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Introduction
The incidence of obesity is at an epidemic level worldwide. 
According to estimates by the World Health Organization, world-
wide there are more than 1 billion overweight adults, at least 300 
million of which are obese (1). Obesity is a strong risk factor for a 
number of diseases including type 2 diabetes (T2D), cardiovascu-
lar disease, and metabolic syndrome, and thus imposes a tremen-
dous burden on quality of life and health care systems worldwide. 
Thus, there is a desperate need for more effective strategies to 
curtail this trend, whether through prescription of behavioral or 
pharmacological treatments.

Along with genetic and epigenetic predisposition, signifi-
cant contributors to the escalation in obesity in recent decades 
are environmental factors such as diet and physical inactivity 
(2). Concerning diet, of the major macronutrients consumed, 
focus has been primarily placed on the quality and quantity of 
fats and carbohydrates (3), whereas the role of dietary protein 
has, until recently, been largely neglected (4). While it is well 
known that dietary protein is essential for normal growth and 

development, less is known about the interaction of dietary pro-
tein with systemic energy homeostasis and glucose homeostasis 
in adults. Indeed, the specific role of dietary protein in obesity 
and diabetes is less well understood and controversial (5). On 
one hand, the satiating effects of dietary protein are well estab-
lished (6), and there are several studies in rodents (7, 8) and even 
humans (9) demonstrating higher energy intake and subsequent 
fat mass gain with consumption of a protein-diluted diet. The 
phenomenon of animals modifying their caloric intake in order 
to meet a daily protein target was coined the “protein leverage” 
hypothesis by Simpson and Raubenheimer (10). Thus, animals 
will hyperconsume a protein-diluted diet in order to meet this 
hypothetical threshold. This has led to the postulation that a 
societal shift towards the consumption of protein-diluted diets 
in the last 40–50 years may be a causal factor for heightened 
caloric intake and obesity (10).

On the other hand, a comprehensive diet study of mice using 
different ratios of the 3 major macronutrients revealed that 
dietary protein was the most potent macronutrient in modulat-
ing metabolic health, with worsened outcomes associating with 
dietary protein enrichment (11). Accordingly, intervention stud-
ies in rodents and humans have shown that an increased system-
ic supply of protein or amino acids (AAs) negatively affects sys-
temic insulin action (12–14), and epidemiological studies show 
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Results
Chronic DPD promotes metabolic inefficiency and leanness through 
heightened energy expenditure. To initially investigate the effects of 
DPD, we characterized the chronic effects of feeding a protein-
diluted diet (Supplemental Table 1; supplemental material avail-
able online with this article; doi:10.1172/JCI85946DS1) to mice. 
DPD caused a slower body mass accrual (Figure 1A) culminating 
in an ~50% lower gain in body mass over the study period (Sup-
plemental Figure 1A), despite only a mild effect on body length 
(Supplemental Figure 1B). In particular, when body composition 
was assessed by MRI (Supplemental Figure 1C) or by organ or tis-
sue mass (Figure 1B), DPD reduced the mass of lean tissues such 
as liver and skeletal muscle, but even more striking was the effect 
on fat tissues, which was reflected both by lower fat gain over the 
study period (Supplemental Figure 1A) as well as lower fat depot 
tissue masses (Figure 1B). Although we observed a slight reduction 
in skeletal muscle mass with DPD, forelimb grip strength remained 
unchanged (Supplemental Figure 1D). Absolute caloric intake, as 

that dietary protein intake and T2D incidence are positively cor-
related in humans (15).

Interestingly, it was recently shown that dietary protein dilu-
tion promotes systemic energy expenditure through heightened 
levels of the hormone fibroblast growth factor 21 (FGF21) (16). 
Hence, even though dietary protein dilution may promote height-
ened food intake, metabolic health may pivot upon other traits, 
such as metabolic efficiency (17), which is the propensity of an 
organism to convert ingested nutrients into biomass (18), princi-
pally determined by the balance between food energy intake and 
somatic energy expenditure.

Here we conducted studies to comprehensively characterize 
the effects of dietary protein dilution (DPD) on systemic metabo-
lism, the application of DPD in obesity-driven T2D, as well as the 
molecular mechanisms involved, and demonstrate that DPD pro-
motes improved metabolic health in mice and men, at least in part 
through a select nonessential AA (NEAA) insufficiency–induced 
liver nuclear protein 1-FGF21 axis.

Figure 1. Chronic dietary protein dilution promotes feed inefficiency, leanness, and heightened energy expenditure. (A) Body mass accrual over 16 
weeks 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 or 6/group. (B) Tissue/organ mass at necropsy at 16 weeks in mice from A. pgWAT, perigonadal white adipose 
tissue; GCM, gastrocnemius complex muscle; BAT, brown adipose tissue. (C) Food energy (E) intake from individually housed mice during days 77–105 by 
mice from A. (D) Feed efficiency in individually housed mice from A during days 77–105. (E) 24-hour averaged oxygen consumption rate (VO2) in mice fed 
CD or PD before (pre) and during 3 weeks at an ambient temperature of 22°C and a subsequent 2 weeks at 30°C. Values are mean rates over a 3-day period 
at the end of each period when values were stable. n = 10/group. (F) 24-hour-averaged CO2 production rate (VCO2) from mice as in E. (G) Daily urinary urea 
production rate (22°C) from mice as in E. (H) Nutrient oxidation rates (22°C) calculated from indirect calorimetry values as well as urea production. Pro, 
protein; Cho, carbohydrate. Data are the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by 2-way repeated measures ANOVA with Holm-Sidak post-
hoc test (A, E, and F), unpaired t test (B–D and G), or 1-way ANOVA with Holm-Sidak post-hoc test (H) for significant differences between CD and PD. See 
also Supplemental Figure 1.
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which was caused by enhanced glucose disposal in tissues such 
as brown and inguinal white adipose and perhaps heart (Figure 
2M and Supplemental Figure 2D). Furthermore, DPD mice had a 
reduced hyperglycemic response to intraperitoneal pyruvate chal-
lenge (Supplemental Figure 2, E and F), indicating that alterations 
in both glucose production and clearance lead to improvements in 
glucose homeostasis with DPD.

Chronic DPD improves metabolic health in obesity indepen-
dently of fatness. Given the enhanced glucose homeostasis in 
DPD, we then wanted to test the possible therapeutic potential of 
such a dietary strategy in mouse models of obesity-driven insulin 
resistance and T2D. Therefore, we employed nutritional (Sup-
plemental Table 1) and polygenic experimental mouse models: 
C57Bl/6N mice fed a high-fat diet (HFD) and the New Zealand 
obese (NZO) mouse strain, respectively. Similarly to the initial 
study (Figure 1A), lean mice of both strains fed the high carbohy-
drate protein-diluted diet gained less body mass (Figure 3, A and 
C, and Supplemental Figure 3, A and B) and exhibited only minor 
effects on body length (Supplemental Figure 3, C and D). How-
ever, in both HFD-induced and hyperphagic obesity, DPD did not 
retard weight gain (Figure 3, A and C, and Supplemental Figure 3, 
A and B) and actually increased fat depot masses (Supplemental 
Figure 3, E and F). On the other hand, liver mass was consistently 
lower in DPD mice (Supplemental Figure 3, E and F), irrespective 
of dietary fat or mouse strain. Nevertheless, although nutritional 
and polygenic obesogenic mouse models demonstrated higher 
feed efficiency relative to their lean counterparts with standard 
protein feeding, DPD consistently retarded feed efficiency (Fig-
ure 3, B and D), owing to increases in food energy intake (Supple-
mental Figure 3, G and H).

As pronounced enhancement of carbohydrate oxidation and 
glucose metabolism was observed following DPD in lean mice 
(Figure 1), we also assessed glucose homeostasis in experimen-
tal obesity. Of note, obese DPD mice had markedly improved 
glucose homeostasis (Figure 3, E and F) and insulin action as 
assessed by the insulin sensitivity index (ISI) from fasting glucose 
and insulin values (Figure 3, G and H and Supplemental Figure 3, 
I and J) or an ISI calculated from glucose and insulin areas under 
the curves (Supplemental Figure 3, I–L), and there was a close 
positive relationship between these 2 indices (Supplemental Fig-
ure 3M). Strikingly, the DPD NZO mice did not develop overt glu-
cosuria (Figure 3I), indicating a complete prevention of T2D. In a 
separate study, we also assessed tissue-specific glucose disposal 
(Figure 3J), and could observe increased rates of glucose uptake 
particularly in the heart (~5-fold) and brown adipose tissue (BAT) 
(~1.5-fold) in DPD NZO mice.

Since the former 2 models addressed whether DPD could 
prevent the development of obesity-driven insulin resistance 
(IR) or T2D, we then wanted to test whether DPD could serve 
to reverse existing obesity-driven IR. As such, we subjected 
C57Bl/6N mice to either high-carbohydrate or high-fat diets 
for 8 weeks prior to switching part of the groups to respective 
protein-diluted diets. The effects of DPD on body mass accrual 
and composition (Supplemental Figure 3, N–Q) were consistent 
with our prior observations (Figure 3 and Supplemental Figure 
3). Of note, however, was that the effects of DPD could reverse 
the effects of preexisting insulin resistance (Figure 3K), based 

assessed in individually housed animals during the final 4 weeks 
of the experiment, did not differ between diet groups (Figure 1C), 
although there was a heightened intake with DPD when expressed 
relative to total or lean body mass (data not shown). Finally, cal-
culation of feed efficiency, which reflects the ratio of body mass 
accrual to energy intake, revealed a striking ~40% lower feed effi-
ciency with DPD (Figure 1D).

Given the striking effect of DPD on feeding efficiency, we 
next used indirect calorimetry to assess how whole-body energy 
metabolism was influenced by a protein-diluted diet, and wheth-
er these effects were influenced by ambient environmental tem-
perature. In this study, body mass accrual rate was not affected 
until the end of the study (Supplemental Figure 1E), despite 
transiently enhanced food energy intake on the protein-diluted 
diet (Supplemental Figure 1F), again reflecting a feed ineffi-
ciency. The metabolic inefficiency caused by DPD was not due 
to an influence on fecal energy excretion (Supplemental Figure 
1G), but was rather caused by a heightened energy expenditure 
as reflected by increased oxygen consumption rates throughout 
the light-dark cycle (Figure 1E and Supplemental Figure 1, H and 
I), independently of changes in physical activity (Supplemental 
Figure 1J) and ambient housing temperature. The DPD-driven 
increase in VO2 was roughly paralleled by increased CO2 produc-
tion rates (Figure 1F and Supplemental Figure 1K), thereby result-
ing in only minor effects on respiratory exchange ratio (Supple-
mental Figure 1L). Urinary urea production was decreased by 
~75% (Figure 1G), and as this essentially reflects systemic protein 
oxidation rate (19), we could calculate total and individual nutri-
ent oxidation rates (Figure 1H), and found that DPD caused 25% 
and 75% higher carbohydrate and fat oxidation rates, respective-
ly, with a 75% lower protein oxidation rate.

As increased energy expenditure is a recognized means of 
promoting metabolic health (17), we then assessed biomark-
ers of improved health such as blood serum metabolite and hor-
mone levels (Figure 2A and Supplemental Figure 2A). There were 
clear effects of DPD on serum urea cycle function as assessed by 
reduced urea and ornithine, as well as reduced levels of certain 
AAs such as branched-chain AAs, and markers of protein or col-
lagen turnover such as hydroxyproline, 1-methylhistidine, and 
3-methylhistidine. However, perhaps surprisingly, there were also 
effects on serum lipid levels with both lower cholesterol and tri-
glyceride, with no differences in nonesterified fatty acid (NEFA) 
or ketone body (i.e., β-hydroxybutyrate) levels. In terms of meta-
bolic hormones, DPD promoted a positive hormonal profile with 
lower insulin (Figure 2B), insulin-like growth factor-1 (IGF1) (Fig-
ure 2C), and leptin (Figure 2D), and with higher thyroxine (Figure 
2E), adiponectin (Figure 2F and Supplemental Figure 2, B and C), 
and FGF21 (Figure 2G). One key measure of metabolic health is 
improved glucose homeostasis, and so we assessed this in short-
term dietary protein-diluted mice. While DPD did not drastically 
affect the glucose excursion (Figure 2H) during a glucose toler-
ance test, insulin levels were drastically reduced (Figure 2I), and 
thus insulin action was clearly improved, as indicated by a higher 
insulin-action index (data not shown). We further tested this by 
insulin tolerance testing, and DPD mice had enhanced systemic 
glucose lowering (Figure 2J) despite lower insulin levels (Figure 
2K), again demonstrating heightened insulin action (Figure 2L), 
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Figure 2. Chronic dietary protein dilution promotes a metabolite and hormonal profile reflective of improved metabolic health as well as enhanced 
glucose metabolism. (A) Blood and serum metabolites from mice as in Figure 1A. NEFA, nonesterified fatty acids; BCAA, branched-chain amino acids; 
BHB, β-hydroxybutyrate. (B) Serum insulin levels in mice from Figure 1A. (C) Serum insulin-like growth factor 1 (IGF1) levels in mice from Figure 1A. (D) 
Serum leptin levels in mice from Figure 1A. (E) Serum thyroxine (T4) levels in mice from Figure 1A. (F) Serum adiponectin levels in mice from Figure 1A. 
(G) Serum fibroblast growth factor 21 (FGF21) levels in mice from Figure 1A. (H) Blood glucose excursion during an intraperitoneal glucose tolerance test 
(IPGTT) 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, for 2 weeks. n = 5 or 6/group. (I) Serum insulin excursion in mice treated as in H. (J) Blood glucose excursion 
during an intraperitoneal insulin tolerance test (IPITT) in mice treated as in H. n = 5 or 6/group. (K) Serum insulin excursion in mice treated as in J. (L) 
Insulin action index as represented by the maximal change in blood glucose (ΔG) divided by the maximal level of serum insulin (MI) from mice treated 
as in H. (M) Tissue glucose uptake rates of mice treated as in J. pgWAT, perigonadal white adipose tissue; scWAT, subcutaneous white adipose tissue; 
GCM, gastrocnemius complex muscle; BAT, brown adipose tissue. n = 6/group. Data are the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by 
unpaired t test (A–G, L, and M) or 2-way repeated measures ANOVA with Holm-Sidak post-hoc test (H–K) for significant differences between CD and 
PD. See also Supplemental Figure 2.
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Figure 3. Dietary protein dilution promotes improved glucose homeostasis independently of obesity. (A) Body mass accrual of C57Bl/6N mice fed either 
control diet (CD) containing 20% caloric energy from protein or a protein-diluted (PD) diet containing 5% caloric energy from protein, diluted by added 
carbohydrate, with either 10% (LF) or 60% (HF) calories from fat. n = 6–8/group. (B) Feed efficiency from mice treated as in A. (C) Body mass accrual in 
New Zealand Black (NZB) or New Zealand Obese (NZO) mice fed a CD containing 20% caloric energy from protein or a PD containing 5% caloric energy from 
protein, diluted by added carbohydrate. n = 6–8/group. (D) Feed efficiency from mice treated as in C. (E) Blood glucose excursion during an intraperitoneal 
glucose tolerance test (IPGTT) in mice from A. AUCg, glucose area under the curve. (F) Blood glucose excursion during an IPGTT in mice from C. (G) Fasting 
insulin sensitivity index [ISI(f)] from mice as in A. (H) ISI(f) from mice treated as in C. (I) Urinary glucose levels from mice treated as in C. (J) Tissue glucose 
uptake rates during an IPGTT from mice treated as in C. pgWAT, perigonadal white adipose tissue; scWAT, subcutaneous white adipose tissue; GCM, 
gastrocnemius complex muscle; BAT, brown adipose tissue. n = 5 or 6/group. (K) ISI(f) was measured from mice at selected time points before and after 
maintenance on the same diet or a switch (day 56, indicated by a vertical dashed line) to a respective protein-diluted diet. n = 7 or 8/group. Data are the 
mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 for significant effect of dietary protein. #P < 0.05, ##P < 0.01, and ###P < 0.001 for significant effect of 
dietary fat/strain. §P < 0.05 and §§§P < 0.001 for significant effect of time. Statistical tests used were 2-way ANOVA with Holm-Sidak post-hoc test (B, D–I), 
unpaired t test (J), and 2-way repeated measures ANOVA with Holm-Sidak post-hoc test (K). See also Supplemental Figure 3.
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upon fasting blood glucose (Supplemental Figure 3R) and serum 
insulin (Supplemental Figure 3S) analyses.

DPD effects are independent of UCP1 function. The effects of 
DPD on feed efficiency (Figure 3) were also reflected by a higher 
core body temperature (Figure 4A), indicative of diet-induced 
thermogenesis. Given that UCP1 is considered to be the only pro-
tein capable of conferring nonshivering thermogenesis in mam-
mals (20) and that we observed changes in Ucp1 mRNA in BAT 
and white adipose tissue (WAT) from DPD mice (data not shown), 
we then assessed whether these changes were recapitulated at the 
level of UCP1 protein expression. Indeed, both BAT (Figure 4B) 
and subcutaneous WAT (scWAT) (Figure 4C), UCP1 expression 
essentially reflected that observed in mRNA expression levels. 
Initially we assessed the involvement of sympathetic thermogenic 
mechanisms by conducting a diet-switch study in mice adapted to 
thermoneutral conditions, resulting in reduced sympathetic tone, 
thermogenic energy requirements, and UCP1 expression (21). 
However, DPD-induced feed inefficiency (Supplemental Figure 
4A) and increased core body temperature (Supplemental Figure 
4B) were preserved at thermoneutrality. To further test the involve-
ment of canonical thermogenic mechanisms, we placed germline 
UCP1 knockout mice and wild-type littermates on normal as well 
as protein-diluted diets. Similarly to the thermoneutrality experi-
ment, the effects of DPD on body composition (Supplemental Fig-
ure 4, C and D), food energy intake (Supplemental Figure 4E), and 
thus feed efficiency (Figure 4D) were not reversed by UCP1 loss 
of function, and were perhaps even exacerbated. Similarly, there 
was no attenuation of DPD effects on glucose metabolism in the 
absence of UCP1, as assessed by ISI (Figure 4E and Supplemental 

Figure 4, F and G). Although it is thought that UCP1 elimination 
may recruit compensatory thermogenic mechanisms at standard 
housing temperatures (21), similar results were obtained when we 
conducted these Ucp1–/– studies under thermoneutral conditions 
(data not shown). Lastly, DPD resulted in potentiation of serum 
FGF21 levels in mice with absent UCP1 (Figure 4F), indicating 
that the exacerbated effects of DPD could be driven by heightened 
FGF21 in this setting.

DPD effects require liver-derived FGF21. Given that we consis-
tently observed higher serum levels of FGF21 with DPD (Figures 
2 and 4, and Supplemental Figure 5A), we then tested whether 
FGF21 is required for the metabolic phenotype of DPD. Initially, 
we subjected groups of Fgf21+/+ and germline Fgf21–/– littermate 
mice to a low-fat protein-diluted or control diet (CD) in a counter-
balanced, crossover manner and examined systemic nutrient oxi-
dation rates via a combination of indirect calorimetry and urinary 
N excretion. Relative to CD, DPD enhanced O2 consumption (Sup-
plemental Figure 5B) and CO2 production (Supplemental Figure 
5C), in wild-type but not Fgf21-deficient mice. DPD depressed uri-
nary N loss, but this was not different between genotypes (Supple-
mental Figure 5D). Taken together (19), our data show that DPD 
enhanced carbohydrate (Figure 5A) and fat (Figure 5B) oxidation, 
with no differences in the suppression of protein oxidation (Figure 
5C), culminating in an overall enhancement of total nutrient oxi-
dation (Figure 5D) in Fgf21+/+ but not Fgf21–/– mice.

In follow-up studies, we conducted more long-term experi-
ments to assess glucose homeostasis. In wild-type littermates, 
DPD had the expected effect of augmenting serum FGF21 (Sup-
plemental Figure 5E) and attenuating feed efficiency (Figure 5E), 

Figure 4. Dietary protein dilution 
promotes metabolic inefficiency 
and improves glucose homeostasis 
independently of uncoupling protein 1 
(UCP1) expression. (A) Rectal tempera-
ture in mice treated as in Figure 3A. 
(B) Brown adipose tissue (BAT) UCP1 
protein expression in mice treated as 
in Figure 3A. (C) Subcutaneous white 
adipose tissue (scWAT) UCP1 protein 
expression in mice treated as in Figure 
3A. (D) Feed efficiency of wild-type 
(Ucp1+/+) and Ucp1 knockout (Ucp1–/–)  
mice fed a control diet (CD) containing 
20% caloric energy from protein or a 
protein-diluted (PD) diet containing 5% 
caloric energy from protein, diluted by 
added carbohydrate. Studies were con-
ducted for 6 weeks. n = 6–9/group. (E) 
Fasting insulin sensitivity index [ISI(f)] 
from mice treated as in D. (F) Serum 
fibroblast growth factor 21 (FGF21)  
levels in mice treated as in D. Data are 
the mean ± SEM. *P < 0.05 for signifi-
cant effect of dietary protein;  
#P < 0.05 for significant effect of 
dietary fat or genotype, 2-way ANOVA 
with Holm-Sidak post-hoc test. See 
also Supplemental Figure 4.
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owing to a slightly higher energy intake (Supplemental Figure 
5F), despite lower body mass gain (Supplemental Figure 5G). In 
stark contrast, DPD had no effects on energy intake (Supplemen-
tal Figure 5F) or body mass gain (Supplemental Figure 5G), and 
thus did not influence metabolic efficiency in mice with germline 
deletion of Fgf21 (Figure 5E). In contrast to liver mass, which was 
lowered by DPD irrespective of genotype, DPD augmented fat-
ness only in mice with abrogation of the Fgf21 gene (Supplemen-
tal Figure 5H). In addition to metabolic efficiency, the salutary 
effects of DPD in heightening insulin sensitivity (Figure 5F and 
Supplemental Figure 5, I and J) were completely dependent upon 
FGF21. To then test whether FGF21 was required for the effects 
of DPD to retard obesity-driven metabolic dysfunction, we con-
ducted studies using high-fat protein-diluted or CD in germline 
Fgf21–/– mice. Again, DPD attenuated feed efficiency in wild-type 

mice (Figure 5G), mostly owing to enhanced food energy intake 
(Supplemental Figure 5K) despite unaltered body mass accrual 
(Supplemental Figure 5L), effects that were abrogated in the 
Fgf21–/– mice. Despite no effects of DPD on body mass accrual in 
either genotype, there were stark differences in body composi-
tion (Supplemental Figure 5M), particularly liver and perigonadal 
WAT (pgWAT). In particular, whereas the low-fat PD caused an 
FGF21-dependent contraction of WAT, high-fat PD caused an 
FGF21-depdendent expansion of pgWAT. In terms of metabolic 
health, again PD could retard obesity-driven impaired systemic 
glucose homeostasis (Figure 5H), which was FGF21 dependent, 
owing to decreases in both fasting blood glucose (Supplemental 
Figure 5N) and insulin (Supplemental Figure 5O).

These results illustrated a clear dependence upon the Fgf21 
locus for the metabolic signature of DPD, and prompted us to 

Figure 5. Liver-derived FGF21 is 
required for the metabolic effects of 
dietary protein dilution. (A) Carbo-
hydrate oxidation rate of whole-body 
Fgf21–/– and Fgf21+/+ mice studied on 
low-fat control diet (CD) or protein-
diluted (PD) in a balanced, crossover 
manner. n = 8–10/group. (B) Fat oxida-
tion rate of mice treated as in A. (C) 
Protein oxidation rate of mice treated as 
in A. (D) Total nutrient oxidation rate of 
mice treated as in A. (E) Feed efficiency 
over 4 weeks in whole-body Fgf21–/– and 
Fgf21+/+ mice on low-fat CD or PD. n = 5 
or 6/group. (F) Insulin sensitivity index 
(ISI) from mice treated as in A. (G) Feed 
efficiency over 8 weeks in whole-body 
Fgf21–/– and Fgf21+/+ mice fed high-fat 
CD or PD for 16 weeks. n = 5 or 6/group. 
(H) ISI from mice treated as in C. (I) Tis-
sue Fgf21 mRNA expression in C57Bl/6N 
mice on CD or PD treated as in Figure 1A. 
(J) Endpoint serum FGF21 levels in CD or 
PD-fed C57Bl/6N mice given adenovi-
ruses overexpressing negative control 
(NC) or Fgf21-selective shRNAs in the 
liver. (K) Feed efficiency over 8 days of 
mice from D. (L) ISI of mice from D. Data 
are presented as the mean ± SEM.  
*P < 0.05, ***P < 0.001 for differences 
between diets. #P < 0.05 for differences 
between genotype/virus. Statisti-
cal tests used were 2-way repeated 
measures ANOVA with Holm-Sidak 
post-hoc test (A–D), 2-way ANOVA with 
Holm-Sidak post-hoc test (E–L), and 
unpaired t test (I). See also Supplemen-
tal Figure 5.
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ure 6A). Elevated serum FGF21 levels in mice on DPD for several 
months regressed completely within hours of switching mice back 
onto the CD (Supplemental Figure 6A), illustrating the dynamic 
regulation of this hormonal response to diluted protein intake.

As it has been reported that the integrated stress response 
(ISR) may be part of the mechanism by which DPD affects liver 
FGF21 (16), we also examined this and observed that in refed mice, 
there was higher phosphorylation of S51 (p-S51) in eukaryotic ini-
tiation factor 2α (eIF2α) (Figure 6B), a bona fide molecular readout 
of the ISR (22). This, along with a higher Fgf21, corresponded to an 
increase in certain transcripts that are known to be increased by 
activation of the ISR, such as Nupr1 (23, 24), Gadd45b (25), Trb3 
(26), Asns (25), and Sesn2 (27), thus comprising a liver gene expres-
sion signature of the ISR (GES-I) with DPD in vivo (Figure 6C and 
Supplemental Figure 6, B and C). Thus, we chose to examine this 
further and conducted an experiment to test whether activation 
of the ISR is required for the induction of liver Fgf21 by DPD. As 
such, we treated DPD-refed mice with a small molecule known as 
integrated stress response inhibitor (ISRIB) (28), which acts down-
stream of p-S51-eIF2α to retard the effects of upstream ISR signal-
ing (29), and could observe a complete retardation of the liver 
GES-I with PD (Figure 6D), thereby demonstrating the effective-
ness of our strategy. Similarly, liver Fgf21 mRNA (Figure 6D) and 
serum FGF21 (Figure 6E) levels were reduced by ISR inhibition, 
selectively with DPD.

Conceivably, the upregulation of Fgf21 transcription in the 
liver upon DPD could be due to enhanced transcriptional rate or 
mRNA stability. To assess this, we examined both the mature and 
immature Fgf21 transcripts within the same sample set (Supple-
mental Figure 6D), and both were higher to a similar extent with 
DPD, indicating that enhanced transcriptional rate is the main 
mechanism by which DPD regulates FGF21 levels. Given this 
information, we then sought to elucidate a mechanism by which 
this occurs and thus chose to examine the transcriptional regu-
lator nuclear protein 1 (NUPR1, also known as p8 or COM1; ref. 
30), as from our previous experiments (i.e., Figure 6, C and D, and 
Supplemental Figure 6B) we demonstrated that the expression of 
Nupr1 was potently upregulated in the liver with DPD, which was 
dependent on the ISR. As such, to establish that Nupr1 upregula-
tion was a viable mechanism for upregulating Fgf21 transcription, 
we first demonstrated that, similarly to Nupr1 mRNA (Figure 6C), 
NUPR1 protein expression was higher with DPD (Supplemental 
Figure 6E). Also, the upregulation of Nupr1 occurs prior to the 
upregulation of Fgf21 expression in response to AA deprivation in 
vitro (Supplemental Figure 6, F and G), a prerequisite for potential 
transcriptional regulation. Encouraged by these findings, we then 
examined germline Nupr1–/– mice, and when compared with cor-
responding Nupr1+/+ mice, the upregulation of serum FGF21 with 
DPD was less pronounced (Figure 6F). However, the metabolic 
readouts such as feed efficiency and insulin action were not sig-
nificantly different in the germline Nupr1–/– mice (data not shown), 
perhaps due to contrasting effects of NUPR1 in other tissues such 
as the pancreas (31) and heart (32). Thus, we adopted a liver-
restricted strategy of Nupr1 loss of function as conducted previ-
ously for Fgf21 (Supplemental Figure 5P). Strikingly, along with 
NUPR1 (Figure 6G), we demonstrated that the liver GES-I with 
DPD was substantially dampened by NUPR1 knockdown (Figure 

examine whether higher circulating FGF21 could be ascribed 
to higher production by a particular tissue. A quantitative PCR 
(qPCR) screen of a variety of fatty and lean tissues (Figure 5I) 
highlighted the liver as the most likely source of higher levels of 
circulating FGF21 following DPD. Intestine, kidney, heart, and 
scWAT had relatively weak levels of Fgf21 expression, which was 
not modified by DPD (data not shown). To test whether liver-
derived FGF21 coordinates the metabolic response to DPD, we 
administered specific or negative control shRNA-overexpressing 
adenoviruses to achieve hepatic knockdown of Fgf21 in the liver 
(Supplemental Figure 5, P and Q). Liver-specific knockdown of 
Fgf21 resulted in correspondingly lower circulating FGF21 (Figure 
5J). Recapitulating our observations with whole-body Fgf21 dele-
tion, knockdown of hepatic Fgf21 completely blocked the effect 
of DPD in reducing feed efficiency (Figure 5K), which was driven 
by prevention of body mass loss (Supplemental Figure 5, R and S). 
Moreover, the improved glucose metabolism with DPD was also 
dependent upon liver-derived FGF21 (Figure 5L and Supplemen-
tal Figure 5, T and U).

The integrated stress response mediates liver FGF21 induction 
and associated metabolic remodeling via nuclear protein 1. To obtain 
insight into the mechanism by which FGF21 might be regulated by 
DPD, we examined serum FGF21 levels over 24 hours in response 
to fasting and refeeding in mice adapted to either protein-diluted 
diet or CD. Following an overnight fast, levels of serum FGF21 were 
not significantly different between mice on the 2 diets, and CD 
refeeding resulted in the expected decline in hormone levels over 
time (Figure 6A). In sharp contrast, refeeding a protein-diluted 
diet resulted in sharp and sustained elevation in serum FGF21 (Fig-

Figure 6. The integrated stress response mediates liver FGF21 induction 
and associated metabolic remodeling with dietary protein dilution via 
nuclear protein 1. (A) Serum FGF21 levels following overnight fasting and 
refeeding in mice on control (CD) or protein-diluted (PD) diets for 3 weeks. 
n = 5/group. (B) Liver phospho-Ser51-eukaryotic initiation factor 2α (p-S51-
eIF2α) levels in overnight fasted and then 6-hour-refed mice following a 
2-week adaptation to the respective diets. n = 6/group. Representative 
images shown are from the same samples blotted on different membranes 
on separate occasions. (C) Liver mRNA levels of fibroblast growth factor  
21 (Fgf21), nuclear protein 1 (Nupr1), growth arrest and DNA damage– 
induced 45 beta (Gadd45b), tribbles homologue 3 (Trb3), asparagine 
synthetase (Asns), and sestrin 2 (Sesn2) of mice treated as in A. (D) Liver 
mRNA levels of Nupr1, Gadd45b, Trb3, Asns, Sesn2, and Fgf21 of mice 
adapted to CD or PD for 2 weeks, overnight fasted, and then refed and 
administered integrated stress response inhibitor (ISRIB) or vehicle. n = 5/
group. (E) Serum FGF21 levels from mice treated as in D. (F) Serum FGF21 
levels from whole-body nuclear protein 1 knockout (Nupr1–/–) and Nupr1+/+ 
mice adapted to low-fat CD or PD and subjected to overnight fasting and 
refeeding. n =5 or 6/group. (G) Liver NUPR1 protein expression in CD- or 
PD-fed mice given adenoviruses overexpressing negative control (NC) or 
Nupr1-selective shRNAs in the liver using a similar experimental design as 
in Supplemental Figure 5P. n = 5 or 6/group. (H) Liver mRNA expression of 
Nupr1, Gadd45b, Trb3, Asns, and Sesn2 in mice treated as in G. (I) Serum 
FGF21 levels of mice treated as in G. (J) Feed efficiency of mice treated as 
in G. (K) Fasting insulin sensitivity index [ISI(f)] of mice treated as in G. 
Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 
for differences between diets. #P < 0.05, ##P < 0.01, and ###P < 0.001 for 
differences between genotype/virus. Statistical tests used were 2-way 
repeated measures ANOVA with Holm-Sidak post-hoc test (A), unpaired 
t test (B and C), and 2-way ANOVA with Holm-Sidak post-hoc test (D–K). 
See also Supplemental Figure 6.
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diets used in our previous experiments (Figures 1–6). In particular, 
we fed C57Bl/6N and NZO mice these diets as was done before 
(Figures 1 and 3). Dietary AA dilution (DAAD) in lean and obese 
mice promoted similar changes in body mass accrual and body 
composition, as was observed with DPD (data not shown). More-
over, DAAD resulted in enhanced insulin sensitivity (Figure 7, C and 
D) as well as markedly elevated Fgf21 transcripts in livers from lean 
(Figure 7E) and NZO (Figure 7F) mice. Hence, dilution of dietary 
protein, also when consumed in the form of free AAs, is sufficient to 
augment hepatic Fgf21 and promote metabolic health.

In a cell-autonomous manner, total AA dilution in the culture 
media also induced Fgf21 transcription and the secreted form of 
the protein in primary mouse hepatocytes (Figure 7, G and H) as 
well as in clonal Fao rat hepatocytes (Supplemental Figure 7, A 
and B). As we could observe that both essential AAs (EAAs) and 
NEAAs were lower in portal blood of DPD-refed mice (Figure 7A), 
conceivably both could contribute to the induction of Fgf21, and so 
we then tested their requirement in vitro. Surprisingly, Fgf21 and 
Nurp1 gene expression varied, in an inverse manner, specifically 
with NEAA concentration in Fao cells (Supplemental Figure 7, C 
and D). By contrast, enrichment or dilution of only EAAs did not 
influence transcript levels in Fao cells. Similarly, levels of secreted 
FGF21 (Figure 7I) and Nupr1 transcripts (Figure 7J) were higher 
in primary mouse hepatocytes when NEAAs, but not EAAs, were 
selectively restricted. When NEAAs were added back to AA-dilut-
ed media, whether in the indicated pairs (Supplemental Figure 
7E) or individually (data not shown), only the 5 NEAAs glutamate, 
aspartate, glutamine, asparagine and/or alanine were sufficient 
to attenuate or prevent the induction of Fgf21 mRNA in Fao cells. 
Similarly, levels of secreted FGF21 were lower in primary mouse 
hepatocytes when these 5 NEAAs were added to the background 
of AA dilution (Figure 7K), indicating that these NEAAs are neces-
sary for the hepatocyte FGF21 response to total AA dilution. Fur-
thermore, single or combined restriction of glutamate/glutamine 
was sufficient to match the Fgf21 induction observed with total 
AA restriction (Supplemental Figure 7F), indicating that selective 
dilution of these AAs is sufficient to induce FGF21. Lastly, similar 
to these in vitro results, we conducted a mouse refeeding study 
and could demonstrate that administration of the NEAAs Ala, 
Asn, and Gln, but not the EAAs Phe, Met, and Leu, could retard 
the DPD-driven increase in serum FGF21 (Figure 7L), liver p-S51-
eIF2α (Figure 7M), as well as liver Fgf21 (Supplemental Figure 7G) 
and Nupr1 (Figure 7N) mRNA in vivo.

Short-term DPD promotes heightened FGF21 and glucose homeo-
stasis reflecting improved metabolic health in young men. Lastly, as 
others have demonstrated that protein dilution in humans can 
increase blood FGF21 (16), we wanted to test whether DPD could 
be beneficial for human health. As such, in a repeated-measures 
design, after a presampling period, we fed men a diet containing 
diluted amounts of protein for 7 days, followed by a 7-day normal 
diet washout period (Supplemental Table 3) without any changes 
in body mass (data not shown). Dilution of dietary protein had the 
expected effect of reducing serum urea (Supplemental Figure 8A). 
Similar to the mouse studies, there was increased serum FGF21 
(~6-fold; Figure 8A). Intriguingly, despite no significant change in 
plasma glucose (Supplemental Figure 8B), fasting plasma insulin 
levels were decreased (Supplemental Figure 8C) and thus system-

6H). In addition, the higher liver Fgf21 mRNA (Figure 6H) and 
serum FGF21 (Figure 6I) levels with DPD were partially blunted 
by NUPR1 knockdown. In line with our prior findings (Figure 5), 
the metabolic readouts of DPD including feed inefficiency (Figure 
6J and Supplemental Figure 6, H and I) and heightened glucose 
metabolism (Figure 6K and Supplemental Figure 6, J and K) were 
also partially blunted by liver-specific NUPR1 loss of function.

Meal-related NEAA restriction triggers FGF21 production by hepa-
tocytes. As whole protein is a complex nutrient that can be digested 
and absorbed as both short peptides and AAs (33), it is possible that 
either could confer the effects of DPD on FGF21 and subsequent 
improvements in metabolic control. To investigate the latter, we 
conducted portal blood AA profiling during DPD refeeding and 
could demonstrate that nearly all AAs were lower versus CD refeed-
ing (Figure 7A). Moreover, within the liver, we found that Fgf21 tran-
scripts were localized to hepatocytes surrounding the portal space 
in DPD-refed mice, as suggested by exclusion of signal from central 
vein regions (Figure 7B; Fgf21 transcripts were virtually undetect-
able in samples from mice refed the CD). Given this anatomical cor-
relation, we next decided to investigate whether consumption of a 
diet consisting of protein in the form of free AAs was sufficient to 
drive the phenotypic responses to DPD. As such, we utilized syn-
thetic AA–containing diets (Supplemental Table 2) mimicking the 
AA supply that would come from casein, the source of protein in the 

Figure 7. Nonessential amino acid dilution triggers the liver integrated 
stress response and FGF21 production. (A) Hepatic portal vein blood 
serum amino acid (AA) profile in mice adapted to and then fasted and 
refed control (CD) or protein-diluted (PD) diet. n = 4 or 5/group. (B) In situ 
hybridization of PD-refed mouse livers serially cut and stained with probes 
for either Fgf21 or the central vein (cv) marker glutamine synthetase (GluI). 
Fgf21 transcripts surround vessels negative for GluI, suggesting portal 
space (ps) localization. Representative images are from liver sections 
taken from 2 different mice. Magnification: ×100. (C) Fasting insulin sensi-
tivity index [ISI(f)] in C57Bl/6N mice fed diets with protein replaced by  
a casein-based AA mixture (18 kcal% or 4.5 kcal%) for ~3.5 months.  
n = 6 or 7/group. (D) ISI(f) in NZO mice fed diets with protein replaced by 
a casein-based AA mixture (18 kcal% or 4.5 kcal%) for ~10 weeks. n = 5 or 
6/group. (E) Liver Fgf21 mRNA levels from mice treated as in C. (F) Liver 
Fgf21 mRNA levels from mice treated as in D. (G) Effect of media total 
AA restriction on Fgf21 mRNA in cultured primary mouse hepatocytes 
(hepa). n = 4/group. (H) Media FGF21 levels from hepatocytes treated as 
in G. (I) Effect of media total AA restriction, with or without differential 
essential (EAA) or nonessential (NEAA) amino acid supplementations on 
media FGF21 levels in cultured primary mouse hepatocytes. n = 4/group. 
(J) Nupr1 mRNA levels from hepatocytes treated as in I. (K) Select NEAAs 
(A, E, D, N, and Q), but not others (C, G, P, R, S, and Y) attenuate media 
FGF21 induction by AA restriction in cultured primary mouse hepatocytes. 
The indicated AAs were added to match their concentration in the 1× AA 
group. n = 4/group. (L) Serum FGF21 levels following overnight fasting and 
refeeding in mice adapted for 2 weeks to CD or PD combined with intraperi-
toneal administration of vehicle (0.9% NaCl), select EAA (i.e., Phe, Leu, 
Met [FLM]), or NEAA (i.e., Ala, Asn, Gln [ANQ]) (8 mg each, 24 mg; ~1 mg/g 
body mass). n = 4/group. (M) Liver phospho-Ser51-eukaryotic elongation 
factor 2α (p-S51-eIF2α) levels from mice treated as in L. Representative 
images shown are from the same samples blotted on different mem-
branes on separate occasions. (N) Liver Nupr1 mRNA levels from mice 
treated as in L. Data are presented as the mean ± SEM. *P < 0.05 for dif-
ferences between diets/AA level. #P < 0.05 for effect of AA administration. 
Statistical tests used were unpaired t test (A and C–F), 2-way ANOVA with 
Holm-Sidak post-hoc test (I, J, and L–N), or 1-way ANOVA with Holm-Sidak 
post-hoc test (G, H, K). See also Supplemental Figure 7.
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lean and obese mice. An induction of liver NUPR1 was required, 
at least in part, for increased FGF21 and associated metabolic 
remodeling with DPD. Furthermore, an insufficiency of NEAAs, 
particularly alanine, glutamine/glutamate, and asparagine/aspar-
tate was necessary and sufficient for hepatocyte NUPR1-driven 
FGF21 induction and secretion.

We show that liver-derived serum FGF21 is required for the met-
abolic remodeling that follows DPD. In support of this conclusion, 
heightened FGF21 levels have been observed previously with DPD 
(34), with a requirement of systemic FGF21 for the promotion of 
metabolic inefficiency with DPD (16). In particular, we found that cir-
culating FGF21 levels seem to be markedly induced in the fed state, 
within hours following ingestion of a protein-diluted meal. Interest-
ingly, fructose or glucose ingestion rapidly induced FGF21 in humans 
(35), suggesting that FGF21 levels may in fact be highly responsive to 
nutrient balance following meal ingestion. Nevertheless, despite the 
induction by DPD being roughly similar, serum FGF21 levels were 
markedly lower in humans compared with mice. Thus, even though 
pharmacological FGF21 administration in humans results in similar 
responses to those seen in mice (36), further studies are warranted 

ic insulin action was increased (Figure 8B), reflecting an improved 
glucose homeostasis. Direct testing of this during a meal tolerance 
test revealed that DPD triggered elevated serum FGF21 levels 
(Figure 8C) and, despite consuming more carbohydrate, lower cir-
culating glucose (Figure 8D) and insulin (Figure 8E). There were 
no differences in fasting levels of plasma NEFA (Supplemental 
Figure 8D) or triglycerides (Supplemental Figure 8E). There was 
also lower serum IGF1 (~40%; Supplemental Figure 8F) levels with 
DPD, and serum adiponectin remained unchanged (Supplemental 
Figure 8G). Lastly, similarly to our mouse studies, media AA dilu-
tion also elevated FGF21 and NUPR1 mRNA levels in human pri-
mary hepatocytes (Figure 8F).

Discussion
Here we show that DPD promotes metabolic health in humans 
and mice. In mouse models of obesity/T2D, DPD reduced meta-
bolic efficiency, despite higher food energy intake and adiposity. 
While the effects of DPD did not require adipose UCP1 expres-
sion, DPD-induced liver FGF21 was required for the improved 
glucose metabolism and metabolic inefficiency with DPD, both in 

Figure 8. Dietary protein dilution promotes heightened FGF21 and glucose homeostasis, reflecting improved metabolic health in young men. (A) Fast-
ing blood plasma levels of FGF21 in young men subjected to a 7-day period of consumption of a protein-diluted diet (DPD) followed by consumption of 
their regular mixed diet (ND) for an additional 7 days. n = 5. (B) Fasting blood plasma quantitative insulin sensitivity check index (QUICKI) in men from A. 
(C) Blood plasma levels of FGF21 during an equicaloric meal test before (d0) and during (d7) intake of the protein-diluted diet. (D) Blood plasma glucose 
as in C. (E) Blood plasma insulin as in C. (F) FGF21 and NUPR1 mRNA levels in human primary hepatocytes (Hepas) in response to different media levels 
of total AA. n = 4/condition. Data are the mean ± SEM. *P < 0.05 for significant effect of dietary protein/AA level. #P < 0.05 for significant effect of time. 
Statistical tests used were one-way repeated measures ANOVA with Holm-Sidak post-hoc test (A and B), 2-way repeated measures ANOVA with Holm-
Sidak post-hoc test (C–E), and unpaired t test (F). See also Supplemental Figure 8.
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deprivation (Figure 6 and refs. 16, 46, and 52), NUPR1 induction 
thus represents a potentially novel molecular component driving 
the liver FGF21 induction in response to DPD, perhaps as a feed-
forward reinforcer of the ISR (23).

Similarly to prior studies in rats (53) and mice (16), we could 
consistently show that DPD promotes metabolic inefficiency, 
owing to heightened energy expenditure (EE). Earlier studies by 
Stock and colleagues showed that DPD could promote EE and 
heat generation and coined this as diet-induced thermogenesis 
(54). Although the metabolic origins of heightened EE with DPD 
are likely to be diverse, there is strong evidence that this involves 
BAT (55), perhaps via UCP1. Although UCP1 is considered one 
principal mediator of metabolic inefficiency by means of mito-
chondrial uncoupling (20), the DPD-induced metabolic remod-
eling was exacerbated in UCP1 knockout mice. Therefore, DPD-
induced metabolic inefficiency is independent of mitochondrial 
uncoupling involving UCP1 and thus other adaptive mechanisms, 
probably involving FGF21 (Figures 4–6) and perhaps leptin sig-
naling (56), are likely to be involved. In any case, even though 
the improved glucose homeostasis consistently coincided with 
metabolic inefficiency with DPD, whether enhanced EE causes 
improved metabolic health with DPD is presently unclear, as oth-
ers have observed that these phenomena can be disconnected (57).

In obese/T2D mouse models, although heightened FGF21 
was required for the effects of DPD to improve glucose metabo-
lism, we observed a disconnection between obesity and meta-
bolic health and there was not a strict relationship between serum 
FGF21 and glucose homeostasis/metabolic efficiency, indicating 
the presence of other homeostatic mechanisms. For instance, the 
weight gain despite protein dilution in the high-fat dietary condi-
tion could be mediated by a lack of an inhibitory signal on food 
intake generated from low carbohydrate intake, ultimately relat-
ing to the dietary protein to carbohydrate ratio (11). Weight loss–
independent improvements in glucose metabolism have been 
observed in other mouse models (58, 59), and have also been 
observed with common therapeutic interventions such as insulin 
and thiazolidinedione, suggesting that factors other than obesity 
per se lead to metabolic dysfunction. Along with body fat distri-
bution, improved metabolic homeostasis most likely relates to the 
manner in which adipocytes within adipose tissue coordinate lipid 
metabolism and interact with other cell types such that an attenu-
ation of inflammation and fibrosis allows a healthy expansion of 
the adipose organ(s) (60). Indeed, regardless of the direction, we 
could consistently show FGF21-dependent WAT plasticity upon 
DPD. Thus, it is tempting to speculate that an environmental vari-
able such as DPD may explain the subset of human populations 
displaying insulin-sensitive obesity (61).

Lastly, it is known that DPD can extend the lifespan of rodents 
(11, 62) and retard aging-related illnesses such as certain cancers 
(63), Alzheimer’s disease (64), and T2D (Figure 4). While the pre-
cise mechanisms involved are not clear, they may include, but are 
not limited to, improved stress resistance (65), lowered insulin/
IGF1 levels (66), heightened FGF21 (67), or enhanced metabolic 
rate (68) with DPD.

In summary, dietary dilution of protein/AAs promotes 
improved metabolic health in mice and men, at least in part through 
a select NEAA insufficiency–induced liver NUPR1-FGF21 axis.

to determine whether the increase in FGF21 is related to improved 
glucose metabolism with DPD in humans.

Conceivably, the improved glucose homeostasis with DPD 
could result from a correction in dysregulated endogenous glu-
cose production and/or systemic glucose clearance (37). Indeed, 
select AAs are key gluconeogenic substrates in the liver (38), and 
in the present study DPD blunted endogenous glucose production 
as assessed by pyruvate tolerance testing. However, whether AAs 
substantially contribute to dysregulated hepatic glucose produc-
tion in T2D is presently unclear, and given that DPD mice had 
heightened systemic FA oxidation, a potential lower systemic FA 
and/or glycerol supply to the liver (39, 40) could lead to a correc-
tion of excessive hepatic glucose production in obese DPD mice. 
On the other hand, DPD consistently increased glucose uptake 
in BAT and the heart, which are major sites of impaired glucose 
clearance in obesity/T2D (41), indicating that heightened glucose 
clearance by these tissues contributes to the improved glucose 
homeostasis. Importantly, we have previously demonstrated that 
neutral AA restriction in mice by germline deletion of an intestinal 
and renal AA transporter results in improved glucose homeostasis 
in obesity and enhanced glucose clearance by the heart (42). The 
molecular physiological mechanisms by which reduced systemic 
AA supply enhances systemic glucose clearance are presently 
vague but certainly involve FGF21. Indeed, FGF21 can increase 
systemic glucose disposal either via direct effects as well as indi-
rectly via acting through the central nervous system–driven sym-
pathetic nervous activity (43).

Regarding dietary protein, dietary AAs were sufficient to mim-
ic the effects of DPD to increase FGF21 and metabolic inefficiency, 
which is consistent with studies that show similar (42) or disparate 
(33) phenotypes with deficient intestinal neutral AA or peptide 
transport capacity, respectively. The connection between dietary 
AA supply and metabolism has been largely focused upon restric-
tion or deprivation of the EAAs. For example, single EAA restric-
tion (44, 45) or deprivation (46, 47) has been associated with higher 
levels of circulating FGF21, alongside elevated energy expenditure 
and insulin sensitivity. Evidence is emerging, however, that hepatic 
FGF21 can also be regulated by NEAA supply. For instance, mice 
with relative hepatic asparagine/glutamine (48, 49) or alanine (50) 
insufficiency also have higher hepatic and circulating FGF21 levels. 
Consistent with these observations, our data provide evidence that 
hepatocyte FGF21 induction following DPD occurs in response to 
an insufficiency of NEAAs, specifically Ala, Gln/Glu, and Asn/Asp. 
It will be interesting to further determine the biochemical bases by 
which the deprivation of select NEAAs affects FGF21 expression.

Concerning the molecular bases by which DPD affects liver 
FGF21 expression/secretion, we reveal here that NUPR1 expres-
sion in the liver/hepatocyte is induced by DPD/AAD in vivo and 
in vitro and that it is required, at least in part, for the induction 
of Fgf21, and associated metabolic remodeling, therein. NUPR1 is 
known as a multifunctional stress-induced protein and regulates 
diverse responses depending on cell and stress type (30). NUPR1 
contains a basic helix-loop-helix motif reminiscent of certain tran-
scription factors, and experimental evidence supports a role for 
NUPR1 in transcriptional control (51). As NUPR1 has previously 
been identified to have a role in the ISR pathway (24) and the ISR 
is implicated in induction of liver FGF21 by dietary protein or AA 
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RNA/protein extraction and analysis. RNA was extracted from tis-
sues using QIAzol and cDNA was synthesized using the Quantitect 
Reverse Transcription Kit (QIAGEN). qPCR was conducted using 
Taqman master mix and Taqman primer-probe assays (Life Tech-
nologies). For comparison of spliced (mature mRNA) versus unspliced 
(pre-mRNA) Fgf21 transcripts, amplicons spanning exons 2 to 3 (for 
mature mRNA) or exon 1 + intron 1 (for pre-mRNA) were quantified 
using Quantitect Sybr Green qPCR (QIAGEN) with the following 
primers: Mature Fwd, CAGGGGTCATTCAAATCCTG; Mature Rev, 
CTGGTTTGGGGAGTCCTTCT; pre-mRNA Fwd, CTGGGGGTC-
TACCAAGCATA; pre-mRNA Rev AGCCTCCTCCTCTCAACCTC. 
Tissue protein extraction and immunoblotting were performed using 
standard methods with antibodies against UCP1 (catalog 662045, 
Calbiochem), p-S51-eIF2α (catalog 9721, Cell Signaling Technology), 
NUPR1 (catalog SAB1104559, Sigma-Aldrich), and the housekeeping 
protein HSP90 (catalog 610418, BD Biosciences).

Statistics. For 1-factorial designs, 2-tailed unpaired t tests were 
performed. For multiple comparisons, statistical analyses were per-
formed using a 1-way or 2-way ANOVA, with or without repeated 
measures, with Holm-Sidak post-hoc tests when significant differ-
ences were detected, where appropriate (Microsoft Excel and Sigma-
Plot 13 [Systat Software GmbH]). The significance level was set at  
P less than 0.05.

Study approval. Animal experiments were conducted according 
to local, national, and EU ethical guidelines (Regierungspräsidium 
Karlsruhe), and adhered to ARRIVE guidelines. For the human study, 
all subjects gave informed consent prior to their participation and the 
study was approved by the Copenhagen Ethics Committee (H-3-2012-
129) and was executed in accordance with the code of ethics of the 
World Medical Association (Helsinki II declaration).
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Methods
Full experimental details can be found within the Supplemental Methods.

Animal experiments. Mice used were male C57Bl/6NCrl (cata-
log 027, Charles River Laboratories), as well as New Zealand Black 
(catalog 000993, NZB/BlNJ) and New Zealand Obese (catalog 
002105, NZO/HlLtJ, Jackson Laboratories) strains. In addition, 
male Ucp1–/– (69), Fgf21–/– (70), and Nupr1–/– (71), and corresponding 
+/+ littermate mice from +/– crossings on the C57Bl/6J background 
were used. For liver-specific gene expression manipulations, mice 
were tail-vein administered Fgf21 shR, Nupr1 shR, or control shR 
adenoviruses. For ISRIB experiments, mice were intraperitoneally 
administered trans-ISRIB (catalog 5095840001; Merck-Millipore; 
2.5 mg/kg; ~60 μg in 100 μl solution composed of 12.5% DMSO, 
12.5% PEG400, 75% 0.9% NaCl) or corresponding vehicle (28). 
Details of the diet (Research Diets Inc.) compositions are outlined 
in Supplemental Tables 1 and 2.

Behavioral and metabolic phenotyping. For all metabolic experi-
ments, general considerations outlined by the EMPRESS protocols 
(http://empress.har.mrc.ac.uk) were followed. Simultaneous deter-
mination of indirect calorimetry, 3D activity, and food consumption 
was conducted using the PhenoMaster Cage System (TSE Systems). 
Twenty-four-hour urine collection was performed in custom-made 
individual housing units as conducted previously (72). Nutrient oxida-
tion rates were calculated from 24-hour rates of O2 consumption, CO2 
production, and urinary urea production as described (19). Feed effi-
ciency was calculated based upon the quotient of body mass accrual 
(mg) and food energy intake (kJ) during a selected growth period.

Assessment of glucose homeostasis. Blood glucose measurements 
for all tests were determined with an Accu-Chek Performa glucom-
eter (Roche). Glucose, insulin, and pyruvate tolerance tests were 
conducted according to established guidelines (73). For the assess-
ment of tissue glucose uptake in vivo, we used methods essentially 
as described previously (74). A fasting ISI was calculated using the 
equation ISI = 1,000/(blood glucose [mM] × serum insulin [pM]) 
from 5- to 6-hour-fasted mice.

Human experiments. Five healthy, lean, male volunteers, age 25.6 ± 
0.4 years, body weight 75.9 ± 5.3 kg (mean ± SEM), participated. Sub-
jects consumed a controlled diet low in protein (~9% total caloric ener-
gy from protein; ~12.8 MJ/d) for 7 days followed by a washout period 
for 7 days on their habitual, mixed diet (~20% total caloric energy from 
protein; ~9.4 MJ/d) and protein intake averaged 0.94 ± 0.03 and 1.57 ± 
0.22 g/kg/d in the DPD and habitual diet, respectively (Supplemental 
Table 3). Blood samples were obtained at selected time points in the 
morning in the postabsorptive state.

Cell culture. Fao rat hepatoma cells (75) (catalog 89042701, Sigma- 
Aldrich), primary mouse hepatocytes (PMHs) (76), and primary 
human hepatocytes (PHHs; HMCPIS, lot HU1359, Life Technologies) 
were used and plated according to standard techniques. To conduct 
AA restriction studies, custom media were made from 10× HBSS (Fao) 
or 2× William’s Media E (PMHs and PHHs; Genaxxon Bioscience 
GmbH). AAs at RPMI (Fao) or mimicking rat portal vein (PHMs and 
PHHs) concentrations were added as indicated.

Serum, urine, media metabolite, and hormone analyses. For mouse 
samples, commercially available kits were used to measure serum and 
urine metabolites and hormones. Serum AA profiling was conducted 
using liquid chromatography-tandem mass spectrometry as described 
previously in detail (42).
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