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Dietary Fat, but Not Protein or Carbohydrate,
Regulates Energy Intake and Causes Adiposity
in Mice
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“High protein
causes satiety"

In Brief

Hu et al. look at how macronutrient
composition affects body weight

Eating fat regulation by exposing mice to 29
Switches on different diets varying from 8.3% to 80%
Rt e | fat, 10% to 80% carbohydrate, 5% to
30% protein, and 5% to 30% sucrose.
Only intake of dietary fat, rather than

protein or sucrose, increased adiposity.

“Carbs are bad”
‘Sugar is bad”
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Figure 1. Different Models of Energy Intake,
Body Weight, and Energy Expenditure in
Mice

Trends of body weight, energy intake, energy
expenditure, absolute protein intake, and the ac-
tivity of aminopeptidase in the perfect protein
leverage model (A), the perfect energy regulation
model (B), a mixed model of protein leverage and
energy regulation (C), and the hedonic overdrive
model (D).
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Figure 1. Different Models of Energy Intake,
Body Weight, and Energy Expenditure in
Mice

Trends of body weight, energy intake, energy
expenditure, absolute protein intake, and the ac-
tivity of aminopeptidase in the perfect protein
leverage model (A), the perfect energy regulation
model (B), a mixed model of protein leverage and
energy regulation (C), and the hedonic overdrive
model (D).
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Figure 1. Different Models of Energy Intake,
Body Weight, and Energy Expenditure in
Mice

Trends of body weight, energy intake, energy
expenditure, absolute protein intake, and the ac-
tivity of aminopeptidase in the perfect protein
leverage model (A), the perfect energy regulation
model (B), a mixed model of protein leverage and
energy regulation (C), and the hedonic overdrive
model (D).
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a mixed model of protein
leverage and energy
regulation (C)

Figure 1. Different Models of Energy Intake,
Body Weight, and Energy Expenditure in
Mice

Trends of body weight, energy intake, energy
expenditure, absolute protein intake, and the ac-
tivity of aminopeptidase in the perfect protein
leverage model (A), the perfect energy regulation
model (B), a mixed model of protein leverage and
energy regulation (C), and the hedonic overdrive
model (D).
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® C57BL/6 mice
® BALB/c, C3H, DBA/2, fl FVB /i & (it
FhE LR R A e “HRPT” IEREREAR)

® All the mice were male and purchased at age 8 weeks from
Charles River and acclimated to the animal house for 2
weeks. All mice were fed a standard diet with 10% fat and
20% protein for 2 weeks as the baseline period. Following -
2 weeks of baseline monitoring (at age 12 weeks), all mice
were randomly allocated to different groups and switched
to the experimental diets for 10-12 weeks (12 weeks for
C57BL/6 mice and 10 weeks for the other 4 strains).
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Table 1. Summary of Experiments Performed and Main Findings

Experiments

Design

Main Findings

Experiment 1: manipulation
of dietary protein levels at
fixed fat contents

series 1
series 2

e two series of 6 diets with 6-fold variation in
protein content by energy (5%-30%)

e series 1 had 60% fat and series 2 20% fat
(by energy)

e C57BL/6 mice exposed to all 12 diets

e BALB/c, C3H, DBA/2, and FVB strains exposed
to 6 diets with high fat only (series 2)

e main outcomes, food intake, adiposity, and
energy expenditure

e RNA-seq performed on brain and adipose
tissues

_ 5 10 15 20 25 30
60% fat
20% fat

protein levels were unrelated to energy intake in
C57BL/6 mice

adiposity increased as protein level increased on
20% fat (series 1)

no major changes in hypothalamic gene
expression levels

no evidence for white adipose tissue browning or
changes in energy expenditure

same patterns were observed in the other four
strains

protein leverage was less than 5% in all strains
except BALB/c (12%)
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Body Protein Increased with Increasing Dietary Protein Content
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Body Protein Increased with Increasing Dietary Protein Content
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Body Protein Increased with Increasing Dietary Protein Content
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Body Protein Increased with Increasing Dietary Protein Content
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Table 2. Averaged Energy Expenditure and Averaged Energy Intake of Five Mouse Strains over 12 Weeks of Experimental Period

Protein Content (%) p Value
5 10 15 20 25 30
C57BL/6 60% fat EE (kJ/day) 77.78 +5.53%  70.17+9.98° 67.38+657°  68.66+6.85° 66.21+8.04°> 65.09+8.30° 432 x 1078
El (kJ/day) 81.87 +5.92° 75.04+9.17%® 7286+6.32° 7221:669° 73.48=1210° 70.24 +6.88° 2.49 x 107*
20% fat EE (kJ/day) 67.85+4.87° 58.96+4.39° 59.20+595°  57.25+4.28° 58.97 +4.04° 56.37 + 4.74° 156 x 107"
El (kJ/day) 67.90+527%° 6052+4.15° 6058+6.21°  58.84+309° 60.55+4.12° 57.62 +4.75° 7.62 x 1072
Protein Content (%) p Value
5 10 15 20 25 30
BALB/c 60% fat EE (kJ/day) 92.56 +3.36®  76.44 + 7.07°° 8497 +9.04™®  7424+7.59° 70.15+4.82° 63.72+2.11° 6.31 x 107"
El (kJ/day) 95.37 +3.94  79.48+7.66°° 84.92+11.55% 77.53+8.36°° 72.36+6.35°¢ 6527 +252¢ 8.75 x 107°
Protein Content (%) p Value
5 10 15 20 25 30
C3H 60% fat EE (kJ/day) 114.51 +19.78° 99.76 + 21.20°° 97.83 + 14.17®® 04.24 + 833" 93.86+8.67"° 83.86 + 9.99° 0.007
El (kJ/day) 114.03 +14.95° 94.83 + 13.24%° 100.91 + 13.92%°® 98.69+ 8.49%° 97.35+8.49%° 87.43 + 9.60° 0.006
Protein Content (%) p Value
5 10 15 20 25 30
DBA/2  60% fat EE (kJ/day) 83.35+4.65° 75.67 +7.82%® 7348+521®  79.91+7.83%® 76.15+555%°° 74.27 + 4.80%° 0.02
El (kJ/day) 86.89 +4.39°  79.47 +9.11"®  78.39 + 6.47° 84.71+891° 80.16+597° 78.29 +6.38" 0.084
Protein Content (%) p Value
5 10 15 20 25 30
FVB 60% fat EE (kJ/day) 94.89 +6.21% 7552 +6.79°  76.06 = 4.82° 75.32+9.48°  73.99+3.70° 71.42x3.78° 1.39 x 1072
El (kJ/day) 98.02 + 7.89% 78.55 + 7.06° 77.92 + 3.97° 77.69 + 9.70° 78.06 + 6.06" 76.86 + 9.16° 3.75 x 1078
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with C57BL/6 Mice

A : B s +Body Fat 6.0
140 - ¢Energyintake . g 7 y - 6.
/ BALB/c a Protegir{ intake o A ABody Lean - 5.5
A Food intake 9.5 h .'gOth,W.""tgh}: '
E rotein intaxey
L 45 @ © - 4.5
100 - I ab = 235 I _
IR il | L Foqes
= A - = ]
S 80 - E ; : I 1353 3 30 o i I 1 35 2
: ! 8§ I lwgsxs{ % 3 I l30E
= b ab ! 2 3 5 " 2 . . a c
£ 60 b b : .2_5; 'gzo. -2.5"2
o L 20 L 20 &£
2 40 Ve 915 4
s q e 158 & | R &
- c a g L 10 & bc ¢ 2 g + 1.0
20 . b O a ‘ " ’ S 0 - 5 i
0 T T T T T T 00 0 T a T T T T T 00
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Protein content (%) Protein content (%)

Figure 3. Energy Intake, Body Weight, and Body Composition Changes in Four Mouse Strains after Feeding on Diets with Variable Protein
Contents and 60% Fat
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Responses of Four Other Mouse Strains on Diets with Variable Protein Content Were Consistent
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Figure 3. Energy Intake, Body Weight, and Body Composition Changes in Four Mouse Strains after Feeding on Diets with Variable Protein
Contents and 60% Fat
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Hypothalamic Hunger Signaling Pathways and Adipose Tissue Browning-Related Signaling Pathways of Mice
Fed on Diets with Variable Protein and Fat Content
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Hypothalamic Hunger Signaling Pathways and Adipose Tissue Browning-Related Signaling Pathways of Mice
Fed on Diets with Variable Protein and Fat Content
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Table 1. Summary of Experiments Performed and Main Findings

Experiments

Design

Main Findings

Experiment 2: manipulation
of dietary fat levels at fixed
protein contents

I
S eGLIRN 10% protein
series 4 PREZE Vi

e two series of 6 diets with 8-fold variation in fat
content (10%-80% and 8.3%-66.6%)

e series 3 had 10% protein and series 4 had
25% protein (by energy)

e C57BL/6 mice exposed to all 12 diets

e BALB/c, C3H, DBA/2, and FVB strains exposed

to 6 diets with high protein only (series 4)
e main outcomes, food intake, adiposity, energy
expenditure

20 30 40 50 60 70

80

Protein Content (%) .

weight of food ingested was stable at fat
contents up to 50% and thereafter declined
food energy ingested progressively increased
to 50% fat content and then stabilized
adiposity reached a peak on diets with
50%-60% fat content (by energy)

hypothalamic gene expression shows increase
in expression of genes in reward pathways in
relation to dietary fat

AgRP and NPY both downregulated in relation to
dietary fat levels

no evidence for white adipose tissue browning or
effects on energy expenditure

same patterns were observed in the other four
strains

dietary fat is a key driver of energy intake and
adiposity
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Dietary Fat Content Drives Energy Intake and Body Adiposity of Mice
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Table 2. Averaged Energy Expenditure and Averaged Energy Intake of Five Mouse Strains over 12 Weeks of Experimental Period
Fat Content (%) p Value
L 10 20 30 40 50 80 70 80
CSTBUS ' 109%  EE (kJ/day) 58.32 +4.33% 5896+4.39° 6341+644° 6595:890%®° 7232+11.58° 70.17+9.98°% 6592+941® 64.37+821% 260 x 10~7
protein gy (kJ/day) 59.26 +4.45°  60.52 +4.15°  66.31+£5.79%°  70.7+850°  78.87:13.04° 75.04+9.17° 71.86+11.44° 72.06+13.01° 5.06 x 107"
8.3 25 25 33.3 4.7 58.3 60 66.6
25%  EE (kJ/day) 55.72 +3.89° 58.95+4.14*° 57.65+3.84*° 57.81+38% 6550+6.51° 6592+7.00° 66.27+823° 63.10+£557 7.36x 1072
protein gy (kJ/day) 56.55 +3.68°  60.55+4.12°  59.14 + 3.92° 61.03+3.87* 69.60+6.46° 71.26 +6.86° 73.48+12.10° 67.85+5.82° 2.31 x107'®
BALB/c Fat Content (%) p Value
10 30 40 50 60 70 80
10%  EE (kJ/day) 62.66 +2.75° 66.93+2.95® 73.71+3.89°" 86.83+844° 7644:7.07° 79.47+7.00° 71.66+3.48>¢ 2.03 x 10710
protein | (kJ/day) 63.26 +2.67°  67.67 +3.28°° 7521 +3.47b° 92.09=10.15° 79.48+7.66° 81.36+£6.92°  73.24 + 3.66° 1.28 x 107"
C3H Fat Content (%) p Value
10 30 40 50 60 70 80
10% EE (kJ/day) 74.81 +3.01°  76.56 = 2.66° 90.83 + 12.70°°° 112.01 + 16.70° 99.76 + 21.20°° 94.15 + 8.55°°¢ 78.95 + 3.07%¢ 1.47 x 1077
protein  E (kJ/day) 73.15 +3.76°  78.8+3.49%° 9251 +12.71° 11272 + 14.81° 94.83 + 18.24° 98.14 +9.93°° 8246 + 3.42%° 1.89 x 10~°
DBA/2 Fat Content (%) p Value
10 30 40 50 60 70 80
10% EE (kJ/day) 6515 +3.53% 66.84 +423%° 7346+441%° 7797+821° 7567+7.82°° 7862+651° 7693+ 2520 1.39 x 10~°
protein  Fj (kJ/day) 64.80 + 3.85°  68.36 +4.03%® 76.39+4.25°° 8235+889° 79.47+9.11° 80.82+4.35°° 81.61+3.49° 6.33 x 1078
IFvB Fat Content (%) p Value
' 10 30 40 50 60 70 80
10% EE (kJ/day) 66.26 +4.35° 68.81+4.80*° 77.02:8.16® 77.29:8.19° 7552+6.79% 80.22+10.03° 77.92+297"° 0.001
protein g (kJ/day) 68.26 +4.9° 70.08 £ 527%%¢ 7194 +4.3239 80.9+9.75°°  78.55+ 7.06°°° 83.64 + 10.53° 70.75 + 4.85° 1.44 x 10~*

Averaged energy expenditure was calculated using the software of Guo and Hall (2009). Groups with the same letter were not significantly different (p > 0.05). EE, energy expenditure; El, energy

intake.
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Figure 5. Energy Intake, Body Weight, and Body Composition Changes in Four Mouse Strains after Feeding on Diets with Variable Fat Con-

tents and 10% Protein
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Hypothalamic Hunger Signaling Pathways and Adipose Tissue Browning-Related Signaling Pathways of Mice
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Table 1. Summary of Experiments Performed and Main Findings

Experiments Design Main Findings

Experiment 3: manipulation e C57BL/6 mice exposed to 6 diets with 6-fold e food intake and adiposity unrelated to sucrose
of dietary sucrose levels at variation in sucrose levels (56%-30%) at fixed levels in diet

fixed fat and protein contents protein (25%) and fat (41.7%) (all percentage

values by energy) (series 5)
e main outcomes, food intake, adiposity, energy
expenditure

Sucrose Content (%)
B ° 5 0 3 ¥
25% protein

41.7% fat
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