plasma Parameters

Blood glucose and plasma HDL concentrations were not
affected by the various diets, but plasma NEFA, albumin, in-
sulin, and the HOMA index decreased as the PE ratio
decreased (Table 3). Plasma cholesterol was mildly affected
by the CnpE ratio (Table 3), but no clear relation between
the CnpE ratio and plasma cholesterol emerged. Plasma TG
concentrations were the only parameters that were affected
by both PE and CnpE ratios (Table 3), the effect of the PE ra-
tio being, however, much stronger than the effect of the
CnpE ratio: TG increased as the PE ratio increased but in the
30 P and 15 P fed rats, the increase was reduced when the
CnpE ratio was low. Plasma TG correlated also positively
with FGF21 (R2 = 0.16, P = 0.001) and negatively but poorly
with IGF-1 (R2 =�0.07, P = 0.040).

Liver Triglycerides

In contrast to plasma TGs, which were mainly affected by
the PE ratio, liver TGs were affected almost exclusively by
the CnpE ratio and increased when the CnpE ratio decreased
(Table 3). In opposition to FGF21, liver TGs correlated nega-
tively with plasma FGF21 (R2 = 0.10, P = 0.007) and positivelyT
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correlated with plasma IGF-1 (R2 = 0.15, P = 0.001), but liver
and plasma TGs did not correlate (R2 =�0.01, P = 0.480).

Gene Expression

In the liver, Fgf21 and Igf-1 expressions were affected only
by the dietary PE ratio (Table 4) and correlated with their
plasma values (Fgf21: R2 = 0.35, P = 8.84e-6; Igf-1: R2 = 0.21,
P = 1.39e-4). Fas expression tended to be higher in low-pro-
tein fed rats. Cpt1 expression was affected by the PE ratio,
and to a lesser extent by the interaction between the PE and
CnpE ratios (Table 4). Finally, the expression of Acca, Lpk,
and Gk were insensitive to the dietary PE and CnpE ratios
(data not shown).

In the hypothalamus, it was notable that the expression of
Fgf21, and of the FGF21 receptor genes, (Fgf21r1, Fgf21r2b,
Fgf21r2c, and Fgf21r3) was not modified by the diets (data
not shown). Only Pomc expression was affected significantly
by the diet, and especially by the PE ratio (Fig. 5A). Cart,
Agrp, and Npy expressions were unaffected by the PE and
CnpE ratios (data not shown). Because Pomc and Cart
expressions on the one hand, and Agrp and Npy expressions
on the other hand, are considered closely related, we also

investigated whether various combinations of the expression
of these neurotransmitters were affected by the diet. We
observed that although Agrp expression was not at all corre-
lated with the PE ratio (R2 = 0.002), the Pomc/Agrp ratio was
much better correlated with the PE ratio (R2 = 0.64; Fig. 5, C
and D) than Pomc expression alone (R2 = 0.35, Fig. 5B) sug-
gesting that the Pomc/Agrp ratio conveyed to the hypothala-
mus a more precise information on the dietary PE ratio than
Pomc alone.

We investigated also whether Npy, Agrp, Pomc, and Cart
expressions were correlated with plasma FGF21 and IGF-1
concentrations. Only Pomcwas correlated to both FGF21 and
IGF-1 (Fig. 6, A and B), and we also observed that the Pomc/
Agrp ratios was well correlated with FGF21 and IGF-1 (Fig. 6,
C and D). These results suggested that FGF21 and IGF-1 in
plasma and Pomc and Pomc/Agrp ratio in the brain conveyed
the information of the dietary PE ratio.

Finally, in the NAcc, there was no difference between
groups regarding the expression of Dr1, Dr2, Dor, and Kor
(Data not shown). In the IBAT, there was no difference
between groups regarding the expressions of Ucp1, Ucp2,
andUcp3 (data not shown).

A

D E F

B C

Figure 1. Energy, protein, and water intake in response to protein-to-energy (PE) and carbohydrate-nonprotein-energy (CnpE) ratios. A, C, and E: PE and
CnpE ratios effects tested by ANOVA (P � 0.05) and post hoc tests (values with different letter are significantly different). B, D, and F: predictive values
determined by stepwise regression and prediction quality tested by Pearson correlation test. n per group = 5 or 6 rats, 3 wk.
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DISCUSSION

The main result of this study was that long-term regula-
tion of plasma FGF21 concentration depends exclusively on
the dietary protein level and that this is also true for the reg-
ulation of plasma IGF-1 concentration. Most of the parame-
ters of body composition and energy expenditure were
affected also by the dietary protein content only, except for
energy and water intake which were affected by a combina-
tion of dietary protein and carbohydrate content. In the
hypothalamus, Pomc expression and with more significance
the Pomc/Agrp ratio were the parameters most responsive to
dietary protein content.

Effects of the Low-Protein Diets on Body Composition,
Protein Oxidation, Energy Expenditure, and Food
Efficiency

Analysis of body composition showed that all organs and
tissues were affected by the dietary protein level, and none
of them, including fat mass, was affected by the CnpE ratio,
with the exception of subcutaneous fat mass, which was
however only slightly impacted by the CnpE ratio. Body
weight, weight of most of the lean tissues, and overall LBM
were reduced significantly in rats fed the 3 P, 5 P, and 8 P
diets and were similar in 15 P and 30 P fed rats. Fat mass did

not exhibit a progressive decrease in relation to the decrease
in the dietary protein content as observed for the other
organs, but did not change significantly from 5 P to 30 P diets
and was noticeably decreased only in rats fed the 3 P. The
evolution of fat mass and LBM led to the fact that the differ-
ences in adiposity between the groups finally proved to be
limited and were not correlated with the dietary PE ratio.
Weight of IBAT was increased also in 3 P and 5 P fed rats.
Taken together, these results showed that the weight of the
lean tissues decreased rapidly, as the dietary protein level
was decreased below the requirement that in this study
appeared to be between 15% and 8%. The lack of effect of the
CnpE ratio on the majority of body composition parameters
was probably due to it being hidden by the stronger effects
of protein levels.

Surprisingly, we observed that the 8 P and 5 P fed rats con-
tinued to oxidize up to 95% of their dietary protein intake
rather than preserving the dietary proteins to sustain
growth. This result suggests strongly that protein oxidation
plays a very important regulatory function in the metabolic
fate of energy substrates, so strong that the rats apparently
preferred to sacrifice growth of lean tissues rather than to
reduce the participation of amino acids in energy produc-
tion. This result raises an important question, because it
shows that, behind the apparent capacity of rats and other

A B C

D E F

Figure 2. Energy expenditure, food efficiency, and protein balance in response to protein-to-energy ratio (PE) and carbohydrate-nonprotein-energy ratio
(CnpE ratios). A and C: PE and CnpE ratios effects tested by ANOVA (P � 0.05) and post hoc tests (values with different letter are significantly different).
B: predictive values determined by stepwise regression and prediction quality tested by Pearson correlation test. D, E, and F: correlation by Pearson
test. n per group = 5 or 6 rats, 3 wk.
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living organisms to deal with a large variability in dietary
protein levels, the role of protein in the regulation of sub-
strate fluxes to provide energy is very important and is pre-
served even at the cost of growth. The optimal protein intake
has been suggested to be around 15%, but in this study, even
if the 15 P fed rats had the highest growth rate, they also
tended to be fatter that the 30 P fed ones, suggesting that
30% protein would be a better level that 15% to sustain
growth with an optimal ratio of LBM to fat deposition. The
lower adiposity level of the 30 P fed rats may have resulted
from the fact that high dietary protein levels increase post-
prandial lipid oxidation (52) and therefore may reduce the
retention of lipids in adipose tissues. Accordingly, in self-
selecting rats, many studies have reported that rats prefer to
select a diet in which proteins amount for around 30% of
energy, and sometimes more (28). Therefore, this study has
shown that decreasing dietary protein levels below 15% rap-
idly slows growth rate, indicating that 15% dietary protein is
close to the lowest acceptable level. Finally, the decrease in
tail weight in proportion to the dietary protein level also tes-
tified to the essentiality of protein intake to sustain bone
growth (53).

In this study, we observed a significant increase in TEE
and a decrease in food efficiency in low-protein fed rats,
which is considered as a metabolic response induced by the

increase in plasma FGF21 concentrations (14, 54–56). We
report here also that food efficiency was reduced by a half in
8 P and 5 P fed rats, by 80% in 3 P fed ones, and was similar
in 15 P and 30 P fed rats. As described in MATERIALS AND

METHODS, these calculations assumed that digestible energy
was not affected by the protein level of the diet. However,
one author, Pezeshki et al. (57) who, to our knowledge, was
the only one to compare as large differences in dietary pro-
tein levels as those used in this study, reported that, com-
pared with 15 P fed rats, digestible energy was unaffected in
10 P fed rats, but reduced by �10% in 5 P fed rats and up to
40% in rats fed a protein-free diet. Therefore, it is possible
that in this study, feed efficiency was larger than estimated,
in particular in P3-fed rats, but given the very low amount of
energy retained in the body by the 3 P fed rats [on the aver-
age less than 11% of the energy retained by the 5 P fed rats
and 6% of the energy retained by the 15 P fed ones (Table 2)],
this limitation does not negate the fact that feed efficiency
was reduced in proportion to the reduction in protein intake.
Food efficiency was not affected by the dietary CnpE ratio in
all groups, which contradicts the repeated observation that
food efficiency is increased by high-fats diets, a mechanism
largely suspected to be responsible for the increase in fat
mass and adiposity in high-fat fed subjects (58, 59). This dif-
ference remains to be understood, but it is possible that the

A B

D E

C

Figure 3. Plasma FGF21 and IGF-1 concentrations in response to protein-to-energy ratio (PE) and carbohydrate-nonprotein-energy ratio (CnpE ratios). A,
C, and E: correlation by Pearson test. B and D: PE and CnpE ratios effects tested by ANOVA (P� 0.05) and post hoc tests (values with different letter are
significantly different). n per group = 5 or 6 rats, 3 wk.

PROTEIN-CARBOHYDRATE INTERACTION, ENERGY BALANCE, AND FGF21

E628 AJP-Endocrinol Metab � doi:10.1152/ajpendo.00246.2021 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo (078.203.210.165) on December 2, 2022.

http://www.ajpendo.org


reduced food efficiency induced already by the decrease in
the protein content prevailed over a possible CnpE ratio
effect and was part of a general adaptation that allowed these
rats to increase energy intake without gaining in adiposity.
In the rats of this study, TEE and food efficiency were also
measured by indirect calorimetry, but in conditions of ther-
mal neutrality (27�C) to assess the role played by the cost of
thermal regulation in the increase in energy expenditure
observed with the decrease in dietary protein. Accordingly,
energy intake and TEE values measured during indirect cal-
orimetry were on the average �25% lower that computed
from energy balance but confirmed the results by energy bal-
ance that TEE was increased and feed efficiency decreased
in the P3 and P5 fed rats. These results will be the subject of a
specific paper being prepared describing which component
(s) of energy expenditure (thermal regulation, intensity and
cost of activity, thermogenic response to feeding) sustain the
increase in energy expenditure in low-protein fed rats.

Roles of Dietary Protein and Carbohydrate on FGF21
and IGF-1

One important question to which this study wanted to an-
swer was to decipher the specific roles of the dietary protein
and carbohydrate levels on the long-term regulation of
plasma concentrations of FGF21 and IGF-1. For both hor-
mones, the response is clearly that their plasma concentra-
tions respond exclusively to changes in the dietary PE ratio
and protein intake. Plasma FGF21 concentrations increased
abruptly when the PE ratio and protein intake decreased
below a threshold level somewhere between 15% and 8%,
whereas IGF-1 concentrations increased from 3% to 15% die-
tary protein, then leveled from 15% to 30%. As a result of

these symmetrical changes, it appeared that plasma FGF21
and IGF-1 concentrations were fairly closely correlated, sug-
gesting that the mechanisms controlling the secretion of
these two hormones are linked. One possibility suggested by
Inagaki et al. (60) may be that FGF21 inhibits growth hor-
mone signaling by increasing resistance to growth hormone
(GH) and thus that FGF21 reduces serum IGF-1 by reducing
IGF-1 mRNA expression in the liver. As a result, when the
evolution of one or another of the studied parameters was
correlated with one of the hormones, it was also correlated
with the other, and therefore it was not possible to decide,
which was the hormone that could be suspected to affect
this parameter.

That FGF21 is the signal of protein deprivation now widely
accepted, but FGF21 was shown also to respond to various
other metabolic signals such as food restriction (61), cold
(61), lipolysis (62), exercise, and others (9). FGF21 increases
energy expenditure, stimulates food intake and a specific
appetite for protein, and improves glucose tolerance and in-
sulin sensitivity in the liver and adipose tissue. In this study,
plasma FGF21 concentrations were increased impressively in
8 P, 5 P, and 3 P fed rats, but none of these groups were influ-
enced by the CnpE ratio. This result enters into a conflict
with previous reports that showed that FGF21 responds to
glucose or fructose ingestion, and also to conclusions of the
study by Solon-Biet et al. (26) that FGF21 responds more
strongly to a low dietary protein intake when it is coupled
with a high-carbohydrate intake. One main reason for the
lack of significant effects of carbohydrate in this study is cer-
tainly related to fact that, if carbohydrate intake can indeed
increase FGF21 concentrations, the FGF21 response to carbo-
hydrate intake is an order magnitude much smaller than the

A B C

D E F

Figure 4. Plasma FGF21 and IGF-1 concentrations as a function of energy balance, protein balance, and body weight gain. Analysis done by Pearson corre-
lation test. Predictive values determined by stepwise regression and prediction quality tested by Pearson correlation test. n per group = 5 or 6 rats, 3 wk.
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response to low-protein diets. Lundsgaard et al. (25) reported
that excess carbohydrate intake induced an eightfold
increase of plasma FGF21, whereas the response to low-pro-
tein diets observed in this study and others corresponded to
at least a 100-fold increase of plasma FGF21. It must be
noticed also that changes in plasma FGF21 in response to
carbohydrate intake have always beenmeasured in the short
term, and therefore, that no study has reported long-term
changes in plasma FGF21 specifically related to changes in
the dietary carbohydrate content (17, 19, 24, 63–65).
Therefore, it is not surprising that in conditions where both
dietary protein and carbohydrate levels are modified, the
long-term effects of carbohydrates do not appear significant
because they are hidden by the much stronger effect of pro-
teins. On the other hand, although it is clear that protein de-
privation induces a strong increase in the appetite for
protein, carbohydrate deprivation does not induce such a
response (66) but at best, as described by Raubenheimer and
Simpson (67), a mild attempt to eat carbohydrate when
possible. Thus, there is little evidence that carbohydrate
intake is necessary per se, or that carbohydrate restriction
promotes a specific appetite for carbohydrate (66). In con-
trast to fat and carbohydrate, there is a large and growing
literature that demonstrates clearly that animals selec-
tively detect and adaptively respond to the restriction of

dietary protein and that FGF21 is strongly involved in this
response (68–70).

FGF21 acts centrally to induce the expression of thermo-
genic genes via activation of the sympathetic nervous sys-
tem, as reported by Owen et al. (14), and the FGF21 action
requires corticotropin-releasing factor (CRF). They proposed
that CRF stimulates sympathetic nerve activity which in
turn induces Ucp1 expression and lipolysis in IBAT. In this
study, we found that IBAT weight was slightly larger in low-
protein fed rats but observed no differences in Ucp1 expres-
sion in IBAT between groups despite extremely large
increases in plasma FGF21 in the low-protein fed rats. This
result indicates that in this study, the increase in TEE was
probably not resulting from an increased heat release in the
IBAT. The differences between Owen’s study and our results
may be related to the species (rat vs. mouse), or to the fact
that, in the Owen study, the increased expression of Ucp1 in
IBAT was observed after plasma FGF21 concentrations were
increased by 2 wk of osmotic pump infusion, whereas in our
study, plasma FGF21 concentrations were increased more
physiologically by 2–3 wk of low-protein feeding.

Concerning IGF-1, we observed that the plasma concentra-
tions of this hormone were inversely correlated to the
plasma concentrations of FGF21 and therefore, logically
increased exclusively in response to the decrease in protein

A B

C D

Figure 5. Gene expression vs. RPL13 in hypothal-
amus (Pomc and Pomc/Agrp ratio) in response to
PE and CnpE ratios. A and C: protein-to-energy
ratio (PE) and carbohydrate-nonprotein-energy
ratios (CnpE ratios) effects tested by ANOVA (P�
0.05) and post-hoc tests (values with different let-
ter are significantly different). B and D: correlation
with PE ratio tested by Pearson correlation test.
n per group = 5 or 6 rats, 3 wk.
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intake. Therefore, in the studies that reported that IGF-1 was
reduced in food restricted rats (71–73), it is possible that the
decrease in protein intake resulting from the decrease in
energy intake may have been the factor primarily responsi-
ble for the decrease in plasma IGF-1 and that IGF-1 responds
to the quantity and quality of the nutrient mix as a function
of its capacity to promote growth.

Correlation analyses of FGF21 and IGF-1 with the PE ratios
and protein intake showed that FGF21 was not much affected
as long as protein intake remained above 40 kJ/day (PE ratio	
8%) then it increased considerably. In contrast, IGF-1 concen-
trations increased continuously, whereas protein intake inc-
reased from 10 to 40 kJ/day (PE ratio = 3%–15%) and then lev-
eled out from 40 to 80 kJ/day (PE ratio = 15%–30%), which fits
with the global evolution of body weight, body composition,
and bone growth. Therefore, if changes in plasma FGF21 and
IGF-1 concentrations are correlated, it appears that the thresh-
old at which significant changes in plasma levels are induced
by protein intake are different, and higher for FGF21 than for
IGF-1. Our interpretation of these results is that IGF-1 would
respond to protein content by decrease significantly when pro-
tein intake was very low, while FGF21 would respond more
early as soon as dietary protein content decreased below 10%–

15% to induce behavioral changes, in particular the motivation
to seek out and ingest protein-rich diets (63, 74, 75).

Energy and Protein Intake Regulation in the
Hypothalamus

Neurotransmitters analyzed in our study (POMC, CART,
NPY, and AgRP) are important regulators of energy intake

(76, 77). Both POMC and CART are involved in the inhibition
of food intake. NPY is considered one of the most potent
neurotransmitters stimulating food intake, but with short-
lived effects, in contrast to AgRP, which is considered the
most robust chronically orexigenic molecule (78). We
observed that Cart, Npy, and Agrp expressions were insensi-
tive to the PE and CnpE ratios, a result that contrasted with
previous reports (79), including from our group (74). In con-
trast, we observed that Pomc expression was lower in low-
protein fed rats. However, it was the Pomc/Agrp ratio that
best correlated with the dietary PE ratio. This result shows
that the decrease in the dietary protein content, and by
extension to protein intake, was translated into the hypo-
thalamus by a decrease in the expression of Pomc and more
finely in the Pomc/Agrp ratio. These results can be inter-
preted as a relaxation of signals inhibiting energy intake
rather than a simulation of signals stimulating food intake.
On the other hand, Pomc expression and the Pomc/Cart ratio
were correlated also with the CnpE ratio, which may suggest
that a subtle balance in Pomc, Cart, Npy, and Agrp expres-
sions modulate the metabolic and behavioral responses to
both protein and energy intake in the hypothalamus (70, 74).

Because FGF21 and IGF-1 cross the blood-brain barrier to
activate neurons in the brainstem and hypothalamus, and to
induce responses affecting energy balance and feeding
behavior, we studied also the relation between plasma con-
centrations of FGF21 and IGF-1 with these brain neurotrans-
mitters. It appeared that Pomc and Pomc/Agrp correlated
with both FGF21 and IGF-1, but also correlated with very sim-
ilar accuracy as testified by the fact that the coefficients of

Figure 6. Gene expression versus RPL13 in
hypothalamus (Pomc and Pomc/Agrp ratio)
as a function of plasma FGF21 and IGF-1
concentrations. Analysis done by Pearson
correlation test. Predictive values deter-
mined by stepwise regression and predic-
tion quality tested by Pearson correlation
test. n per group = 5 or 6 rats, 3 wk.
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determination were extremely close in all cases, which
was not necessarily expected as the coefficients of deter-
mination linking FGF21 and IGF-1 were only equal to
0.39. Therefore, we can consider the hypothesis that
FGF21 and IGF-1 acted to adjust the Pomc/Agrp/Cart/Npy
balance in the hypothalamus in response to protein and
energy intake. Consistent with these findings, some
authors have shown that FGF21 administration (as a sin-
gle administration in rats or by infusion for 2 wk in obese
mice) increased food intake in parallel with increased
expression of Agrp and Npy (80, 81), and decreased
expression of Cart and Pomc (80) in the hypothalamus. In
addition, one study showed that FGF21-KO mice had
higher levels of Pomc expression and lower levels of Agrp
expression in the hypothalamus compared with wild-type
mice (82).

Conclusions

This study used 12 different diets with various protein, car-
bohydrate and lipid levels, and created a dietary framework
that has allowed us to analyze the effects of the dietary pro-
tein and carbohydrate contents on several parameters
involved in the regulation of energy balance. Most of the
organs and tissues and energy expenditure were affected
only by the dietary protein content. Plasma FGF21, IGF-1,
and hypothalamic Pomc expression and Pomc/Agrp ratios
responded also primarily to the dietary protein content. This
study has deciphered the specific roles of dietary protein and
carbohydrate levels on the long-term regulation of plasma
FGF21 concentration.
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