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NUESTROS PROTAGONISTA



1. Aumento de la tasa metabólica basal
2. Balance energético negativo por el ejercicio y actividad 

física
3. Activación de miocinas
4. Mejor escucho la conferencia

La pérdida de tejido graso con la ganancia 
de masa muscular se debe a:



AGING, BMR, AND MUSCLE MASS 537 

they are subjects in a variety of physiological, psycho- I 1 1 I  I  

logical, and clinical studies of aging. Data included in 
260 N ‘10 754 107 77 

this study were obtained over the period between 1959 
and 1975. Subjects with known or suspected thyroid or 

240-k 63395 

glucocorticoid dysfunction, as evidenced by history, 
physical examination, or therapy *were excluded from 
the analyses. 

Of this population of subjects, 355 had five or more 
visits during which both WBVo, and 24-h creatinine 
excretion had been determined. Methodologies for these 
measurements were previously described in detail (8, 
12) 

Nonmuscle vo, (NMvo,) and muscle vo, (Mvo,) in 
the basal state were calculated from paired values of 
WBvo, and 24-h creatinine excretions as previously 
described (12). Each subject’s data are represented by a 
slope obtained by the least-squares linear regression 
model of each variable on age. They were then grouped 
by age into decade categories spanning 10 yr, e.g., 15- 
24, 25-34, 35-44 yr, and so on. In the illustrations each 1 1 1 I 1 1 I I 
age-decade group is shown by a line centered on the 30 40 50 60 70 $0 90 

AGElwsl 
mean value for the variable identified on the ordinate 
and the ~~OUP’S mean age on the abcissa. The slope of 

FIG. 1. Mean changes with age in whole-body and nonmuscle 0, 

each line represents the mean rate of change of that 
consumption in basal state. 

variable with age; its length along the abcissa repre- 
sents the group’s mean time over which measurements 
were obtained. Age-related differences in slopes were 
tested for statistical significance using one-way analy- 
ses of variance (BMDPlV). 

All calculations were performed by Fortran IV soft- 
ware on a Raytheon digital computer. Data were copied 
onto digital magnetic tape from IBM tabulation cards 
that were coded and verified from the laboratory work 
sheets. 

from 24-h creatinine excretion, accounts for all of the 
decrease in WBvoz with age. 

Longitudinal changes in NMvo2 are, however, some- 
what more perplexing. Except for the youngest group, 
all other groyps exhibit a slight positive slope, suggest- 
ing that NMVo, requirements increase with age. How- 
ever, if this were in fact so, one should expect an overall 
increase in mean values for this variable; i.e., one 
group’s longitudinal increase should at least tend to 
“predict” the next group’s mean value. This interesting 

RESULTS AND DISCUSSION 
finding led to careful appraisal of factors that are 
normally not associated with a hypermetabolic state 

Figure 1 illustrates the mean values and rates of 
change with age for both the WBvoz (upper panel) and 

but might account for gradual increases in vo, within 

the calculated NMvo2 (lower panel) for each of the age- 
the nonmuscle compartment, 

The increased prevalence of cardiovascular disorders 
decade groups. There were no statistically significant 
differences with age in the negative slopes- for the 
WBvo, among the age-decade groups. Each group’s 
mean value is lower than the one preceding it in age 
and the direction of change fairly well “predicts” the 
next group’s mean value for WBvoz. The average slope 
for all 355 men was -0.82 ml OJmin per yr (about 5.7 
kcal/day or 2,070 kcal/yr), which, for these subjects, 
represented a mean of 3.7% decline in WBvo, per 
decade of life. This rate of change is in good agreement 
with that of 3.22% per decade reported by Keys et al. (5) 
for their younger group of men studied between ages 
21.9 and 41.3 yr. It is higher, however, than the overall 
1.2% per decade those authors reported for their older 
men studied repeatedly between ages 49.8 and 66.8 yr. 
This difference will be discussed later. 

Mean values for NMvo, (Fig. 1, lower panel) showed 
no statistically significant differences among age 
groups. Averaged over the 355 subjects, the mean value 
of 98.2 t 0.91 (SD) mllmin is, as expected, in excellent 
agreement with our earlier cross-sectional mean of 99.1 
ml/min (12) and indicates that WBvo,, as estimated 

associated with middle and older ages was of particular 
interest. Arterial hypertension requires increased work 
and associated 0, consumption by the ventricular myo- 
cardium. Furthermore, this additional requirement 
may be disproportionately increased in the presence of 
concomitant ventricular hypertrophy and the associated 
decrease in metabolic efficiency of the myocardium (3). 
Cancer has been associated with a general hypermeta- 
bolic state despite decreases in caloric intake (II). 
Significantly, experimental tranplantation of certain 
malignant tumors has been associated with definite 
increases in energy expenditure long before any tumor 
could be palpated (7). 

On this basis a more thorough examination of the 
subject population for the present study was under- 
taken. It revealed that of the 355 men included in the 
analyses, none of which exhibited pathology or condi- 
tions generally felt to alter metabolic function, 48 had 
died since their last measurement. Mean elapsed time 
since last measurement was 1.9 k 1.6 (SD) yr. Very few 
of the 48 decedents had causes of death confirmed by 
autopsy. It was possible, however, to determine from 
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Longitudinal changes in basal metabolism in man 

STEPHEN P. TZANKOFF AND ARTHUR H. NORRIS 
Gerontology Research Center, National Institute on Aging, National Institutes of Health, 
Baltimore City Hospitals, Baltimore, Maryland 21224 

TZANKOFF,~TEPHEN P., AND ARTHUR H. NoRRIs.~~~~~u- 
dinal changes in basal metabolism in man. J. Appl. Physiol.: 
Respirat. Environ. Exercise Physiol. 45(4): 536439, 1978. -In 
a recent cross-sectional study of aging in adult men all of the 
age-related differences in whole-body basal Vo, (WBvo,) were 
attributable to differences in skeletal muscle mass (creatmine 
excretion). This study sought to extend those findings on 355 
adult men on whom five or more paired determinations of 
WBvo, and muscle mass were obtained over a mean of 10.7 
yr. Individual rates of change were calculated by the least- 
squares method. The overall mean was -0.82 ml O,q min-’ .yr-l 
and was similar to cross-sectional data. Mean slopes of 
WBVoy, summarized by age-decade groups, were all negative, 
not different from one another, and consistent with the cross- 
sectional trend. However, slopes for nonmuscle %, (NMiro,) 
were positive for the six older groups but not consistent with 
the unchanging cross-sectional trend. Reassessment of the 
subject population revealed that 48 men had died some time 
(mean 1.9 yr) after their last measurements. Cancer and 
cardiovascular disease accounted for 46 deaths. As a group all 
decedents had significantly higher mean slopes for NMVo,. 
Muscle mass decrement and the resulting decrease in aerobic 
requirement accounted for aging decrements in WBVO, in the 
absence of these terminal diseases. When these conditions 
were present the overall decline was slowed or even reversed 
by gradual increases in NMVo,. In longitudinal studies this 
may be mistakenly interpreted as a stabilization of the aging 
trend. 

human aging; basal Tie,; basal metabolic rate; creatinine 
excretion; muscle mass; body composition; gerontology 

BODY SIZE, in units of surface area computed by the 
standard equation of DuBois and DuBois (Z), is the 
traditional reference for the basal metabolic rate 
(BMR). Body size, however, ascribes equal weight to 
adipose, bone, and connective tissues, which have very 
low aerobic demands, and all other organs, which, 
although very different from one another in aerobic 
demands relative to their mass, account for the bulk of 
the whole-body basal 0, consumption (WB%,). 

At the turn of the century Rubner (9) suggested that 
the “active tissue mass” was a more suitable reference 
for the BMR. However, practical considerations se- 
verely limit the measurement of such mass. There has 
been general agreement that fat-free or lean body mass 
more closely quantifies the mass of active tissues (1, 4, 
6); however, indirect measurements of this quantity 
are, at best, difficult, fraught with assumptions, and 
impractical for general use. 

In a recent report on a cross-sectional analysis of 
536 

aging (12) we showed that, in adult men, the age- 
related decrements in the rate of WBVo, were wholly 
attributable to concurrent decrements in the mass of 
metabolically active, creatinine-producing skeletal 
muscle. Mean vo2 of the noncreatinine-producing tis- 
sues, which for pratical purposes represent the aggre- 
gate of all metabolically active organs except skeletal 
muscle, did not, differ in any statistically significant 
manner among all age groups studied. 

Our cross-sectional analysis results suggest that ag- 
ing in adult men is accompanied by gradual loss of 
skeletal muscle. Other metabolically active tissues and 
organs, as represented by the aggregate of the noncrea- 
tinine producing tissues, undergo little or no change in 
their basal 0, requirements. However, a valid criticism 
of cross-sectional study designs, particularly for those 
extending into old age, is that they reflect selective 
mortality (5). Longitudinal studies, although expensive 
in time and cost, more accurately describe changes with 
age and avoid some of the problems inherent in the 
cross-sectional designs. 

Except for scattered observations on individuals as 
they aged, the only systematic longitudinal analysis of 
aging on the basal O2 requirements of men is a report 
by Keys et al. (5). They interpreted their data on body 
density (as in index of body fatness) and WBvo, as 
evidence that the measured decrement in basal 0, 
requirement over the ages 20-75 yr was related to 
changes in body composition and very little to aging 
itself. This interpretation is consistent with our more 
specific cross-sectional findings (12) but lacks reliability 
in that the oldest group of men in which body density 
was measured averaged only 49.8 yr of age. 

The present study examines the longitudinal changes 
in vo, over the whole adult age range for each of the 
two oxygen-consuming compartments, muscle and non- 
muscle, which were described in the earlier cross-sec- 
tional report. This approach is advantageous in that it 
need not account for either the deposition or loss of fat, 
nor the questionably valid reference to body size. 

METHODS 

Subjects for this study were participants in the Balti- 
more Longitudinal Study and have previously been 
described in great.er detail (8, 10). These healthy, well- 
educated, community-dwelling men come to the Geron- 
tology Research Center at regular intervals (l-2 yr, 
depending on age) where they spend 2.5 days, In addi- 
tion to undergoing complete physical examinations, 
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Figure. 1. Simplified Cellular Pathways for Muscle Protein Synthesis and Degradation
Synthesis pathways are in blue. Proteolytic pathways are in red. The dotted lines represent
pathways that are not well characterized. Anabolic signals activate the PI-3 Kinase/Akt/
mTOR pathway resulting in protein synthesis. Inactivity and inflammatory cytokines result
in activation of NF-κB and Fox-O mediated induction of genes resulting in muscle atrophy.
Fox-O activates transcription of ubiquitin proteasome ligases resulting in protein
degradation. PI3-Kinase/AKT phosphorylates Fox-O preventing its nuclear translocation
and inhibiting its activity. Fox-O when active can inhibit the mTOR pathway. Also, mTOR
pathway activation inhibits protein degradation by lysosomal caspases. Myostatin causes
muscle atrophy, via activating Fox-O and inhibiting PI3-K.
IGF-1= insulin like growth factor 1, BCAA= branched chain amino acids, PI3-K=
phosphoinositol 3 kinase, mTOR= mammalian target of rapamycin, NF-κB= nuclear
transcription factor kappa B. Fox-O= transcription factor forkhead O
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Abstract

IMPORTANCE Antibody blockade of activin type II receptor (ActRII) signaling stimulates skeletal
muscle growth. Previous clinical studies suggest that ActRII inhibition with the monoclonal antibody
bimagrumab also promotes excess adipose tissue loss and improves insulin resistance.

OBJECTIVE To evaluate the efficacy and safety of bimagrumab on body composition and glycemic
control in adults with type 2 diabetes and overweight and obesity.

DESIGN, SETTING, AND PARTICIPANTS This double-masked, placebo-controlled, 48-week, phase
2 randomized clinical trial was conducted among adults with type 2 diabetes, body mass index
between 28 and 40, and glycated hemoglobin (HbA1c) levels between 6.5% and 10.0% at 9 US and
UK sites. The trial was conducted from February 2017 to May 2019. Only participants who completed
a full treatment regimen were included in analysis.

INTERVENTIONS Patients were randomized to intravenous infusion of bimagrumab (10 mg/kg up
to 1200 mg in 5% dextrose solution) or placebo (5% dextrose solution) treatment every 4 weeks for
48 weeks; both groups received diet and exercise counseling.

MAIN OUTCOMES AND MEASURES The primary end point was least square mean change from
baseline to week 48 in total body fat mass (FM); secondary and exploratory end points were lean
mass (LM), waist circumference (WC), HbA1c level, and body weight (BW) changes from baseline to
week 48.

RESULTS A total of 75 patients were randomized to bimagrumab (n = 37; 23 [62.2%] women) or
placebo (n = 38; 12 [31.6%] women); 58 (77.3%) completed the 48-week study. Patients at baseline
had a mean (SD) age of 60.4 (7.7) years; mean (SD) BMI of 32.9 (3.4); mean (SD) BW of 93.6 (14.9) kg;
mean (SD) FM of 35.4 (7.5) kg; and mean (SD) HbA1c level of 7.8% (1.0%). Changes at week 48 for
bimagrumab vs placebo were as follows: FM, −20.5% (−7.5 kg [80% CI, −8.3 to −6.6 kg]) vs −0.5%
(−0.18 kg [80% CI, −0.99 to 0.63 kg]) (P < .001); LM, 3.6% (1.70 kg [80% CI, 1.1 to 2.3 kg]) vs −0.8%
(−0.4 kg [80% CI, −1.0 to 0.1 kg]) (P < .001); WC, −9.0 cm (80% CI, −10.3 to −7.7 cm) vs 0.5 cm (80%
CI, −0.8 to 1.7 cm) (P < .001); HbA1c level, −0.76 percentage points (80% CI, −1.05 to −0.48
percentage points) vs 0.04 percentage points (80% CI, −0.23 to 0.31 percentage points) (P = .005);
and BW, −6.5% (−5.9 kg [80% CI, −7.1 to −4.7 kg]) vs −0.8% (−0.8 kg [80% CI, −1.9 to 0.3 kg])
(P < .001). Bimagrumab’s safety and tolerability profile was consistent with prior studies.

CONCLUSIONS AND RELEVANCE In this phase 2 randomized clinical trial, ActRII blockade with
bimagrumab led to significant loss of FM, gain in LM, and metabolic improvements during 48 weeks

(continued)

Key Points
Question What are the effects of
bimagrumab, an antibody that blocks
activin type II receptors and stimulates
skeletal muscle growth, on total body fat
mass and glycemic control in patients
with type 2 diabetes and excess
adiposity?

Findings In this phase 2 randomized
clinical trial of 75 patients with type 2
diabetes and body mass index between
28 and 40 who received bimagrumab
or placebo during 48 weeks along with
diet and exercise counseling, those who
received bimagrumab had a significantly
larger decrease in total body fat mas and
glycated hemoglobin and increase in
lean mass compared with patients who
received placebo.

Meaning These findings suggest that
blockade of the activin receptor with
bimagrumab could provide a novel
pharmacologic approach for managing
patients with type 2 diabetes with
excess adiposity.
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Figure. 1. Simplified Cellular Pathways for Muscle Protein Synthesis and Degradation
Synthesis pathways are in blue. Proteolytic pathways are in red. The dotted lines represent
pathways that are not well characterized. Anabolic signals activate the PI-3 Kinase/Akt/
mTOR pathway resulting in protein synthesis. Inactivity and inflammatory cytokines result
in activation of NF-κB and Fox-O mediated induction of genes resulting in muscle atrophy.
Fox-O activates transcription of ubiquitin proteasome ligases resulting in protein
degradation. PI3-Kinase/AKT phosphorylates Fox-O preventing its nuclear translocation
and inhibiting its activity. Fox-O when active can inhibit the mTOR pathway. Also, mTOR
pathway activation inhibits protein degradation by lysosomal caspases. Myostatin causes
muscle atrophy, via activating Fox-O and inhibiting PI3-K.
IGF-1= insulin like growth factor 1, BCAA= branched chain amino acids, PI3-K=
phosphoinositol 3 kinase, mTOR= mammalian target of rapamycin, NF-κB= nuclear
transcription factor kappa B. Fox-O= transcription factor forkhead O
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and adiponectin levels increased in patients treated with bimagrumab compared with those who
received placebo (eTable 2 and eFigure 1 in Supplement 1). Hand grip strength was lower in the
bimagrumab group at baseline, as expected because of the imbalance in the groups by sex, and there
was no treatment effect (eTable 3 in Supplement 1). Dietary intake based on 24-hour recall did not

Table 2. Major End Points

End Point

Change (80% CI) [Participants, No.]a

P valueBimagrumabb Placebob Differenceb

Primary

FM, kg −7.49 (−8.33 to −6.64) [26] −0.18 (−0.99 to 0.63) [29] −7.31 (−8.48 to −6.14) <.001

Secondary

Lean mass, kg 1.70 (1.14 to 2.26) [26] −0.44 (−0.97 to 0.09) [29] 2.14 (1.36 to 2.93) <.001

Body weight, kg −5.90 (−7.08 to −4.71) [26] −0.79 (−1.92 to 0.33) [30] −5.10 (−6.74 to −3.47) <.001

BMI −2.19 (−2.60 to −1.78) [26] −0.28 (−0.67 to 0.11) [30] −1.91 (−2.48 to −1.34) <.001

Waist circumference, cm −9.00 (−10.3 to −7.68) [26] 0.45 (−0.79 to 1.69) [30] −9.46 (−11.3 to −7.64) <.001

Waist-to-hip ratio −0.05 (−0.06 to −0.04) [26] 0.01 (0.00 to 0.02) [30] −0.06 (−0.08 to −0.04) <.001

HbA1c, % −0.76 (−1.05 to −0.48) [26] 0.04 (−0.23 to 0.31) [30] −0.80 (−1.20 to −0.41) .005

HOMA2, week 36 −0.09 (−0.44 to 0.25) [25] 0.57 (0.24 to 0.90) [27] −0.66 (−1.14 to −0.18) .08

QUICKI, week 36 0.01 (0.01 to 0.01) [26] 0.00 (0.00 to 0.00) [30] 0.01 (0.00 to 0.01) .03

Matsuda Index 3.15 (2.39 to 3.91) [26] 1.78 (1.05 to 2.51) [28] 1.37 (0.31 to 2.43) .10

Exploratory

Hepatic fat fraction, %

Week 24 −4.60 (−6.07 to −3.12) [18] 0.23 (−1.61 to 2.08) [11] −4.83 (−7.20 to −2.46) .006

Week 48 −7.00 (−8.58 to −5.43) [5] −2.33 (−4.16 to −0.51) [5] −4.67 (−7.09 to −2.25) .01

Abdominal SAT, L

Week 24 −0.97 (−1.37 to −0.56) [18] −0.14 (−0.65 to 0.37) [11] −0.83 (−1.48 to −0.18) .05

Week 48 −1.71 (−2.40 to −1.03) [5] −0.52 (−1.30 to 0.26) [4] −1.19 (−2.23 to −0.15) .07

Abdominal VAT, L

Week 24 −1.49 (−1.69 to −1.29) [18] 0.22 (−0.03 to 0.48) [11] −1.71 (−2.04 to −1.39) <.001

Week 48 −1.52 (−2.42 to −0.62) [5] −0.01 (−1.05 to 1.03) [4] −1.51 (−2.87 to −0.14) .08

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by
height in meters squared); FM, body fat mass; HbA1c, glycated hemoglobin; HOMA2,
homeostasis model assessment; QUICKI, quantitative insulin sensitivity check index
(calculated as 1/[log{fasting insulin, μU/mL}] + log{fasting glucose, mg/dL}); SAT,
subcutaneous adipose tissue; VAT, visceral adipose tissue.

SI conversion factor: To convert HbA1c to proportion of total hemoglobin, multiply
by 0.01.

a Change from baseline to week 48, unless otherwise noted, in the end point.
b This model has change from baseline FM in kilograms as the dependent variable and

treatment group, time, and a time × treatment group interaction as fixed effects.
Baseline FM and baseline BMI values were included in the model as covariates. Time
was modeled as a categorical variable. An unstructured within-participant covariance
was used.

Figure 2. Effect of Bimagrumab on Total Body Fat Mass
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Abstract

IMPORTANCE Antibody blockade of activin type II receptor (ActRII) signaling stimulates skeletal
muscle growth. Previous clinical studies suggest that ActRII inhibition with the monoclonal antibody
bimagrumab also promotes excess adipose tissue loss and improves insulin resistance.

OBJECTIVE To evaluate the efficacy and safety of bimagrumab on body composition and glycemic
control in adults with type 2 diabetes and overweight and obesity.

DESIGN, SETTING, AND PARTICIPANTS This double-masked, placebo-controlled, 48-week, phase
2 randomized clinical trial was conducted among adults with type 2 diabetes, body mass index
between 28 and 40, and glycated hemoglobin (HbA1c) levels between 6.5% and 10.0% at 9 US and
UK sites. The trial was conducted from February 2017 to May 2019. Only participants who completed
a full treatment regimen were included in analysis.

INTERVENTIONS Patients were randomized to intravenous infusion of bimagrumab (10 mg/kg up
to 1200 mg in 5% dextrose solution) or placebo (5% dextrose solution) treatment every 4 weeks for
48 weeks; both groups received diet and exercise counseling.

MAIN OUTCOMES AND MEASURES The primary end point was least square mean change from
baseline to week 48 in total body fat mass (FM); secondary and exploratory end points were lean
mass (LM), waist circumference (WC), HbA1c level, and body weight (BW) changes from baseline to
week 48.

RESULTS A total of 75 patients were randomized to bimagrumab (n = 37; 23 [62.2%] women) or
placebo (n = 38; 12 [31.6%] women); 58 (77.3%) completed the 48-week study. Patients at baseline
had a mean (SD) age of 60.4 (7.7) years; mean (SD) BMI of 32.9 (3.4); mean (SD) BW of 93.6 (14.9) kg;
mean (SD) FM of 35.4 (7.5) kg; and mean (SD) HbA1c level of 7.8% (1.0%). Changes at week 48 for
bimagrumab vs placebo were as follows: FM, −20.5% (−7.5 kg [80% CI, −8.3 to −6.6 kg]) vs −0.5%
(−0.18 kg [80% CI, −0.99 to 0.63 kg]) (P < .001); LM, 3.6% (1.70 kg [80% CI, 1.1 to 2.3 kg]) vs −0.8%
(−0.4 kg [80% CI, −1.0 to 0.1 kg]) (P < .001); WC, −9.0 cm (80% CI, −10.3 to −7.7 cm) vs 0.5 cm (80%
CI, −0.8 to 1.7 cm) (P < .001); HbA1c level, −0.76 percentage points (80% CI, −1.05 to −0.48
percentage points) vs 0.04 percentage points (80% CI, −0.23 to 0.31 percentage points) (P = .005);
and BW, −6.5% (−5.9 kg [80% CI, −7.1 to −4.7 kg]) vs −0.8% (−0.8 kg [80% CI, −1.9 to 0.3 kg])
(P < .001). Bimagrumab’s safety and tolerability profile was consistent with prior studies.

CONCLUSIONS AND RELEVANCE In this phase 2 randomized clinical trial, ActRII blockade with
bimagrumab led to significant loss of FM, gain in LM, and metabolic improvements during 48 weeks

(continued)

Key Points
Question What are the effects of
bimagrumab, an antibody that blocks
activin type II receptors and stimulates
skeletal muscle growth, on total body fat
mass and glycemic control in patients
with type 2 diabetes and excess
adiposity?

Findings In this phase 2 randomized
clinical trial of 75 patients with type 2
diabetes and body mass index between
28 and 40 who received bimagrumab
or placebo during 48 weeks along with
diet and exercise counseling, those who
received bimagrumab had a significantly
larger decrease in total body fat mas and
glycated hemoglobin and increase in
lean mass compared with patients who
received placebo.

Meaning These findings suggest that
blockade of the activin receptor with
bimagrumab could provide a novel
pharmacologic approach for managing
patients with type 2 diabetes with
excess adiposity.
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Specific metabolic rates of major organs and tissues across adulthood:
evaluation by mechanistic model of resting energy expenditure1–4

ZiMian Wang, Zhiliang Ying, Anja Bosy-Westphal, Junyi Zhang, Britta Schautz, Wiebke Later, Steven B Heymsfield,
and Manfred J Müller

ABSTRACT
Background: The specific resting metabolic rates (Ki; in kcal !
kg21 ! d21) of major organs and tissues in adults were suggested
by Elia (in Energy metabolism: tissue determinants and cellular cor-
ollaries. New York, NY: Raven Press, 1992) to be as follows: 200 for
liver, 240 for brain, 440 for heart and kidneys, 13 for skeletal muscle,
4.5 for adipose tissue, and 12 for residual organs and tissues. How-
ever, Elia’s Ki values have never been fully evaluated.
Objectives: The objectives of the present study were to evaluate the
applicability of Elia’s Ki values across adulthood and to explore the
potential influence of age on the Ki values.
Design: A new approach was developed to evaluate the Ki values of
major organs and tissues on the basis of a mechanistic model: REE =
R(Ki · Ti), where REE is whole-body resting energy expenditure
measured by indirect calorimetry, and Ti is the mass of individual
organs and tissues measured by magnetic resonance imaging. With
measured REE and Ti, marginal 95% CIs for Ki values were calcu-
lated by stepwise univariate regression analysis. An existing data-
base of nonobese, healthy adults [n = 131; body mass index (in kg/m2)
,30] was divided into 3 age groups: 21–30 y (young, n = 43), 31–
50 y (middle-age, n = 51), and .50 y (n = 37).
Results: Elia’s Ki values were within the range of 95% CIs in the
young and middle-age groups. However, Elia’s Ki values were outside
the right boundaries of 95% CIs in the .50-y group, which indicated
that Elia’s study overestimated Ki values by 3% in this group. Age-
adjusted Ki values for adults aged .50 y were 194 for liver, 233 for
brain, 426 for heart and kidneys, 12.6 for skeletal muscle, 4.4 for
adipose tissue, and 11.6 for residuals.
Conclusion: The general applicability of Elia’s Ki values was val-
idated across adulthood, although age adjustment is appropriate for
specific applications. Am J Clin Nutr 2010;92:1369–77.

INTRODUCTION

One of the primary aims of human energymetabolism research
is to explore the specific metabolic rate (Ki value) for individual
organs and tissues under resting conditions. Estimating the Ki

values forms the basis for exploring the relation between resting
energy expenditure (REE) and body composition and for un-
derstanding the daily energy requirements in humans (1–3).
Different approaches, including in vitro and in vivo methods,
have been used to estimate the Ki values of individual organs
and tissues. When isolated organ and tissue slices are used, the
in vitro method usually underestimates Ki values (4), whereas
the in vivo method remains technically demanding (5–7).

On the basis of reported experimental results in humans and
other mammals, Elia (1) presented a review on the Ki values (in
kcal ! kg21 ! d21) for 7 organs and tissues in adults: liver (200),
brain (240), heart (440), kidneys (440), skeletal muscle (13), ad-
ipose tissue (4.5), and residual mass (12). The residual mass in-
cludes other organs and tissues, such as skin, intestines, bones, and
lungs. According to Elia, the heart and kidneys have the highest Ki

values, twice those for liver and brain. In contrast, the Ki value of
skeletal muscle is only 1/35 that of the heart and kidneys, and
adipose tissue has the lowest Ki value of the 7 organs and tissues.

During the past decade, another approach was applied that
measures masses of major organs and tissues by magnetic res-
onance imaging and then calculates whole-body REE based on
Elia’s Ki values (8, 9). Published studies showed that the pre-
dicted REE well matched the measured REE in young adults,
which supports the applicability of Elia’s Ki values. However,
the predicted REE was significantly higher than the measured
REE in elderly adults, which indicated that the Ki value may
decline from a young age to an elderly age (3, 9, 10). The ob-
jectives of the present study were to critically evaluate the ap-
plicability of Elia’s Ki values across adulthood and to explore
the potential influence of age on Ki values.

METHODS

Development of approach

A new approach was developed by combining a mechanistic
REE model with stepwise univariate regression analysis to
evaluate the applicability of Elia’s Ki values.
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RESULTS

Physical characteristics

In this secondary analysis study, 131 (67 men, 64 women)
nonobese healthy adults were included and divided into 3 age
groups: 43 young adults aged 21–30 y, 51 middle-age adults aged
31–50 y, and 37 adults aged 51–73 y. The baseline characteristics
and body composition of all subjects and the 3 age groups are
presented in Table 2. No differences in height, fat mass, and
bone mineral content were observed between the 3 age groups
(both ANOVA test and pairwise comparisons with Bonferroni
adjustment, all P . 0.1). However, body mass and BMI were
significantly different between the young, middle-age, and.50-y
groups (ANOVA, P = 0.034 for body mass, P = 0.001 for BMI).
Pairwise comparisons with Bonferroni adjustment showed
that the differences in body mass and BMI were significant only

between the young and .50-y groups (P = 0.04 for body mass,
P , 0.001 for BMI). Fat-free mass in the .50-y group (58.4 6
11.0 kg) was greater than that in the young group (53.36 10.0 kg),
by 5.1 kg (Table 3). The major reason was the imbalance in
subject number between men and women (26 men and 11
women in the .50-y group compared with 16 men and 27
women in the young group). However, this difference was not
statistically significant (pairwise comparisons with Bonferroni
adjustment, P . 0.1).

Organ and tissue masses and REE

The masses of 4 high-metabolic-rate organs (ie, liver, brain,
heart, and kidneys) and 3 low-metabolic-rate tissues (ie, skeletal
muscle, adipose tissue, and residual mass) for all subjects and 3
age groups are presented in Table 3. No significant differences in

TABLE 2
Subject characteristics and body composition by age group1

All subjects 21–30 y (young) 31–50 y (middle-age) 51–73 y P2

Subjects (n) 131 43 51 37 —
Men 67 16 25 26
Women 64 27 26 11

Age (y) 41.8 6 14.83 25.9 6 2.0 40.5 6 5.1 62.0 6 5.3 —
Body mass (kg) 73.7 6 12.4 70.0 6 11.3 74.8 6 12.5 76.7 6 12.7 0.0344

Height (m) 1.74 6 0.08 1.74 6 0.06 1.75 6 0.09 1.73 6 0.08 0.5945

BMI (kg/m2) 24.2 6 2.9 23.0 6 2.7 24.4 6 2.8 25.4 6 2.7 0.0016

Fat (kg) 17.9 6 6.7 16.6 6 6.7 18.6 6 6.6 18.3 6 6.7 0.3245

Fat (%) 25.0 6 8.3 24.3 6 8.7 25.8 6 8.2 24.6 6 8.1 0.6615

FFM (kg) 55.9 6 11.4 53.3 6 10.0 56.2 6 12.3 58.4 6 11.0 0.1225

BMC (kg) 2.58 6 0.46 2.53 6 0.40 2.61 6 0.46 2.62 6 0.54 0.6035

1 BMC, bone mineral content; FFM, fat-free mass.
2 Tests of group mean differences by ANOVA and pairwise analyses with Bonferroni adjustment.
3 Mean 6 SD (all such values).
4 Young compared with middle-age (P. 0.1), young compared with.50 y (P = 0.04), and middle-age compared with

.50 y (P . 0.1).
5 Pairwise comparisons with Bonferroni adjustment, P . 0.1.
6 Young compared with middle-age (P = 0.07), young compared with .50 y (P , 0.001), and middle-age compared

with .50 y (P . 0.1).

TABLE 3
Major organ and tissue masses and whole-body resting energy expenditure (REE)1

All subjects 21–30 y (young) 31–50 y (middle-age) 51–73 y P2

Liver (kg) 1.39 6 0.253 1.35 6 0.23 1.41 6 0.25 1.41 6 0.28 0.5134

Brain (kg) 1.33 6 0.11 1.33 6 0.11 1.34 6 0.10 1.32 6 0.12 0.7664

Heart (kg) 0.31 6 0.08 0.31 6 0.09 0.30 6 0.08 0.33 6 0.07 0.3274

Kidneys (kg) 0.29 6 0.06 0.28 6 0.06 0.28 6 0.05 0.31 6 0.06 0.0425

SM (kg) 26.3 6 6.3 25.0 6 5.9 26.7 6 6.6 26.9 6 6.4 0.5324

AT (kg) 19.4 6 6.4 18.4 6 6.4 19.9 6 6.3 19.9 6 6.5 0.4434

Residual mass (kg) 24.7 6 5.2 22.8 6 3.9 24.9 6 6.0 26.5 6 4.6 0.0046

REEm (kcal/d) 1575 6 241 1547 6 241 1590 6 248 1586 6 234 0.6494

REEp (kcal/d) 1588 6 234 1535 6 220 1596 6 239 1636 6 236 0.1474

REEm 2 REEp (kcal/d)7 213 6 80 (0.068) 11 6 80 (0.36) 26 6 79 (0.59) 250 6 67 (,0.001) —

1 AT, adipose tissue; REEm, REE measured by indirect calorimetry; REEp, REE predicted by the Ki values suggested by Elia (1); SM, skeletal
muscle.

2 Tests of group mean differences for organ and tissue masses and REE by ANOVA and pairwise analyses with Bonferroni adjustment.
3 Mean 6 SD (all such values).
4 Pairwise comparisons with Bonferroni adjustment, P . 0.1.
5 Young compared with middle-age (P . 0.1), young compared with .50 y (P = 0.06), and middle-age compared with .50 y (P . 0.1).
6 Young compared with middle-age (P . 0.1), young compared with .50 y (P , 0.01), and middle-age compared with .50 y (P . 0.1).
7 Values in parentheses are the P values for the difference between REEm and REEp within relevant groups by paired t test.
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1.7

13 Kcal x 1.7 = 22.1 Kcal

7.426  = 0.96 Kg grasa

Ganar músculo 
no ayuda 

mucho a la 
obesidad¡

22.1 Kcal x 336 días (48 wk) = 7.426 Kcal



1. Aumento de la tasa metabólica basal
2. Balance energético negativo por el ejercicio y 

actividad física
3. Activación de miocinas
4. Mejor escucho la conferencia

La pérdida de tejido graso con la ganancia 
de masa muscular se debe a:

@eldoctorcastillo



4518

TMB = 1 Kcal / Kg peso 

 2011 Compendium of Physical Activities

     CODE            METS      MAJOR HEADING             SPECIFIC ACTIVITIES

*Italicized codes and METs are estimated values

01003 14.0 bicycling bicycling, mountain, uphill, vigorous
01004 16.0 bicycling bicycling, mountain, competitive, racing
01008 8.5 bicycling bicycling, BMX
01009 8.5 bicycling bicycling, mountain, general
01010 4.0 bicycling bicycling, <10 mph, leisure, to work or for pleasure (Taylor Code 115)
01011 6.8 bicycling bicycling, to/from work, self selected pace
01013 5.8 bicycling bicycling, on dirt or farm road, moderate pace
01015 7.5 bicycling bicycling, general
01018 3.5 bicycling bicycling, leisure, 5.5 mph
01019 5.8 bicycling bicycling, leisure, 9.4 mph
01020 6.8 bicycling bicycling, 10-11.9 mph, leisure, slow, light effort
01030 8.0 bicycling bicycling, 12-13.9 mph, leisure, moderate effort
01040 10.0 bicycling bicycling, 14-15.9 mph, racing or leisure, fast, vigorous effort
01050 12.0 bicycling bicycling, 16-19 mph, racing/not drafting or > 19 mph drafting, very fast, racing general
01060 15.8 bicycling bicycling, > 20 mph, racing, not drafting
01065 8.5 bicycling bicycling, 12 mph, seated, hands on brake hoods or bar drops, 80 rpm
01066 9.0 bicycling bicycling, 12 mph, standing, hands on brake hoods, 60 rpm
01070 5.0 bicycling unicycling
02001 2.3 conditioning exercise activity promoting video game (e.g., Wii Fit), light effort (e.g., balance, yoga)
02003 3.8 conditioning exercise activity promoting video game (e.g., Wii Fit), moderate effort (e.g., aerobic, resistance)
02005 7.2 conditioning exercise activity promoting video/arcade game (e.g., Exergaming, Dance Dance Revolution), vigorous effort
02008 5.0 conditioning exercise army type obstacle course exercise, boot camp training program 
02010 7.0 conditioning exercise bicycling, stationary, general
02011 3.5 conditioning exercise bicycling, stationary, 30-50 watts, very light to light effort
02012 6.8 conditioning exercise bicycling, stationary, 90-100 watts, moderate to vigorous effort
02013 8.8 conditioning exercise bicycling, stationary, 101-160 watts, vigorous effort
02014 11.0 conditioning exercise bicycling, stationary, 161-200 watts, vigorous effort
02015 14.0 conditioning exercise bicycling, stationary, 201-270 watts, very vigorous effort
02017 4.8 conditioning exercise bicycling, stationary, 51-89 watts, light-to-moderate effort 
02019 8.5 conditioning exercise bicycling, stationary, RPM/Spin bike class 
02020 8.0 conditioning exercise calisthenics (e.g., push ups, sit ups, pull-ups, jumping jacks), vigorous effort
02022 3.8 conditioning exercise calisthenics (e.g., push ups, sit ups, pull-ups, lunges), moderate effort
02024 2.8 conditioning exercise calisthenics (e.g., situps, abdominal crunches), light effort
02030 3.5 conditioning exercise calisthenics, light or moderate effort, general (e.g., back exercises), going up & down from floor (Taylor Code 150)
02035 4.3 conditioning exercise circuit training, moderate effort
02040 8.0 conditioning exercise circuit training, including kettlebells, some aerobic movement with minimal rest, general, vigorous intensity
02045 3.5 conditioning exercise CurvesTM exercise routines in women 
02048 5.0 conditioning exercise Elliptical trainer, moderate effort 
02050 6.0 conditioning exercise resistance training (weight lifting, free weight, nautilus or universal), power lifting or body building, vigorous effort (Taylor Code 210)
02052 5.0 conditioning exercise resistance (weight) training, squats , slow or explosive effort
02054 3.5 conditioning exercise resistance (weight) training, multiple exercises, 8-15 repetitions at varied resistance 
02060 5.5 conditioning exercise health club exercise, general (Taylor Code 160)
02061 5.0 conditioning exercise health club exercise classes, general, gym/weight training combined in one visit
02062 7.8 conditioning exercise health club exercise, conditioning classes
02064 3.8 conditioning exercise home exercise, general 
02065 9.0 conditioning exercise stair-treadmill ergometer, general
02068 12.3 conditioning exercise rope skipping, general
02070 6.0 conditioning exercise rowing, stationary ergometer, general, vigorous effort
02071 4.8 conditioning exercise rowing, stationary, general, moderate effort

Hombre de 60 kg va a
realizar ejercicio por 40 minutos
(01010)

60 x 4 x 40/60 = 160 Kcal

80 x 4 x 40/60 = 213 Kcal

@eldoctorcastillo



4518

TMB = 1 Kcal / Kg peso 

Hombre de 60 kg va a
realizar ejercicio por 60 minutos
(02130)

60 x 3 x 60/60 = 180 Kcal 180 x 3 x 48 wk = 25.920 Kcal

25.920 Kcal = 3.36 Kg



25.920 Kcal = 3.36 Kg

4.32 Kg
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Effect of Bimagrumab vs Placebo on Body Fat Mass Among Adults
With Type 2 Diabetes and Obesity
A Phase 2 Randomized Clinical Trial
Steven B. Heymsfield, MD; Laura A. Coleman, PhD, RD; Ram Miller, MD; Daniel S. Rooks, PhD; Didier Laurent, PhD; Olivier Petricoul, PhD; Jens Praestgaard, PhD;
Therese Swan, PharmD; Thomas Wade, MD; Robert G. Perry, MD; Bret H. Goodpaster, PhD; Ronenn Roubenoff, MD, MHS

Abstract

IMPORTANCE Antibody blockade of activin type II receptor (ActRII) signaling stimulates skeletal
muscle growth. Previous clinical studies suggest that ActRII inhibition with the monoclonal antibody
bimagrumab also promotes excess adipose tissue loss and improves insulin resistance.

OBJECTIVE To evaluate the efficacy and safety of bimagrumab on body composition and glycemic
control in adults with type 2 diabetes and overweight and obesity.

DESIGN, SETTING, AND PARTICIPANTS This double-masked, placebo-controlled, 48-week, phase
2 randomized clinical trial was conducted among adults with type 2 diabetes, body mass index
between 28 and 40, and glycated hemoglobin (HbA1c) levels between 6.5% and 10.0% at 9 US and
UK sites. The trial was conducted from February 2017 to May 2019. Only participants who completed
a full treatment regimen were included in analysis.

INTERVENTIONS Patients were randomized to intravenous infusion of bimagrumab (10 mg/kg up
to 1200 mg in 5% dextrose solution) or placebo (5% dextrose solution) treatment every 4 weeks for
48 weeks; both groups received diet and exercise counseling.

MAIN OUTCOMES AND MEASURES The primary end point was least square mean change from
baseline to week 48 in total body fat mass (FM); secondary and exploratory end points were lean
mass (LM), waist circumference (WC), HbA1c level, and body weight (BW) changes from baseline to
week 48.

RESULTS A total of 75 patients were randomized to bimagrumab (n = 37; 23 [62.2%] women) or
placebo (n = 38; 12 [31.6%] women); 58 (77.3%) completed the 48-week study. Patients at baseline
had a mean (SD) age of 60.4 (7.7) years; mean (SD) BMI of 32.9 (3.4); mean (SD) BW of 93.6 (14.9) kg;
mean (SD) FM of 35.4 (7.5) kg; and mean (SD) HbA1c level of 7.8% (1.0%). Changes at week 48 for
bimagrumab vs placebo were as follows: FM, −20.5% (−7.5 kg [80% CI, −8.3 to −6.6 kg]) vs −0.5%
(−0.18 kg [80% CI, −0.99 to 0.63 kg]) (P < .001); LM, 3.6% (1.70 kg [80% CI, 1.1 to 2.3 kg]) vs −0.8%
(−0.4 kg [80% CI, −1.0 to 0.1 kg]) (P < .001); WC, −9.0 cm (80% CI, −10.3 to −7.7 cm) vs 0.5 cm (80%
CI, −0.8 to 1.7 cm) (P < .001); HbA1c level, −0.76 percentage points (80% CI, −1.05 to −0.48
percentage points) vs 0.04 percentage points (80% CI, −0.23 to 0.31 percentage points) (P = .005);
and BW, −6.5% (−5.9 kg [80% CI, −7.1 to −4.7 kg]) vs −0.8% (−0.8 kg [80% CI, −1.9 to 0.3 kg])
(P < .001). Bimagrumab’s safety and tolerability profile was consistent with prior studies.

CONCLUSIONS AND RELEVANCE In this phase 2 randomized clinical trial, ActRII blockade with
bimagrumab led to significant loss of FM, gain in LM, and metabolic improvements during 48 weeks

(continued)

Key Points
Question What are the effects of
bimagrumab, an antibody that blocks
activin type II receptors and stimulates
skeletal muscle growth, on total body fat
mass and glycemic control in patients
with type 2 diabetes and excess
adiposity?

Findings In this phase 2 randomized
clinical trial of 75 patients with type 2
diabetes and body mass index between
28 and 40 who received bimagrumab
or placebo during 48 weeks along with
diet and exercise counseling, those who
received bimagrumab had a significantly
larger decrease in total body fat mas and
glycated hemoglobin and increase in
lean mass compared with patients who
received placebo.

Meaning These findings suggest that
blockade of the activin receptor with
bimagrumab could provide a novel
pharmacologic approach for managing
patients with type 2 diabetes with
excess adiposity.
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Searching for the exercise factor: is IL-6 a candidate?
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Abstract

For years the search for the stimulus that initiates and maintains the change of excitability or sensibility of the
regulating centers in exercise has been progressing. For lack of more precise knowledge, it has been called the ‘work
stimulus’, ‘the work factor’ or ‘the exercise factor’. In other terms, one big challenge for muscle and exercise
physiologists has been to determine how muscles signal to central and peripheral organs. Here we discuss the
possibility that interleukin-6 (IL-6) could mediate some of the health beneficial effects of exercise. In resting muscle,
the IL-6 gene is silent, but it is rapidly activated by contractions. The transcription rate is very fast and the fold
changes of IL-6 mRNA is marked. IL-6 is released from working muscles into the circulation in high amounts. The
IL-6 production is modulated by the glycogen content in muscles, and IL-6 thus works as an energy sensor. IL-6
exerts its effect on adipose tissue, inducing lipolysis and gene transcription in abdominal subcutaneous fat and
increases whole body lipid oxidation. Furthermore, IL-6 inhibits low-grade TNF-a-production and may thereby
inhibit TNF-a-induced insulin resistance and atherosclerosis development. We propose that IL-6 and other
cytokines, which are produced and released by skeletal muscles, exerting their effects in other organs of the body,
should be named ‘myokines’.

Introduction

Physical activity offers protection against cardiovascular
disease (Manson et al., 2002), type 2 diabetes (Pan et al.,
1997; Eriksson and Lindgarde, 1998; Tuomilehto et al.,
2001; Knowler et al., 2002) and all cause mortality (Blair
and Brodney, 1999) and physical training has been
proven effective in the treatment of a number of medical
disorders including ischemic heart disease (Jolliffe et al.,
2000), heart failure (Lloyd-Williams et al., 2002),
chronic obstructive lung disease (Lacasse et al., 1996;
Lacasse et al., 2002), type 2 diabetes (Boule et al., 2001)
and claudicatio intermittens (Leng et al., 2000; Stewart
et al., 2002). Some of these beneficial effects are
mediated through an improved lipid profile (Leon and
Sanchez, 2001; Kraus et al., 2002), elevated insulin
sensitivity (Dela et al., 1993; Ebeling et al., 1993) and a
lower blood pressure (Stewart, 2001; Whelton et al.,
2002). It is, however, still discussed how contracting
skeletal muscles mediate metabolic and physiological
effects of benefits on health. For most of the last
century, researchers have searched for a muscle con-
traction-induced factor, which could mediate some of
the exercise-induced changes in other organs such as the
liver and the adipose tissue. Erling Asmussen expressed
this in his introductory talk in a symposium held in

Dallas in January 1966 and published in Circulation
(Winocour et al., 1992): ‘For every state of physical
exercise, there is a carefully controlled level of pulmo-
nary function, ventilation of cardiac output, and of deep
body temperature’. These levels are maintained at least
as precisely as the resting level, and the controlling
feedback systems are the same in exercise as during rest;
only the set-point has been changed. For years the
search for the stimulus that initiates and maintains this
change of excitability or sensibility of the regulating
centers in exercise has been going on. For lack of more
precise knowledge, it has been called the ‘work stimulus’
or ‘the work factor’ (Winocour et al., 1992).
Here, we prefer to use the term ‘exercise factor’ to

cover the effects of muscle contractions as such. The
signalling pathways from contracting muscles to other
organs are not the nervous system as electrical stimu-
lation of paralysed muscles in spinal cord injured
patients, with no afferent and efferent nerve impulses,
induces in essence the same physiological changes as in
intact human beings (Kjaer et al., 1996; Mohr et al.,
1997).
Recently, it has been demonstrated that exercise

induces transcription of metabolic genes in exercising
skeletal muscle (Pilegaard et al., 2000). Our group has
demonstrated IL-6 gene transcription locally in con-
tracting skeletal muscle and further demonstrated that
IL-6 is released to the blood in high amounts from an
exercising limb. (Pedersen et al., 2001; Febbraio and

*To whom correspondence should be addressed: Tel.: þ45-35-45-77-
97; Fax: þ45-35-45-76-44; E-mail: bkp@rh.dk

Journal of Muscle Research and Cell Motility 24: 113–119, 2003. 113! 2003 Kluwer Academic Publishers. Printed in the Netherlands.

Journal of Muscle Research and Cell Motility 24: 113–119, 2003.

Bente Pedersen
• Las citocinas y los péptidos liberados por el músculo esquelético suelen ser clasificadas 

como “myokinas”. 
• En general, las myokinas son moléculas derivadas del músculo, que ejercen funciones 

fisiológicas y patológicas en el mantenimiento de la homeostasis sistémica, de manera 
autocrina, paracrina o endocrina.



• �Myokines�
– IL-6
– IL-8
– IL-15
– Brain-Derived Neurotrophic 

factor (BDNF)
– Leukemia Inhibitory Factor 

(LIF)

J Appl Physiol 103: 1093-1098, 2007
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Abstract

Myokines are muscle‐derived cytokines and chemokines that act extensively on

organs and exert beneficial metabolic functions in the whole‐body through specific

signal networks. Myokines as mediators provide the conceptual basis for a whole

new paradigm useful for understanding how skeletal muscle communicates with

other organs. In this review, we summarize and discuss classes of myokines and their

physiological functions in mediating the regulatory roles of skeletal muscle on other

organs and the regulation of the whole‐body energy metabolism. We review the

mechanisms involved in the interaction between skeletal muscle and nonmuscle

organs through myokines. Moreover, we clarify the connection between exercise,

myokines and disease development, which may contribute to the understanding of a

potential mechanism by which physical inactivity affects the process of metabolic

diseases via myokines. Based on the current findings, myokines are important fac-

tors that mediate the effect of skeletal muscle on other organ functions and whole‐
body metabolism.

K E YWORD S

adipokine, cross talk, exercise, interaction, myokine, skeletal muscle

1 | INTRODUCTION

Skeletal muscle occupies approximately 40% of the total body mass

and plays an important role in our locomotor system. Recent studies

have identified skeletal muscle acts as a secretory organ that can

produce cytokines and other muscle fiber‐derived peptides (Giudice

& Taylor, 2017; Pedersen, 2013; Pedersen & Febbraio, 2012). It has

been found that contracting skeletal muscle cells release humoral

factors to regulate metabolic processes (Goldstein, 1961). The cy-

tokines and peptides released by skeletal muscle are usually

classified as “myokines.” In general, myokines are muscle‐derived
molecules that exert physiological and pathological functions on

maintaining systemic homeostasis. Myokines regulate whole‐body
metabolism in an autocrine, paracrine, or endocrine manner (So, Kim,

Kim, & Song, 2014). On the one hand, muscle fiber‐driven myokines

have positive autocrine and paracrine effects on satellite cell pro-

liferation and muscle hypertrophy (Li, Chen et al., 2019; Serrano,

Baeza‐Raja, Perdiguero, Jardi, & Munoz‐Canoves, 2008), which can

provide a feedback loop for the muscle to adapt to exercise training.

On the other hand, myokines exert physiological functions by

Abbreviations: AMPK, adenosine 5′‐monophosphate (AMP)‐activated protein kinase; BAIBA, β‐aminoisobutyric acid; BAT, brown adipose tissue; BDNF, brain‐derived neurotrophic factor;

BRINP3, BMP/retinoic acid inducible neural specific 3; CIDEA, cell death‐inducing DNA fragmentation factor α subunit‐like effector A; CNTF, ciliary neurotrophic factor; CREB, cyclic AMP‐
pesponsive element‐binding protein; CTSB, cathepsin B; CX3CL1, chemokine (C‐X3‐C motif) ligand 1; ERK, extracellular regulated MAP kinase; FABP, fatty acid binding protein; FATP, fatty acid

transport protein; FFA, free fatty acid; FGF‐2, fibroblast growth factor 2; FGF21, fibroblast growth factor 21; FNDC5, fibronectin type III domain‐containing protein 5; Foxo1, forkhead box O1;

FST, follistatin; FSTL‐1, follistatin‐like protein 1; GSK3, serine/threonine protein kinase; HFD, high fat diet; IFN‐γ, interferon γ; IGF‐1, insulin‐like growth factor 1; IL‐15, interleukin‐15; IL‐1ra,
interleukin‐1 receptor antagonist; IL‐6, interleukin‐6; IL‐7, interleukin‐7; JAK, Janus kinase; LIF, leukemia inhibitory factor; MAPK, mitogen‐activated protein kinase; MCP‐1, monocyte

chemoattractant protein‐1; Metrnl, meteorin like protein; MMP‐2,, matrix metalloproteinase 2; OGN, osteoglycin; PGC‐1α, peroxisome proliferative activated receptor γ coactivator 1 α; PI3K,
phosphatidylinositol 3‐kinase; PKA, protein kinase A; PPARα, peroxisome proliferator activated receptor α; PPARγ, peroxisome proliferator‐activated receptor γ; PRDM16, PR/SET domain 16;

SPARC, secreted protein acidic and rich in cysteine; SREBP2, sterol regulatory element‐binding protein 2; T2D, type 2 diabetes; TNFα, tumor necrosis factor α; UCP1, uncoupling protein 1;

WAT, white adipose tissue.
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biological effects and metabolic control on most tissues in the body,

and its receptors are distributed in various tissues in the body

(Perakakis et al., 2017 ). Kim et al has demonstrated the αV class of

integrins are irisin receptors in osteocytes and adipose tissues (Kim

et al., 2019 ). Metrnl mainly binds to receptors and participates in

controlling inflammatory responses, improving glucose metabolism

and increasing thermogenesis in adipose tissue (Li et al., 2015 ; Rao

et al., 2014 ; Ushach et al., 2018 ). Further studies are needed to re-

veal the body cell distribution of the receptors for myokines and the

underlying mechanism, especially for myokines with multiple target

tissues.

3.1 | Muscle‐muscle cross talk

Myokines are the key mediators of maintenance of muscle structure

and function in autocrine and paracrine manners. Myostatin is one of

the best‐characterized myokines that negatively regulates skeletal

muscle growth and development. Myostatin knock‐out animals ex-

hibit increased muscle mass and inhibition of myostatin signaling

contracts the cancer cachexia associated loss of muscle mass (Zhou

et al., 2010). Apelin is reduced in an age‐dependent manner in hu-

mans (Vinel et al., 2018 ). Restored apelin signaling during aging

contributes to enhancing muscle function by triggering mitochon-

driogenesis and anti‐inflammatory pathways in myofibers and im-

proving regenerative capacity by targeting muscle stem cells (Vinel

et al., 2018 ). LIF transplantation diminishes pathology, abrogates

TGFβ signaling, reduces the number of fibro/adipogenic progenitor

cells, and inhibits fibrogenesis of muscle cells (Welc et al., 2019 ).

Musclin is an exercise‐responsive myokine that is associated with

levels of plasma atrial NP (ANP) and cyclic guanosine monopho-

sphate (cGMP) and the expression of the peroxisome proliferator‐
activated receptor γ coactivator 1‐α (PGC1‐α) in skeletal muscles

after exposure to exercise (Subbotina et al., 2015 ). Musclin acts on

enhancing exercise capacity by promoting mitochondrial biogenesis

in mice (Subbotina et al., 2015 ). In addition to the regulation of

physical performance, musclin rescues muscle tissue loss during de-

velopment of cachexia‐inducing tumors and has beneficial effects on

cancer patients with risk of cachexia (Re Cecconi et al., 2019 ). C‐X‐C
motif chemokine ligand 12 (CXCL12) is another kind of myokines

involved in skeletal muscle development. CXCL12 helps to promote

the proliferation of both myogenic and angiogenic progenitor cells of

the somite and controls myotome formation (Abduelmula et al.,

2016 ). Taken together, several myokines mediate the beneficial ef-

fects of exercise, including regulating muscle development, prevent-

ing muscle loss and enhancing muscle function and regeneration.

3.2 | Muscle‐adipose tissue cross talk

Muscle‐adipose crosstalk is the most studied form of interactions

between muscle and other tissues. In mammals, there are two main

types of adipose tissues and they have different morphologies, lo-

cations and functions: WAT and brown adipose tissue (BAT;

Fruhbeck, Sesma, & Burrell, 2009 ). WAT stores excess energy as a

food supply in a major energy backup system (Rodriguez, Becerril,

F IGURE 1 Skeletal muscle secretes myokines and communicates with other organs. Myokines mediate the cross talk between skeletal
muscle and other organ by binding to receptors on target cells in autocrine, endocrine and paracrine manners

6 | CHEN ET AL.
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Original Article
Interleukin-6 Increases Insulin-Stimulated Glucose
Disposal in Humans and Glucose Uptake and Fatty Acid
Oxidation In Vitro via AMP-Activated Protein Kinase
Andrew L. Carey,1,2 Gregory R. Steinberg,2 S. Lance Macaulay,3 Walter G. Thomas,4 Anna G. Holmes,1

Georg Ramm,5 Oja Prelovsek,1 Cordula Hohnen-Behrens,5 Matthew J. Watt,1,2 David E. James,5

Bruce E. Kemp,2,3 Bente K. Pedersen,6 and Mark A. Febbraio1

Although interleukin-6 (IL-6) has been associated with
insulin resistance, little is known regarding the effects of
IL-6 on insulin sensitivity in humans in vivo. Here, we show
that IL-6 infusion increases glucose disposal without af-
fecting the complete suppression of endogenous glucose
production during a hyperinsulinemic-euglycemic clamp in
healthy humans. Because skeletal muscle accounts for
most of the insulin-stimulated glucose disposal in vivo, we
examined the mechanism(s) by which IL-6 may affect mus-
cle metabolism using L6 myotubes. IL-6 treatment in-
creased fatty acid oxidation, basal and insulin-stimulated
glucose uptake, and translocation of GLUT4 to the plasma
membrane. Furthermore, IL-6 rapidly and markedly in-
creased AMP-activated protein kinase (AMPK). To deter-
mine whether the activation of AMPK mediated cellular
metabolic events, we conducted experiments using L6 myo-
tubes infected with dominant-negative AMPK !-subunit.
The effects described above were abrogated in AMPK
dominant-negative–infected cells. Our results demonstrate
that acute IL-6 treatment enhances insulin-stimulated glu-
cose disposal in humans in vivo, while the effects of IL-6 on
glucose and fatty acid metabolism in vitro appear to be
mediated by AMPK. Diabetes 55:2688–2697, 2006

The pathogenesis of type 2 diabetes is not fully
understood, but growing evidence links this dis-
ease to a state of chronic inflammation (1),
which occurs in tissue such as liver, adipose, and

skeletal muscle and results in the secretion of inflamma-
tory cytokines such as resistin, tumor necrosis factor-!
(TNF-!), and interleukin-6 (IL-6) from macrophages
and/or adipocytes (2). It is thought that elevations in the
plasma and/or tissue concentrations of these cytokines
have a negative effect on metabolism (3). The role of IL-6
in the etiology of insulin resistance is, however, not fully
understood. In mice in vivo, IL-6 has a negative effect on
hepatic insulin sensitivity (4), but in healthy humans (5–7)
or patients with type 2 diabetes (6), splanchnic glucose
output does not increase with acute infusion of recombi-
nant human IL-6 (rhIL-6), while glucose disposal is not
impaired (6,7). In our recent study (6), we found that IL-6
did not increase whole-body glucose disposal in either
healthy subjects or patients with type 2 diabetes, whereas
it reduced insulin concentrations in the patients to values
comparable with those of the healthy subjects, suggesting
that IL-6 might have favorable effects on insulin action. No
studies have tested the effect of IL-6 infusion on insulin
action in humans in vivo, and this is the first aim of the
present study. We hypothesized that acute IL-6 infusion
would enhance insulin-stimulated glucose uptake in
humans.

The role of IL-6 in skeletal muscle and adipose tissue in
vitro is not clear. IL-6 enhances insulin-stimulated glucose
transport (8) or glycogen synthesis (9,10) in myotubes
and/or adipocytes, but others (11) have found opposite
effects; thus, further studies are warranted. In addition,
several studies report that IL-6 increases intramyocellular
(6,12) or whole-body (6,13) fatty acid oxidation, which is
likely to decrease intramyocellular fatty acid accumulation
and can impair insulin signaling (14). Of note, in a recent
study, IL-6 was shown to enhance AMP-activated protein
kinase (AMPK) in both skeletal muscle and adipose tissue
(15). AMPK plays a central role in the regulation of fuel
metabolism in skeletal muscle because its activation stim-
ulates fatty acid oxidation (16). Moreover, AMPK may
increase glucose uptake (17) via mechanisms thought to
involve enhanced insulin signaling transduction (18). How-
ever, it is not known whether the effects of IL-6 on glucose
and lipid metabolism are mediated by activation of AMPK,
and this is an additional aim of the current study.
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2688 DIABETES, VOL. 55, OCTOBER 2006onset of the euglycemic-hyperinsulinemic clamp with the
fatty acid Rd averaging 0.14 ! 0.07 and 0.07 ! 0.03 mmol
! kg"1 ! min"1 for control and rhIL-6, respectively. With
such a low fatty acid Rd, and the fact that the respiratory
exchange ratio averaged 1.00 ! 0.01 and 1.00 ! 0.05 for
control and rhIL-6, respectively, during the clamp, it was
not surprising that we were unable to detect measurable
13C enrichments in breath CO2 samples, consistent with
insulin completely suppressing fat oxidation with or with-
out rhIL-6 infusion.
IL-6 increases basal and insulin-stimulated 2-DG up-
take and GLUT4 translocation to the plasma mem-
brane. In our human experiment, muscle samples were
not obtained. Because skeletal muscle accounts for #80%
of whole-body insulin-stimulated glucose disposal (30),
and in an attempt to elucidate a mechanism for our
findings in the setting where the effect of IL-6 on glucose
metabolism in vitro is controversial (8,11), we sought to
examine the effect of IL-6 on basal and insulin-stimulated
transport rates of 14C 2-DG in L6 myotubes. We first
performed dose-response experiments in L6 myotubes. At
a dose of 1 ng/ml, IL-6 increased basal glucose uptake, and
while this effect was increased when the dose was in-
creased to 10 ng/ml, no further effect was observed at 100
or 1,000 ng/ml IL-6. In the insulin-stimulated condition, 1
ng/ml was not sufficient to augment glucose uptake, but at
concentrations ranging from 10 to 1,000 ng/ml IL-6, insulin-
stimulated glucose uptake was increased by IL-6. These
experiments were performed at 100 nmol/l insulin be-
cause, in preliminary experiments, we did not see an effect
at lower doses of insulin. As a consequence of these initial
studies, further experiments used 100 ng/ml IL-6 and 100
nmol/l insulin. IL-6 increased both basal and insulin-

stimulated glucose transport (Fig. 2A). Because IL-6 has
been shown by others to increase glycogen synthesis via
enhanced insulin signaling transduction (9), we next per-
formed experiments using the PI3-K inhibitor wortmannin.
The addition of wortmannin (100 nmol/l) resulted in an
inhibition of the IL-6–induced increase in both basal and
insulin-stimulated glucose uptake (Fig. 2A).

In view of the effects of IL-6 on glucose transport, we
next set out to determine the effects of IL-6 on GLUT4
translocation in L6 cells. In L6 myotubes, we observed that
maximal doses of insulin increased cell surface levels of
GLUT4 by four- to fivefold. At low doses of IL-6 (1 ng), we
observed a twofold increase in cell surface levels of
GLUT4, and this increased in a dose-response manner
(Fig. 2D). We observed an additive effect of IL-6 and
insulin on GLUT4 translocation at submaximal IL-6 con-
centrations, suggesting that these agonists may augment
this process via distinct mechanisms. The kinetics of IL-6
and insulin-stimulated GLUT4 translocation were similar
in L6 myotubes, occurring with a half-time of 2–3 min.
Furthermore, whereas the effects of insulin on GLUT4
translocation were completely inhibited by the PI3-K in-
hibitor wortmannin, this drug had little effect on IL-6–
stimulated GLUT4 translocation at low doses of the
cytokine (1 ng/ml). Intriguingly, at higher doses of IL-6
(100 ng/ml), we did observe a partial inhibition of IL-6–
stimulated GLUT4 translocation by wortmannin.
Effect of IL-6 on muscle cell signal transduction
pathways. To establish that IL-6 was signaling through the
IL-6 receptor/leukemia inhibitory factor receptor/gp130
receptor complex, we quantified the phosphorylation of
one of the prime downstream targets of the receptor
complex, STAT3 (Tyr705), and the downstream protein

FIG. 2. Rates of 14C 2-DG transport in L6 myotubes treated with rmIL-6 (100 ng/ml, 120 min) and/or insulin (100 nmol/l, 30 min) and/or the PI3-K
inhibitor wortmannin (100 nmol/l, 120 min) (A). GLUT4 translocation experiments are shown in B–D. In B and C, doses were identical to
treatments in A. In D, the treatment times were identical to treatments in A. A: *Significantly greater than vehicle treatment, †significantly
greater than IL-6 treatment, ‡significantly greater than insulin treatment, P < 0.05. C: *P < 0.05 and ***P < 0.01 compared with 0 min. D: *P <
0.05 and ***P < 0.01 as indicated.

A.L. CAREY AND ASSOCIATES

DIABETES, VOL. 55, OCTOBER 2006 2691

FIG. 3. Phosphorylation of STAT3 (Tyr705)/total STAT3 (A) and SOCS3 protein abundance (B), phosphorylation of AMPK (Thr172)/total AMPK
(C) and ACC (Ser218)/total ACC (D) in L6 myotubes treated with rmIL-6 (black squares) or vehicle (gray squares). Phosphorylation of AMPK
(Thr172)/total AMPK in L6 myotubes treated with vehicle or rmIL-6 at doses ranging from 1 to 1,000 ng/ml (E). Tyrosine phosphorylation of IRS-1
(F), IRS-1 association with the p85 subunit of PI3-K (G), and phosphorylation of Akt (Ser473)/total Akt protein (H) in L6 myotubes are shown.
In all experiments except E, cells were treated with rmIL-6 (100 ng/ml) and/or insulin (100 nmol/l). *Significantly greater than vehicle treatment
and #significantly greater than insulin treatment, P < 0.05.
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found to express more IL-6 receptors than subcutaneous adi-
pose tissue (Ji et al., 2014), it is most likely that visceral adipose
tissue is more sensitive and responsive to changes in IL-6
than subcutaneous adipose tissue. However, MRI scans were
used to assess visceral adipose tissue mass, and this approach
may provide a more accurate measure with less variation
compared to the DXA scan that was applied to assess total
fat mass. Thus, we cannot exclude that the reason for observing
differences in visceral fat mass and not total fat mass is
methodological.
In summary, exercise-induced reductions in visceral adipose

tissue mass are dependent on available IL-6 receptors and,
therefore, on IL-6 signaling.

Lipid and Metabolic Profile
As illustrated in Figure 3, changes in total cholesterol were
different across the four groups (p = 0.014) (Figure 3A). Whereas
there was no effect on total cholesterol in the no exercise + pla-
cebo group (0.16 mM [95% CI: !0.15 to 0.46]; p = 0.30) and the
exercise + placebo group (!0.12 mM [95% CI: !0.40 to 0.16];
p = 0.38), an increase in total cholesterol was found in both the
no exercise + tocilizumab group (0.52 mM [95% CI: 0.23 to
0.81]; p = 0.001) and the exercise + tocilizumab group
(0.39 mM [95% CI 0.10 to 0.68]; p = 0.10) (Table 2).
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Figure 2. Body Composition
Changes in (A) visceral fat mass, (B) total fat mass,

(C) android fat mass, (D) gynoid fat mass, (E) lean

body mass, and (F) body weight in response to the

12-week intervention. Data are presented as least-

square means adjusted for baseline ± SEM (n = 12–

14 per group). *p = 0.047 comparing no exercise +

placebo versus exercise + placebo. #p = 0.013

comparing exercise + placebo versus exercise +

tocilizumab.

Changes in LDL cholesterol followed
those of total cholesterol (Table 2). There
were differences across the four groups
(p = 0.032). LDL cholesterol increased in
the no exercise + tocilizumab group
(0.29 mM [95% CI 0.07 to 0.52]; p =
0.011) as well as in the exercise + tocilizu-
mab group (0.19 mM [95% CI !0.04 to
0.41]; p = 0.098) (Table 2). Hence, it was
not possible to counteract the effect of to-
cilizumab on LDL and total cholesterol by
exercise (Figure 3B; Table 2). Changes in
HDL cholesterol and triglycerides were
not different between groups (Figures 3C
and 3D).
Increased total cholesterol and LDL

cholesterol following the tocilizumab inter-
vention is in line with previous literature
(Smolen et al., 2008) and of a magnitude
that is likely to be of clinical significance
(Ference et al., 2017). Exercise had no sig-
nificant effect on lipid profile, and there
were also no clear signs of exercise being

able to prevent the stimulating effect of IL-6 blockade on total
cholesterol and LDL cholesterol.
Fasting blood glucose and plasma insulin also remained

unchanged following the intervention (Table 2), and there was
no significant difference in change between groups (Table 2).
Adaptations to exercise training mostly come along with
improved insulin sensitivity reflected by decreased plasma insu-
lin. Infusion of IL-6 has been reported to lower plasma insulin
(Watt et al., 2005), suggesting that repeated bouts of IL-6,
induced by exercise, may play a role in mediating enhanced in-
sulin sensitivity. Despite no significant changes in plasma insulin
following the intervention, there was a small reduction in insulin in
the exercise + placebo group, which, combined with unchanged
glucose, indicates small improvements in insulin sensitivity.
Interestingly, this effect on insulin was absent in the group that
combined exercise with tocilizumab; quite in contrast, plasma
insulin levels tended to increase in this group, and without
changes in glucose, these data substantiate a role of IL-6 in
training-induced improvements in insulin sensitivity.

Exercise Measures, Cardiorespiratory Fitness
As illustrated in Figure 4, intervention-induced changes in
cardiorespiratory fitness (CR-Fitness), maximal oxygen con-
sumption (VO2max), and VO2max divided by fat-free mass all
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IL-6 was originally characterized as a B-cell differentiation factor1. 
Since then, research has recast IL-6 as a pleiotropic cytokine with 
roles in the acute-phase response, hematopoiesis, maintenance of 

bone and skeletal muscle mass, central nervous system activity and 
metabolism. Correspondingly, multiple cell types, including leuko-
cytes, adipocytes and myocytes, are known to secrete IL-6 where it 
can act in an autocrine, paracrine or endocrine manner2–4. IL-6 is 
present in diverse taxa5, but between species the protein is highly 
variable, with the human amino acid sequence being only 41% 
homologous to the murine version6.

Molecularly, IL-6 uses three pathways to signal intracellu-
larly (Fig. 1). Classical signalling depends on IL-6 binding to 
membrane-bound IL-6 receptors (IL-6R) and subsequent activa-
tion of transmembrane protein gp130. As IL-6R is expressed only 
on select cell types, such as hepatocytes, various leukocyte sub-
sets, adipocytes and myocytes7–9, this signalling method is limited. 
Trans-signalling relies on soluble IL-6 receptors (sIL-6R) that are 
either generated by cleavage of IL-6R by metalloproteases, such as 
ADAM-10 and ADAM-17 (ref. 10), or through alternative splic-
ing of IL-6R messenger RNA (mRNA)11. Once bound to IL-6, the 
resulting sIL-6R–IL-6 complex interacts with widely expressed 
gp130 to circumvent the tissue constraints of classical signalling. 
A variety of soluble gp130 receptors then modulate the degree of 
trans-signalling by inhibiting the sIL-6R–IL-6 complex to vary-
ing degrees12. Recently, a third signalling pathway, cluster signal-
ling, was discovered that also circumvents the tissue constraints of 
classical signalling. In this pathway, transmitting cells present an 
IL-6R–IL-6 complex to receiving cells, which induces gp130 recep-
tor activation on the receiving cell13. Regardless of how the signal-
ling complex is established, gp130 dimerization can activate several 
intracellular cascades, including phosphatidylinositol 3-kinase 
(PI3K), AMP-activated protein kinase (AMPK) and Janus kinase 
(JAK)–STAT (primarily STAT3) pathways10,14.

Basal elevation of IL-6 has long been correlated with disease 
severity in several diseases, such as rheumatoid arthritis (RA), 
Crohn’s disease and atherosclerosis15. In the case of RA, IL-6 is 
causal to disease pathogenesis, and tocilizumab, a monoclonal anti-
body against IL-6R, is used to treat people with the disease16. These 
findings led to IL-6 initially being categorized as a proinflammatory  

cytokine. Now, however, there is a growing consensus that IL-6 
also has regenerative and anti-inflammatory functions, especially 
when secreted by skeletal muscle during physical activity (PA)17. 
IL-6’s effects on metabolism are similarly varied. Elevated plasma 
IL-6 levels increase the likelihood of developing type 2 diabetes18 
and can cause insulin resistance in several tissues in cell models and 
rodent experiments19,20. Despite these effects, IL-6 also promotes 
anti-diabetogenic processes, such as enhancing muscular glucose 
uptake21, stimulating pancreatic insulin secretion22 and promoting 
lipolysis and fat oxidation23. Moreover, IL-6 inhibits appetite24 and 
delays gastric emptying, which reduces postprandial glycaemia25. 
Aside from metabolism, IL-6 regulates manifold processes, includ-
ing skeletal muscle hypertrophy26 and bone remodelling27. These 
and other functions (summarized in Table 1) raise the question 
of why this one cytokine regulates so many different cell types in 
diverse and sometimes discrepant ways.

While hundreds of studies have elucidated how IL-6 functions 
in a wide range of contexts, here we integrate metabolic, immu-
nological and physiological data with an evolutionary perspective 
to attempt to explain why this molecule has such disparate and 
seemingly contradictory functions. We propose that IL-6 evolved 
to modulate energy allocation in response to metabolic stress in 
a range of tissues, thus accounting for its diverse effects in mul-
tiple contexts. To explore this evolutionary hypothesis, we review 
how principles of life-history theory suggest a model of IL-6 as a 
short-term energy allocator. Next, we apply our model to IL-6 secre-
tion by skeletal muscle during PA, hereafter referred to as myokine 
IL-6. We then extend our model to physical inactivity and other 
physiological processes involving IL-6.

Long-term versus short-term energy allocation
All organisms have finite energy reserves to spend on growth, 
somatic maintenance, storage, physical activity and reproduction. 
According to life-history theory, natural selection favours mecha-
nisms that allocate energy towards these functions differentially 
across the life cycle to maximize reproductive success28. As a result, 
organisms ultimately benefit from investing as much energy as pos-
sible towards reproduction. Weeks or months of positive energy 
balance signal that it is favourable to invest energy in a potential 
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predict that during bouts of physical activity, myokine IL-6 fulfills the three main characteristics of a short-term energy alloca-
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Trans-signalling relies on soluble IL-6 receptors (sIL-6R) that are 
either generated by cleavage of IL-6R by metalloproteases, such as 
ADAM-10 and ADAM-17 (ref. 10), or through alternative splic-
ing of IL-6R messenger RNA (mRNA)11. Once bound to IL-6, the 
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trans-signalling by inhibiting the sIL-6R–IL-6 complex to vary-
ing degrees12. Recently, a third signalling pathway, cluster signal-
ling, was discovered that also circumvents the tissue constraints of 
classical signalling. In this pathway, transmitting cells present an 
IL-6R–IL-6 complex to receiving cells, which induces gp130 recep-
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intracellular cascades, including phosphatidylinositol 3-kinase 
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causal to disease pathogenesis, and tocilizumab, a monoclonal anti-
body against IL-6R, is used to treat people with the disease16. These 
findings led to IL-6 initially being categorized as a proinflammatory  
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to attempt to explain why this molecule has such disparate and 
seemingly contradictory functions. We propose that IL-6 evolved 
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tion by skeletal muscle during PA, hereafter referred to as myokine 
IL-6. We then extend our model to physical inactivity and other 
physiological processes involving IL-6.
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nisms that allocate energy towards these functions differentially 
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sible towards reproduction. Weeks or months of positive energy 
balance signal that it is favourable to invest energy in a potential 

Interleukin 6 as an energy allocator in muscle tissue
Timothy M. Kistner! !1 ✉, Bente K. Pedersen! !2 ✉ and Daniel E. Lieberman! !1 ✉

Extensive research has shown that interleukin 6 (IL-6) is a multifunctional molecule that is both proinflammatory and 
anti-inflammatory, depending on the context. Here, we combine an evolutionary perspective with physiological data to pro-
pose that IL-6’s context-dependent effects on metabolism reflect its adaptive role for short-term energy allocation. This 
energy-allocation role is especially salient during physical activity, when skeletal muscle releases large amounts of IL-6. We 
predict that during bouts of physical activity, myokine IL-6 fulfills the three main characteristics of a short-term energy alloca-
tor: it is secreted from muscle in response to an energy deficit, it liberates somatic energy through lipolysis and it enhances 
muscular energy uptake and transiently downregulates immune function. We then extend this model of energy allocation 
beyond myokine IL-6 to reinterpret the roles that IL-6 plays in chronic inflammation, as well as during COVID-19-associated 
hyperinflammation and multiorgan failure.

NATURE META BOLISM | VOL 4 | FEBRUARY 2022 | 170–179 | www.nature.com/natmetab170

4953

NaTurE METaBoLIsM | VOL 4 | FEBRUARy 2022 | 170–179 

PERSPECTIVENATURE METABOLISM

24 hours induces insulin resistance in adipose and hepatic tissue19,20. 
Conversely, other experiments show that doses of IL-6 similar in 
magnitude to those measured during PA promote muscular glucose 
uptake through insulin receptor substrate 1 or AMP-activated pro-
tein kinase (AMPK) activation21,67,68.

AMPK activation is crucial for another mechanism of 
IL-6-mediated glucose uptake: GLUT4 translocation to the sar-
colemma. In vitro, IL-6 stimulates GLUT4 translocation in a 
dose-dependent manner through activation of AMP-activated 
protein kinase (AMPK)67. However, in rodents, myokine IL-6 
appears to have negligible effects on contraction-mediated 
insulin-independent GLUT4 translocation as GLUT4 levels are 
similar between IL-6KO and wild-type animals immediately after 
PA69. Despite this, exercised mice injected with IL-6 neutralizing 
antibody display impaired GLUT4 expression and glucose uptake 
24 hours after activity38. This impairment suggests that myokine 
IL-6 is particularly important for muscle recovery by regulating 
muscular glucose uptake after activity.

Lipids are another important energy source during PA, and 
although most lipid transport is conventionally assumed to occur by 
diffusion, fatty acid uptake can be acutely regulated by the relative 
expression of fatty acid transporters70. As was the case with glucose 
transporters, IL-6 may mediate some of the increases in fatty acid 
transporter expression and translocation seen during PA71. Studies 
have found that fatty acid transporter expression is impaired after 
PA in muscle-specific (IL-6MKO) and IL-6KO mice, reducing fatty 
acid transport into the muscle64,69. Additionally, myokine IL-6 may 
limit fatty acid uptake by adipocytes if it acts similarly to recom-
binant IL-6, which downregulates lipoprotein lipase in mouse adi-
pocytes72. These results raise the possibility that myokine IL-6 may 
upregulate muscle energy uptake not only through glucose uptake 
but also through fatty acid absorption.

One way to test whether myokine IL-6 allocates energy towards 
the muscle is to investigate its effects on PA performance and recov-
ery. If myokine IL-6 increases energy uptake through the muscle, 
any disruption should reduce performance and impair muscle 
recovery and adaptation. In IL-6MKO and IL-6KO mice, these defi-
cits in performance are readily observable. Despite similar maximal 
exercise intensity and daily overall activity levels between control 
and IL-6KO strains73, knockout mice fatigue faster when running at 
a submaximal intensity until exhaustion64,69.

Few studies have examined how myokine IL-6 deficiency 
impacts muscular recovery and adaptation to repeated exercise 
bouts, but there are clues that the downstream effects of myokine 
IL-6 are as important after PA as they are during PA. The first 
major benefit of myokine IL-6 is the transient anti-inflammatory 
environment induced after PA39. In addition, IL-6 directly regulates 
muscle hypertrophy74, possibly through the induction of IL-10 and 
enhanced polarization of M2 macrophages75. In fact, genetic poly-
morphisms in the promoter region of the IL6 gene that increase IL-6 
levels have been linked to increased fat-free mass in men76. Lastly, 
IL-6–STAT3 signalling may contribute to some muscular adapta-
tions that occur after training, such as the induction of mitochon-
drial biogenesis and increased mitochondrial activity77 driven by 
PGC-1α (ref. 78). Intriguingly, this effect appears to be restricted to 
specific muscle tissues79.

In addition to regulating energy uptake and possible repair 
within the muscle, IL-6 has inhibitory effects on the immune system, 
which allows the muscle to use more of the liberated somatic energy 
during and after PA. In particular, myokine IL-6 inhibits mono-
cyte production of TNF-α (ref. 80) and possibly IL-1β (ref. 81) while 
inducing the expression of major anti-inflammatory cytokines54, 
namely interleukin 10 (IL-10), interleukin 1 receptor antagonist 
(IL-1ra) and soluble TNF receptor. IL-10 is especially important 
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Fig. 2 | Myokine IL-6 as a short-term energy allocator during physical activity. a, Energy sensing. Physiological components of prolonged muscle activity, 
such as lactic-acid buildup and reactive oxygen species (ROS) production along with muscle glycogen depletion, signal that intramuscular energy stores 
are depleted and precipitate myokine secretion of IL-6. b, Energy liberation. When myokine IL-6 is released into circulation, it liberates somatic energy for 
the contracting muscle by upregulating lipolysis and gluconeogenesis throughout the body. In addition, myokine IL-6 acts indirectly to increase catabolism 
and energy mobilization by inducing cortisol secretion (not pictured). c, Energy allocation. At the same time, myokine IL-6 increases energy uptake by the 
muscle through increases in insulin receptor sensitivity, GLUT4 expression and possibly fatty acid transporter expression. Evidence suggests that it also 
allocates energy to the muscle indirectly by transiently downregulating other energy-consuming processes, such as the immune activity (not pictured). 
The energy allocated towards the muscle by IL-6 during and after activity is used to fuel muscle contraction and is likely important for muscle recovery and 
repair. SCFA, short-chain fatty acids.
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IL-6 was originally characterized as a B-cell differentiation factor1. 
Since then, research has recast IL-6 as a pleiotropic cytokine with 
roles in the acute-phase response, hematopoiesis, maintenance of 

bone and skeletal muscle mass, central nervous system activity and 
metabolism. Correspondingly, multiple cell types, including leuko-
cytes, adipocytes and myocytes, are known to secrete IL-6 where it 
can act in an autocrine, paracrine or endocrine manner2–4. IL-6 is 
present in diverse taxa5, but between species the protein is highly 
variable, with the human amino acid sequence being only 41% 
homologous to the murine version6.

Molecularly, IL-6 uses three pathways to signal intracellu-
larly (Fig. 1). Classical signalling depends on IL-6 binding to 
membrane-bound IL-6 receptors (IL-6R) and subsequent activa-
tion of transmembrane protein gp130. As IL-6R is expressed only 
on select cell types, such as hepatocytes, various leukocyte sub-
sets, adipocytes and myocytes7–9, this signalling method is limited. 
Trans-signalling relies on soluble IL-6 receptors (sIL-6R) that are 
either generated by cleavage of IL-6R by metalloproteases, such as 
ADAM-10 and ADAM-17 (ref. 10), or through alternative splic-
ing of IL-6R messenger RNA (mRNA)11. Once bound to IL-6, the 
resulting sIL-6R–IL-6 complex interacts with widely expressed 
gp130 to circumvent the tissue constraints of classical signalling. 
A variety of soluble gp130 receptors then modulate the degree of 
trans-signalling by inhibiting the sIL-6R–IL-6 complex to vary-
ing degrees12. Recently, a third signalling pathway, cluster signal-
ling, was discovered that also circumvents the tissue constraints of 
classical signalling. In this pathway, transmitting cells present an 
IL-6R–IL-6 complex to receiving cells, which induces gp130 recep-
tor activation on the receiving cell13. Regardless of how the signal-
ling complex is established, gp130 dimerization can activate several 
intracellular cascades, including phosphatidylinositol 3-kinase 
(PI3K), AMP-activated protein kinase (AMPK) and Janus kinase 
(JAK)–STAT (primarily STAT3) pathways10,14.

Basal elevation of IL-6 has long been correlated with disease 
severity in several diseases, such as rheumatoid arthritis (RA), 
Crohn’s disease and atherosclerosis15. In the case of RA, IL-6 is 
causal to disease pathogenesis, and tocilizumab, a monoclonal anti-
body against IL-6R, is used to treat people with the disease16. These 
findings led to IL-6 initially being categorized as a proinflammatory  

cytokine. Now, however, there is a growing consensus that IL-6 
also has regenerative and anti-inflammatory functions, especially 
when secreted by skeletal muscle during physical activity (PA)17. 
IL-6’s effects on metabolism are similarly varied. Elevated plasma 
IL-6 levels increase the likelihood of developing type 2 diabetes18 
and can cause insulin resistance in several tissues in cell models and 
rodent experiments19,20. Despite these effects, IL-6 also promotes 
anti-diabetogenic processes, such as enhancing muscular glucose 
uptake21, stimulating pancreatic insulin secretion22 and promoting 
lipolysis and fat oxidation23. Moreover, IL-6 inhibits appetite24 and 
delays gastric emptying, which reduces postprandial glycaemia25. 
Aside from metabolism, IL-6 regulates manifold processes, includ-
ing skeletal muscle hypertrophy26 and bone remodelling27. These 
and other functions (summarized in Table 1) raise the question 
of why this one cytokine regulates so many different cell types in 
diverse and sometimes discrepant ways.

While hundreds of studies have elucidated how IL-6 functions 
in a wide range of contexts, here we integrate metabolic, immu-
nological and physiological data with an evolutionary perspective 
to attempt to explain why this molecule has such disparate and 
seemingly contradictory functions. We propose that IL-6 evolved 
to modulate energy allocation in response to metabolic stress in 
a range of tissues, thus accounting for its diverse effects in mul-
tiple contexts. To explore this evolutionary hypothesis, we review 
how principles of life-history theory suggest a model of IL-6 as a 
short-term energy allocator. Next, we apply our model to IL-6 secre-
tion by skeletal muscle during PA, hereafter referred to as myokine 
IL-6. We then extend our model to physical inactivity and other 
physiological processes involving IL-6.

Long-term versus short-term energy allocation
All organisms have finite energy reserves to spend on growth, 
somatic maintenance, storage, physical activity and reproduction. 
According to life-history theory, natural selection favours mecha-
nisms that allocate energy towards these functions differentially 
across the life cycle to maximize reproductive success28. As a result, 
organisms ultimately benefit from investing as much energy as pos-
sible towards reproduction. Weeks or months of positive energy 
balance signal that it is favourable to invest energy in a potential 
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pose that IL-6’s context-dependent effects on metabolism reflect its adaptive role for short-term energy allocation. This 
energy-allocation role is especially salient during physical activity, when skeletal muscle releases large amounts of IL-6. We 
predict that during bouts of physical activity, myokine IL-6 fulfills the three main characteristics of a short-term energy alloca-
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beyond myokine IL-6 to reinterpret the roles that IL-6 plays in chronic inflammation, as well as during COVID-19-associated 
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the muscle becomes more energetically efficient during training, 
myokine IL-6 release is sharply reduced. In one study, the IL-6 
response to PA after a 10-week training regime was not significantly 
different than the pre-training exercise stimulus despite a 44% 
increase in absolute workload52. Altogether, it is clear that myokine 
IL-6 secretion during PA is tied to intramuscular energy demands.

IL-6 mobilizes stored somatic energy
Once released, myokine IL-6 fulfills the second characteristic of 
a short-term energy allocator by liberating energy from somatic 
stores to meet muscular energetic demands. The most prominent 
such mechanism is lipolysis. Infusions of IL-6 in resting individu-
als at doses (>100 pg/mL) similar to those measured in sustained 
aerobic exercise (~80 pg/mL53,54) increase lipolysis in both adipose 

and muscle tissue23,55,56. To study the effects of myokine IL-6 on 
energy liberation in exercising humans, researchers often use tocili-
zumab to inhibit IL-6 signalling. A recent study using this approach 
showed that tocilizumab administration during a 90-minute bout 
of exercise reduced fatty acid mobilization in both men who are 
lean and who present with obesity57. In addition, a small long-term 
human study that gave participants (n = 13) tocilizumab during a 
12-week bicycle training intervention demonstrated that IL-6 inhi-
bition prevented visceral fat loss observed in the placebo exercising 
group (n = 14) and resulted in visceral fat gain comparable to that in 
non-exercising control participants56.

Beyond liberating energy from fat, myokine IL-6 may also 
increase glucose supply in the bloodstream to fuel sustained PA. 
The most compelling evidence for this effect comes from a study 
that manipulated IL-6 levels during low- and high-intensity PA. 
Study participants cycled for 2 hours on 3 separate occasions at high 
intensity (70% maximal oxygen consumption (VO2 max)), at low 
intensity (40% VO2 max) and at low intensity with exogenous IL-6 
infusion to mimic the systemic IL-6 level during high-intensity PA. 
During the condition with IL-6 infusion, rates of glucose appear-
ance and glucose disposal both increased58, suggesting that IL-6 
contributes to gluconeogenesis as well as glucose disposal during 
exercise, a likely adaptation to enhance energy allocation towards 
muscle during intense PA.

In addition to the aforementioned direct pathways, myokine  
IL-6 liberates energy indirectly through the actions of other  
hormones. Several older studies found that acute injections of  
high doses of recombinant IL-6 (ranging from 594 to 3,500 pg/
mL) in resting individuals indirectly increased blood glucose  
levels by inducing transient secretion of glucagon59,60. However, 
more recent studies with lower doses (from 42 to 220 pg/mL)  
found no effect of recombinant IL-6 infusion on blood glucose 
appearance despite increasing glucagon levels55,61. In addition, 
receptors for IL-6 are expressed in both the adrenal and pituitary 
glands62, indicating that myokine IL-6 may orchestrate the pro-
duction of several influential metabolic hormones, especially 
cortisol. Studies show that IL-6 infusions in resting individuals at 
physiological concentrations promote cortisol secretion61. Thus, 
it is possible that myokine IL-6 contributes to the cortisol release 
commonly observed during PA. Lastly, it is important to note that 
adipocyte-derived IL-6 appears to support lipolysis as well, espe-
cially after physical activity (Box 1).

IL-6 shunts energy towards exercising muscle
The final step in myokine-IL-6-directed short-term energy alloca-
tion is the augmentation of energy uptake in skeletal muscle cells 
and the suppression of energy uptake by other tissues. To explore 
this role of myokine IL-6, we first evaluate its effect on energy 
uptake by muscle before turning to its inhibitory effects on other 
organ systems.

During and after PA, muscular glucose uptake and insulin sen-
sitivity are enhanced to meet the energetic demands of muscle 
contraction and muscle recovery63 and evidence from humans 
and rodents suggests that myokine IL-6 contributes to heightened 
insulin sensitivity after PA. Global IL-6 knockout (IL-6KO) mice 
have acute impairments in muscle glucose uptake after exercise and 
fail to show improvements in diet-induced insulin resistance after 
an exercise training regime64. In humans with obesity and type 2 
diabetes, myokine IL-6 has been shown to enhance glucagon-like 
peptide 1 secretion from pancreatic alpha cells22,65, potentially con-
tributing to the hyperinsulinemia observed in healthy controls after 
intense PA66. However, the duration of IL-6 signalling influences 
whether IL-6 has beneficial or detrimental effects. A meta-analysis 
of 10 studies found that chronically high levels of IL-6 were asso-
ciated with the development of type 2 diabetes18. Murine and 
cell-based studies have found that IL-6 signalling for more than 

Table 1 | Multifunctionality of IL-6

Metabolic Functions
Promote catabolism Promote anabolism
Induces lipolysis and free fatty acid 
release from adipocytes and skeletal 
muscle23,55,56

Increases insulin secretion/
upregulates GLP-1 production22,24,65

Chronic administration contributes 
to insulin resistance in liver, adipose 
and muscle19,20,120

Acute administration increases 
insulin sensitivity in muscle67,121

Induces cortisol secretion61,122,123 Increases GH hormone secretion 
from the pituitary124

Increases blood glucose during 
exercise58

May increase fatty acid uptake in 
skeletal muscle 64,69

Immune functions
Proinflammatory Anti-inflammatory
Enhances B-cell differentiation and 
antibody production1

Regulates neutrophil trafficking at 
infection site by downregulating 
chemokine production and 
increasing apoptosis125

Biases T-cell differentiation towards 
TH2 and TH17 while inhibiting TH1 and 
Treg formation87,126–128

Inhibits proinflammatory 
cytokines (TNF-α and IL-1β) and 
increases anti-inflammatory 
cytokines production (IL-10 and 
IL-1RA)80,81,122

Regulates acute-phase protein 
production (C-reactive protein, 
serum amyloid a, fibrinogen) and 
body temperature elevation129,130

Sensitizes macrophages to M2 
polarization and enhances M2 
phenotype131

Increases haematopoietic stem cell 
and myeloid cell production in bone 
marrow132,133

Regulates tissue repair and 
regeneration in the intestinal 
epithelium and liver134,135

Acts as a chemotactic agent for 
monocytes, macrophages and 
T cells84,136

Musculoskeletal Functions
Catabolic Anabolic
Mediates muscle protein breakdown 
when chronically elevated91,137

Skeletal muscle hypertrophy via 
satellite cell proliferation and 
differentiation74

Induces osteoclastic differentiation 
and is associated with bone loss from 
estrogen withdrawal124

Induces early osteoblastic 
differentiation and may engender 
bone formation138

Select effects of IL-6 on various organ systems throughout the body. IL-6 exhibits a variety of 
contradictory metabolic, immune and musculoskeletal functions that largely differ depending on 
how long IL-6 levels are elevated. With the exception of the immunological effects, the effects 
described are largely confined to IL-6 administration in healthy humans and animals.
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Obesity seems to contribute to both the onset of SS 
and the progression to NASH [2]. Hepatocytes have been 
found to exhibit an adipocyte-like function. When the 
capacity to accumulate surplus energy is compromised, 
such as in cases of obesity or lipodystrophy, hepatocytes 
tend to accumulate triglycerides (TGs) [2]. Hepatocyte 
TG accumulation is due to excess FFAs, which either 
comes from diet (about 15%), adipose tissue lipolysis (60%), 
or de novo lipogenesis (about 25%), with carbohydrates 
being the preferred source [17]. Fatty acid esterification is 
linked to an increased release of TGs into the bloodstream 
as very-low-density lipoprotein (VLDL) [18]. Chronic 
storage of FFAs within the liver leads to an elevated rate 
of β-oxidation, which is a crucial process for energy 
production and overall metabolic health. Thus, the energy 
intake from the oxidation of FFAs exceeds the energy 
demand, generating reactive oxygen species (ROS) and 
thereby inducing oxidative stress [18]. This oxidative stress 
harms hepatocytes and triggers the transcription and 
secretion of FGF21, which seems to act on hepatocytes 
in a paracrine or autocrine fashion [19]. 

Recent studies have demonstrated that the extent of 
adipose tissue inflammation is directly linked to the severity 
of NAFLD [20]. Lipotoxicity and glucotoxicity present 

in patients with obesity have a significant impact on the 
development of SS and subsequent processes [2]. When the 
SS process is not controlled, liver inflammation occurs. 
This process is similar to that found in adipose tissue in 
obese people. The liver undergoes a gradual infiltration 
of various immune cells, such as neutrophils, monocytes, 
macrophages, T-lymphocytes, stellate cells, and dendritic 
cells, leading to their activation [2, 21]. Inflammatory 
cells, in turn, secrete a series of cytokines that promote 
inflammation. Fibrosis occurs due to an unsuccessful 
effort by the body to repair liver damage [2]. Stellate cells 
are the main cells responsible for fibrogenesis [2]. 

Obesity also contributes to liver pathology via adipokines 
(leptin, adiponectin, visfatin, and resistin) [22]. Adipokine 
secretion is different in normal weight versus obese patients. 
In obese individuals, the adipokine profile changes with 
increasing leptin concentration and decreasing adiponectin 
concentration, thus steatosis, inflammation, and liver fibrosis 
are stimulated. Also, inflammatory cells that infiltrate 
adipose tissue in obese people (macrophages, lymphocytes, 
neutrophils) generate a sequence of inflammatory 
cytokines [interleukin (IL)-1, IL-6, TNF-α], contributing to 
the advancement of liver damage [2]. Figure 2 shows the 
role of adipose tissue in the pathophysiology of NAFLD. 

 
Figure 2 – From dysfunctional adipose tissue to NAFLD. Dysfunctional adipose tissue in obesity plays multiple roles in 
the pathophysiology of NAFLD through several mechanisms. First, dysfunctional adipose tissue in obesity is characterized 
by an increase in lipolysis. Thus, the amount of FFAs increases through lipolysis, but at the same time, as a result of 
increased dietary intake in obesity, FFAs may be exogenous in nature. Obesity is characterized by insulin resistance, 
with increased glucose levels that will stimulate de novo lipogenesis in the liver with additional hepatic FFAs. Excessive 
hepatic FFAs accumulation leads to impaired β-oxidation with the development of lipotoxicity. As a result of the increased 
amount of FFAs, altered β-oxidation, oxidative stress, and inflammation occur. Cytokines released by dysfunctional 
adipose tissue, as well as the adipokine profile of obesity, also contribute to inflammation. For example, it is well known 
that low levels of adiponectin play an inflammatory role and also promote fibrosis in the liver. CD8: Cluster of 
differentiation 8; FFA: Free fatty acid; IL-1β/-6: Interleukin-1beta/-6; JNK: c-Jun N-terminal kinase; MCP-1: Monocyte 
chemoattractant protein-1; NAFLD: Non-alcoholic fatty liver disease; NF-κB: Nuclear factor-kappa B; ROS: Reactive 
oxygen species; Th1: T-helper 1; TNF-α: Tumor necrosis factor-alpha; VLDL: Very-low-density lipoprotein. 
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Abstract 
Obesity poses a significant and escalating challenge in contemporary society, increasing the risk of developing various metabolic disorders 
such as dyslipidemia, cardiovascular diseases, non-alcoholic fatty liver disease (NAFLD), type 2 diabetes, and certain types of cancer. The 
current array of therapeutic interventions for obesity remains insufficient, prompting a pressing demand for novel and more effective treatments. 
In response, scientific attention has turned to the fibroblast growth factor 21 (FGF21) due to its remarkable and diverse impacts on lipid, 
carbohydrate, and energy metabolism. This comprehensive review aims to delve into the multifaceted aspects of FGF21, encompassing its 
discovery, synthesis, functional roles, and potential as a biomarker and therapeutic agent, with a specific focus on its implications for NAFLD. 
Keywords: FGF21, obesity, NAFLD, fatty liver disease. 

� Introduction 
The prevalence of obesity has risen sharply in recent 

years, driven by dietary changes and increasingly sedentary 
lifestyles [1]. While overeating and storing energy as fat 
was once essential for survival, it has become a significant 
disadvantage in today’s society, where food is abundant. 
Our tendency to overeat and the body’s ability to store 
energy has led to many health problems [2]. Obesity is a 
complex and multifactorial disease that lifestyle changes 
often fail to combat [1]. 

Non-alcoholic fatty liver disease (NAFLD) was initially 
identified in 1980, marking a significant milestone in our 
understanding of this condition. In recent decades, this 
has emerged as the most prevalent form of liver disease, 
coinciding with the increasing global prevalence of obesity 
[1]. The rising prevalence and severity of NAFLD have been 
attributed to the escalating rates of obesity [2]. NAFLD 
represents a spectrum of liver conditions, including simple 
steatosis (SS) and non-alcoholic steatohepatitis (NASH). 
If left unaddressed, these conditions can progress to more 
severe outcomes, such as liver cirrhosis and hepatocellular 
carcinoma (HCC) [2]. It is estimated that around 25% of the 
world’s population may develop NAFLD [3]. The complex 
pathophysiology of NAFLD and its increased prevalence 
have led to research and development programs on possible 
treatments. Currently, there is no treatment available for 
NAFLD [4]. 

Aim 
This review aims to explore NAFLD, commencing with 

examining obesity and adipose tissue, with a particular 
focus on fibroblast growth factor 21 (FGF21). The discussion 
will encompass the synthesis of FGF21, its mode of action, 
and the stimuli that elevate its secretion. Emphasis will be 
placed on its impact on various organs such as the central 
nervous system (CNS), liver, adipose tissue, kidney, muscle 
tissue, and pancreas. Due to its myriad pleiotropic effects, 
FGF21 has garnered escalating attention as a potential 
therapeutic target for metabolic disorders associated with 
obesity, notably NAFLD. 

� Adipose tissue from normal  
to pathological 

Adipose tissue is a remarkably complex tissue with a 
role in energy homeostasis, serving as a storehouse of 
nutrients and a source of free fatty acids (FFAs) during 
periods of starvation; last but not least, it is a veritable 
endocrine organ that releases a series of adipokines [5]. 
Classically, adipose tissue is divided into white and brown 
adipose tissue. The brown adipose cell uses chemical energy 
to convert it into heat with the help of uncoupling protein 
1 (UCP1). UCP1 is a protein that is specific to brown 
adipose tissue and is located at the inner mitochondrial 
(MT) membrane. Unlike adenosine triphosphate (ATP) 
synthase, which uses the proton gradient to form ATP, 
UCP1 uses it to create heat [5]. Beige fat cells have been 
found among white fat cells, which morphologically resemble 
brown fat cells but are derived from white fat cells [5]. 

A unique ability of adipose tissue is its ability to 
change its size depending on the body’s caloric status, a 
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Abstract 
Obesity poses a significant and escalating challenge in contemporary society, increasing the risk of developing various metabolic disorders 
such as dyslipidemia, cardiovascular diseases, non-alcoholic fatty liver disease (NAFLD), type 2 diabetes, and certain types of cancer. The 
current array of therapeutic interventions for obesity remains insufficient, prompting a pressing demand for novel and more effective treatments. 
In response, scientific attention has turned to the fibroblast growth factor 21 (FGF21) due to its remarkable and diverse impacts on lipid, 
carbohydrate, and energy metabolism. This comprehensive review aims to delve into the multifaceted aspects of FGF21, encompassing its 
discovery, synthesis, functional roles, and potential as a biomarker and therapeutic agent, with a specific focus on its implications for NAFLD. 
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� Introduction 
The prevalence of obesity has risen sharply in recent 

years, driven by dietary changes and increasingly sedentary 
lifestyles [1]. While overeating and storing energy as fat 
was once essential for survival, it has become a significant 
disadvantage in today’s society, where food is abundant. 
Our tendency to overeat and the body’s ability to store 
energy has led to many health problems [2]. Obesity is a 
complex and multifactorial disease that lifestyle changes 
often fail to combat [1]. 

Non-alcoholic fatty liver disease (NAFLD) was initially 
identified in 1980, marking a significant milestone in our 
understanding of this condition. In recent decades, this 
has emerged as the most prevalent form of liver disease, 
coinciding with the increasing global prevalence of obesity 
[1]. The rising prevalence and severity of NAFLD have been 
attributed to the escalating rates of obesity [2]. NAFLD 
represents a spectrum of liver conditions, including simple 
steatosis (SS) and non-alcoholic steatohepatitis (NASH). 
If left unaddressed, these conditions can progress to more 
severe outcomes, such as liver cirrhosis and hepatocellular 
carcinoma (HCC) [2]. It is estimated that around 25% of the 
world’s population may develop NAFLD [3]. The complex 
pathophysiology of NAFLD and its increased prevalence 
have led to research and development programs on possible 
treatments. Currently, there is no treatment available for 
NAFLD [4]. 

Aim 
This review aims to explore NAFLD, commencing with 

examining obesity and adipose tissue, with a particular 
focus on fibroblast growth factor 21 (FGF21). The discussion 
will encompass the synthesis of FGF21, its mode of action, 
and the stimuli that elevate its secretion. Emphasis will be 
placed on its impact on various organs such as the central 
nervous system (CNS), liver, adipose tissue, kidney, muscle 
tissue, and pancreas. Due to its myriad pleiotropic effects, 
FGF21 has garnered escalating attention as a potential 
therapeutic target for metabolic disorders associated with 
obesity, notably NAFLD. 

� Adipose tissue from normal  
to pathological 

Adipose tissue is a remarkably complex tissue with a 
role in energy homeostasis, serving as a storehouse of 
nutrients and a source of free fatty acids (FFAs) during 
periods of starvation; last but not least, it is a veritable 
endocrine organ that releases a series of adipokines [5]. 
Classically, adipose tissue is divided into white and brown 
adipose tissue. The brown adipose cell uses chemical energy 
to convert it into heat with the help of uncoupling protein 
1 (UCP1). UCP1 is a protein that is specific to brown 
adipose tissue and is located at the inner mitochondrial 
(MT) membrane. Unlike adenosine triphosphate (ATP) 
synthase, which uses the proton gradient to form ATP, 
UCP1 uses it to create heat [5]. Beige fat cells have been 
found among white fat cells, which morphologically resemble 
brown fat cells but are derived from white fat cells [5]. 

A unique ability of adipose tissue is its ability to 
change its size depending on the body’s caloric status, a 
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adaptive responses and influencing nutrient preferences 
during protein restriction [48, 52, 53]. A high-carbohydrate 
diet induces increased liver FGF21 expression [54]. FGF21 
has been demonstrated to inhibit sugar intake in the CNS 

of mice and monkeys [55]. Clinical studies indicate elevated 
FGF21 levels in response to sweet products, potentially 
explaining the observed resistance to FGF21 in individuals 
with metabolic syndrome [56]. 

 
Figure 3 – Main triggers for FGF21 secretion. Modified after Spann et al. (2022) [38]. *: Studied in mice only; **: Studied 
in humans only; Without *: Studied in humans and mice. FGF21: Fibroblast growth factor 21; PPARα: Peroxisome 
proliferator-activated receptor alpha; TZDs: Thiazolidinedions. 

 
Figure 4 – Whole body effects of FGF21. Modified after Chen et al. (2022) [48]. CRF: Corticotropin-releasing factor; 
ER: Endoplasmic reticulum; FFA: Free fatty acid; FGF21: Fibroblast growth factor 21; HSCs: Hepatic stellate cells; 
SNS: Sympathetic nervous system; VLDL: Very-low-density lipoprotein. 

 

At the hepatic level, FGF21 enhances β fatty acid 
oxidation, reduces VLDL secretion, improves insulin 
sensitivity, and decreases de novo lipogenesis [50]. The 
liver is the main site of FGF21 production, contributing 
significantly to plasma levels [48]. Regulation of FGF21 
in the liver involves the peroxisome proliferator-activated 
receptor alpha (PPARα) pathway activated by FFAs or 
protein deficiency and the exchange protein directly activated 
by cyclic adenosine monophosphate (EPAC)/protein kinase 

A (PKA) pathway activated by glucagon (GCG) receptor 
stimulation [57, 58]. During fasting, lipolysis triggers an 
increase in circulating FFAs, activating PPARα in the liver, 
leading to FGF21 synthesis. FGF21, in turn, promotes ketone 
body formation as an energy source in the absence of 
ingested carbohydrates [59, 60]. A common denominator 
among the effects of FGF21 is reduced lipotoxicity, decreased 
oxidative stress, decreased migration of inflammatory cells, 
and thus decreased inflammation and fibrosis [61, 62]. 
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pathways, with some also addressing fibrosis and 
inflammation [3]. Major targets include metabolic enzymes 
acting on lipid metabolism: fatty acid synthase (FASN), 
acetyl-coenzyme A (CoA) carboxylase (ACC), with a role 
in HS, farnesoid X receptor (FXR), which affects bile acid 
signaling, PPARs, thyroid hormone receptor beta (THRb), 
GCG-like peptide-1 (GLP-1) receptors, GCG receptor, 
gastric inhibitory polypeptide (GIP) receptor, FGF19 and 
FGF21 receptors which have pleiotropic effects on steatosis, 
inflammation and liver fibrosis, amine oxidase copper 
containing 3 (AOC3) and chemokines [C–C motif ligand 
2 and 5 (CCL2/5)], which influence inflammation, caspases 
which are key players in apoptosis and lysyl oxidase-like 
2 (LOXL2), which acts on fibrosis [111]. Even with the 
many potential drugs and diverse substances, no clear 
frontrunner has emerged. 

Following an analysis by Chen [3], which analyzed 
33 clinical trials that also presented histological data, he 
made a top ranking of these molecules, considering the degree 
of hepatocyte ballooning, steatosis, fibrosis, inflammation, 
cirrhosis, duration of treatment as well as the safety of 
treatment. In first place are FGF21 analogs. Then followed 
FGF19 analogs, Obeticholic Acid, Pioglitazone, Semaglutide, 
Resmetirom. These substances are in stage II clinical trials, 
and Resmetirom even in stage III clinical trials [3]. 

Based on preclinical studies in mice showing a number 
of beneficial effects of FGF21 on metabolism, FGF21 
appears to be the ideal treatment for metabolic pathology 
in humans. However, the results observed in mice could not 
be fully translated into humans. Studies show that treating 

obese mice with pharmacological doses of FGF21 lowers 
their blood sugar and insulin values during glucose tolerance 
testing [42, 46]. 

� FGF21 has created new hope  
for treatment in patients with  
metabolic diseases 

From a positive perspective, FGF21 has demonstrated 
favorable effects on lipid metabolism, including reducing 
TG levels, total cholesterol, and low-density lipoprotein-
cholesterol (LDL-C), along with enhancing high-density 
lipoprotein-cholesterol (HDL-C) levels in clinical studies 
[112]. However, from the perspective that FGF21 analogs 
have failed to translate the observed benefits from preclinical 
studies into practice [113], some aspects raise questions 
about its actual effectiveness in treating certain conditions. 

The most beneficial impacts of FGF21 treatment were 
seen in patients with non-alcoholic fatty liver. At the hepatic 
level, FGF21 inhibits de novo lipogenesis and stimulates 
β-oxidation, thus decreasing lipid accumulation [112]. 
FGF21 also reduces inflammation in the liver by reducing 
the level of inflammatory cytokines (IL-1β), limiting the 
NF-κB pathway, and decreasing intrahepatic oxidative stress 
[112]. Some data show that FGF21 decreases liver fibrosis 
by decreasing hepatic expression of alpha-smooth muscle 
actin (α-SMA), transforming growth factor-beta (TGF-β), 
and collagen I [112]. These mechanisms by which FGF21 
acts at the hepatic level are illustrated in Figure 6. 

 
Figure 6 – FGF21 as a potential treatment in NAFLD. Stimulates β-oxidation and inhibits de novo lipogenesis, thereby 
reducing the accumulation of newly formed lipids in the liver. Additionally, FGF21 reduces inflammation and fibrosis 
in the liver, decreases insulin resistance, and lowers plasma VLDL levels. FFA: Free fatty acid; FGF21: Fibroblast 
growth factor 21; NAFLD: Non-alcoholic fatty liver disease; ROS: Reactive oxygen species; VLDL: Very-low-density 
lipoprotein. 

 
Endogenous FGF21 has a short lifespan, so FGF21 

analogs used in clinical trials have been designed to have 
a longer duration of action [114]. In addition to the short 
half-life (0.5–2 hours), other obstacles were the poor 
bioavailability and instability of the molecule [115]. This 
led to the creation of analogs of FGF21 by polyethylene 
glycosylation (PEGylation) or by fusion with antibodies 
[116]. 

LY2405319 
LY2405319 (LY) is the first FGF21 analogue to enter 

clinical trials in humans [117]. LY showed favorable effects 
in terms of lipid profile, with weight loss and increased 
adiponectin levels but no significant decrease in blood 
glucose [118]. Clinical development of this molecule has 
been discontinued due to its lack of effect on carbohydrate 
metabolism. This study paves the way for the development 
of a new class of drugs that seeks to find a solution [117]. 

PF-05231023 
The second clinical trial involving FGF21 analogs uses 

PF-05231023 (CVX-343) [119]. PF-05231023 is an antibody 
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BACKGROUND
In phase 2 trials involving patients with stage 2 or 3 fibrosis caused by metabolic 
dysfunction–associated steatohepatitis (MASH), efruxifermin, a bivalent fibroblast 
growth factor 21 (FGF21) analogue, reduced fibrosis and resolved MASH. Data are 
needed on the efficacy and safety of efruxifermin in patients with compensated 
cirrhosis (stage 4 fibrosis) caused by MASH.

METHODS
In this phase 2b, randomized, placebo-controlled, double-blind trial, we assigned pa-
tients with MASH who had biopsy-confirmed compensated cirrhosis (stage 4 fibrosis) 
to receive subcutaneous efruxifermin (at a dose of 28 mg or 50 mg once weekly) or 
placebo. The primary outcome was a reduction of at least one stage of fibrosis without 
worsening of MASH at week 36. Secondary outcomes included the same criterion at 
week 96.

RESULTS
A total of 181 patients underwent randomization and received at least one dose of 
efruxifermin or placebo. Of these patients, liver biopsy was performed in 154 patients 
at 36 weeks and in 134 patients at 96 weeks. At 36 weeks, a reduction in fibrosis 
without worsening of MASH occurred in 8 of 61 patients (13%) in the placebo group, 
in 10 of 57 patients (18%) in the 28-mg efruxifermin group (difference from placebo 
after adjustment for stratification factors, 3 percentage points; 95% confidence inter-
val [CI], –11 to 17; P = 0.62), and in 12 of 63 patients (19%) in the 50-mg efruxifermin 
group (difference from placebo, 4 percentage points; 95% CI, –10 to 18; P = 0.52). 
At week 96, a reduction in fibrosis without worsening of MASH occurred in 7 of 61 
patients (11%) in the placebo group, in 12 of 57 patients (21%) in the 28-mg efruxi-
fermin group (difference from placebo, 10 percentage points; 95% CI, –4 to 24), and 
in 18 of 63 patients (29%) in the 50-mg efruxifermin group (difference from placebo, 
16 percentage points; 95% CI, 2 to 30). Gastrointestinal adverse events were more 
common with efruxifermin; most events were mild or moderate.

CONCLUSIONS
In patients with compensated cirrhosis caused by MASH, efruxifermin did not sig-
nificantly reduce fibrosis at 36 weeks. (Funded by Akero Therapeutics; SYMMETRY 
ClinicalTrials.gov number, NCT05039450.)
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those in the efruxifermin groups who had a re-
sponse at week 36 sustained their response at 
week 96. In addition, some patients without a 
response at week 36 had a response by week 96, 
particularly in the 50-mg dose group (Table S8). 
The fibrosis response was similar among the pa-
tients with cryptogenic cirrhosis and those with 
biopsy-confirmed MASH (Table S9).

In a prespecified analysis involving 142 pa-
tients who had biopsy-confirmed MASH at base-

line (i.e., the intention-to-treat population who 
had missing values imputed as no response), 
MASH resolution at week 96 occurred in 42% of 
the patients in the two efruxifermin dose groups 
and in 13% of those in the placebo group at 
week 96 (Fig. S5). Among the patients who had 
liver-biopsy data at week 96 without imputation 
of missing data, MASH resolution occurred in 
55 to 59% of those in the efruxifermin groups 
and in 18% of those in the placebo group.

Table 1. Demographic and Clinical Characteristics of the Patients at Baseline.*

Characteristic

Efruxifermin, 
28 mg 

(N = 57)

Efruxifermin, 
50  mg 

(N = 63)
Placebo 
(N = 61)

All Patients 
(N = 181)

Demographic

Age — yr 61.7±8.3 59.4±8.8 61±7.5 60.7±8.2

Female sex — no. (%) 39 (68) 44 (70) 38 (62) 121 (67)

Clinical

Body-mass index† 36.1±7.1 34.5±5.9 36.7±6.8 35.8±6.6

Type 2 diabetes — no. (%) 46 (81) 49 (78) 50 (82) 145 (80)

Use of GLP-1 receptor agonist — no. 
(%)

11 (19) 21 (33) 16 (26) 48 (27)

MASH — no. (%) 45 (79) 52 (83) 45 (74) 142 (78)

Cryptogenic cirrhosis — no. (%) 12 (21) 11 (17) 16 (26) 39 (22)

Testing results

NAFLD activity score‡ 3.9±1.6 4.1±1.5 3.7±1.6 3.9±1.6

Liver-stiffness measurement — kPa§ 24.1±12.4 24.5±13.4 24.7±14.2 24.4±13.3

Enhanced liver fibrosis test score¶ 10.6±0.8 10.5±0.8 10.4±0.8 10.5±0.8

Child–Pugh score of 5 — no. (%)∥ 56 (98) 61 (97) 60 (98) 177 (98)

Laboratory measure

Pro-C3 — µg/liter 141.8±66.3 146.9±77.0 131.7±61.9 140.1±68.7

Alanine aminotransferase — U/liter 40.1±22.9 38.4±20.8 40.3±22.3 39.6±21.8

Aspartate aminotransferase — U/liter 37.1±18.2 37.5±19.3 35.5±17.0 36.7±18.1

Triglycerides — mg/dl 148.4±71.0 159.3±78.6 143.3±60.1 150.5±70.3

Glycated hemoglobin — % 6.8±1.1 6.6±1.1 6.8±1.2 6.7±1.1

*  Plus–minus values are means ±SD. To convert the values for triglycerides to millimoles per liter, multiply by 0.01129. 
GLP-1 denotes glucagon-like peptide 1, MASH metabolic dysfunction–associated steatohepatitis, and Pro-C3 
N-terminal type III collagen propeptide.

†  The body-mass index is the weight in kilograms divided by the square of the height in meters.
‡  The nonalcoholic fatty liver disease (NAFLD) activity score (ranging from 0 to 8) is the sum of the subscores for steato-

sis (on a scale of 0 to 3), lobular inflammation (on a scale of 0 to 3), and hepatocellular ballooning (on a scale of 0 to 
2), with higher scores indicating more severe disease.

§  The liver-stiffness measurement was assessed by transient elastography (FibroScan).
¶  The enhanced liver fibrosis test consists of a panel of three serum biomarkers associated with extracellular matrix 

turnover: hyaluronic acid, tissue inhibitor of metalloproteinase 1, and type III procollagen peptide. Advanced fibrosis is 
considered unlikely if the value is less than 7.7 and likely if the value is 9.8 or more.

∥  The Child–Pugh score ranges from 5 to 15, with higher scores indicating greater disease severity.
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Changes from baseline for selected secondary 
end points at week 96 are shown in Table 2 and 
Table S6; changes at week 36 are shown in Table S5. 
The patients in the efruxifermin groups had lower 
postbaseline levels of alanine aminotransferase and 
aspartate aminotransferase (markers of liver injury) 
than those in the placebo group; these lower levels 
were sustained through week 96 (Fig. 2). Efruxi-
fermin was also associated with improvements 
in noninvasive markers of fibrosis, including ELF 
test scores, liver-stiffness measurements (Fig. S6), 
and Pro-C3 levels (Table 2 and Table S5). Patients 
who met the thresholds for a reduction in the ELF 
test score of at least 0.5 or a reduction of at least 
25% in the liver-stiffness measurement are shown 
in Table 2 and Figures S10 and S11.

At week 96, efruxifermin appeared to be as-
sociated with greater improvements than place-
bo in levels of lipids — triglycerides, non–high-
density-lipoprotein (HDL) cholesterol, and HDL 
cholesterol — and markers of insulin sensitivity 
(homeostasis model assessment for insulin re-
sistance [HOMA-IR] index and levels of C-pep-
tide and adiponectin) (Table 2 and Table S6). 
Changes in markers of liver injury and function 
are shown in Table S7 and Figure S7.

Safety
Adverse events were reported by 99% of the pa-
tients who received efruxifermin and 97% of those 
who received placebo (Table 3). Adverse events 
that were more common with efruxifermin than 
with placebo were primarily gastrointestinal (di-
arrhea, nausea, and increased appetite) as well as 
administration-site reactions (erythema). Most 
adverse events were mild or moderate in severity. 
The most common adverse event leading to discon-
tinuation of efruxifermin was diarrhea (in 7 pa-
tients); most of these patients were in the 50-mg 
efruxifermin group, and most discontinuations 
occurred before week 36. Serious adverse events 
occurred in 25% of the patients who received 
efruxifermin and in 18% of those who received 
placebo; none of these events were considered by 
the investigators to be related to efruxifermin or 
placebo (Table 3 and Table S10).

Four clinical-outcome events were reported: 
one death in the placebo group (from pneumonia), 
one hepatic-decompensation event in the 28-mg 
efruxifermin group (ascites), and two hepatic-
decompensation events in the 50-mg efruxifermin 
group (one case of ascites and one case of he-
patic encephalopathy) (Table S11). Of the three 

Figure 1. Reduction in Fibrosis without Worsening of MASH.

Shown is the percentage of patients with a reduction in fibrosis without a worsening of metabolic dysfunction– 
associated steatohepatitis (MASH) at week 36 (primary outcome) (Panel A) and at week 96 (a secondary outcome) 
(Panel B). MASH worsening was defined as an increase from baseline in any of the subscores of the nonalcoholic 
fatty liver disease (NAFLD) activity score (NAS): ballooning, inflammation, and steatosis. Data are provided as the 
mean for the trial group and least-squares-mean difference for the comparison between efruxifermin and placebo 
with a 95% confidence interval (CI). Confidence intervals have not been adjusted for multiple comparisons and 
should not be used to infer definitive effects of efruxifermin.
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BACKGROUND
In phase 2 trials involving patients with stage 2 or 3 fibrosis caused by metabolic 
dysfunction–associated steatohepatitis (MASH), efruxifermin, a bivalent fibroblast 
growth factor 21 (FGF21) analogue, reduced fibrosis and resolved MASH. Data are 
needed on the efficacy and safety of efruxifermin in patients with compensated 
cirrhosis (stage 4 fibrosis) caused by MASH.

METHODS
In this phase 2b, randomized, placebo-controlled, double-blind trial, we assigned pa-
tients with MASH who had biopsy-confirmed compensated cirrhosis (stage 4 fibrosis) 
to receive subcutaneous efruxifermin (at a dose of 28 mg or 50 mg once weekly) or 
placebo. The primary outcome was a reduction of at least one stage of fibrosis without 
worsening of MASH at week 36. Secondary outcomes included the same criterion at 
week 96.

RESULTS
A total of 181 patients underwent randomization and received at least one dose of 
efruxifermin or placebo. Of these patients, liver biopsy was performed in 154 patients 
at 36 weeks and in 134 patients at 96 weeks. At 36 weeks, a reduction in fibrosis 
without worsening of MASH occurred in 8 of 61 patients (13%) in the placebo group, 
in 10 of 57 patients (18%) in the 28-mg efruxifermin group (difference from placebo 
after adjustment for stratification factors, 3 percentage points; 95% confidence inter-
val [CI], –11 to 17; P = 0.62), and in 12 of 63 patients (19%) in the 50-mg efruxifermin 
group (difference from placebo, 4 percentage points; 95% CI, –10 to 18; P = 0.52). 
At week 96, a reduction in fibrosis without worsening of MASH occurred in 7 of 61 
patients (11%) in the placebo group, in 12 of 57 patients (21%) in the 28-mg efruxi-
fermin group (difference from placebo, 10 percentage points; 95% CI, –4 to 24), and 
in 18 of 63 patients (29%) in the 50-mg efruxifermin group (difference from placebo, 
16 percentage points; 95% CI, 2 to 30). Gastrointestinal adverse events were more 
common with efruxifermin; most events were mild or moderate.

CONCLUSIONS
In patients with compensated cirrhosis caused by MASH, efruxifermin did not sig-
nificantly reduce fibrosis at 36 weeks. (Funded by Akero Therapeutics; SYMMETRY 
ClinicalTrials.gov number, NCT05039450.)
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patients with hepatic decompensation, two had 
evidence of advanced disease at baseline. Both 
patients had an elevated ELF test score and liver-
stiffness measurement at baseline, and one also 
had reduced baseline platelet and albumin levels, 
together with increased bilirubin and international 
normalized ratio values.

Markers of liver function and hemostasis gener-
ally remained stable or appeared to show improve-
ment in the efruxifermin groups. There were no 
reports of drug-induced liver injury. Small reduc-
tions in bone mineral density in the lumbar spine 
and femoral neck were observed for efruxifermin 
as compared with placebo at week 96 (Table S12). 

Figure 2. Change in Liver-Enzyme Levels at 96  Weeks.

Data are presented as the least-squares mean with a 95% confidence interval for the absolute change from baseline. 
Only patients for whom data were available at baseline and at specified visits were included in this analysis. Confi-
dence intervals have not been adjusted for multiple comparisons and should not be used to infer definitive effects 
of efruxifermin.
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BACKGROUND
Pegozafermin is a long-acting glycopegylated (pegylated with the use of site-specific 
glycosyltransferases) fibroblast growth factor 21 (FGF21) analogue in development 
for the treatment of nonalcoholic steatohepatitis (NASH) and severe hypertriglyc-
eridemia. The efficacy and safety of pegozafermin in patients with biopsy-proven 
noncirrhotic NASH are not well established.

METHODS
In this phase 2b, multicenter, double-blind, 24-week, randomized, placebo-controlled 
trial, we randomly assigned patients with biopsy-confirmed NASH and stage F2 or 
F3 (moderate or severe) fibrosis to receive subcutaneous pegozafermin at a dose 
of 15 mg or 30 mg weekly or 44 mg once every 2 weeks or placebo weekly or every 
2 weeks. The two primary end points were an improvement in fibrosis (defined as 
reduction by ≥1 stage, on a scale from 0 to 4, with higher stages indicating greater 
severity), with no worsening of NASH, at 24 weeks and NASH resolution without 
worsening of fibrosis at 24 weeks. Safety was also assessed.

RESULTS
Among the 222 patients who underwent randomization, 219 received pegozafer-
min or placebo. The percentage of patients who met the criteria for fibrosis im-
provement was 7% in the pooled placebo group, 22% in the 15-mg pegozafermin 
group (difference vs. placebo, 14 percentage points; 95% confidence interval [CI], 
−9 to 38), 26% in the 30-mg pegozafermin group (difference, 19 percentage 
points; 95% CI, 5 to 32; P = 0.009), and 27% in the 44-mg pegozafermin group 
(difference, 20 percentage points; 95% CI, 5 to 35; P = 0.008). The percentage of 
patients who met the criteria for NASH resolution was 2% in the placebo group, 
37% in the 15-mg pegozafermin group (difference vs. placebo, 35 percentage 
points; 95% CI, 10 to 59), 23% in the 30-mg pegozafermin group (difference, 21 
percentage points; 95% CI, 9 to 33), and 26% in the 44-mg pegozafermin group 
(difference, 24 percentage points; 95% CI, 10 to 37). The most common adverse 
events associated with pegozafermin therapy were nausea and diarrhea.

CONCLUSIONS
In this phase 2b trial, treatment with pegozafermin led to improvements in fibro-
sis. These results support the advancement of pegozafermin into phase 3 develop-
ment. (Funded by 89bio; ENLIVEN ClinicalTrials.gov number, NCT04929483.)
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two placebo groups are shown in Figure S5. 
Subgroup analyses are shown in Figures S6 and 
S7. In a post hoc analysis, positive results regard-
ing fibrosis regression in patients with F4 fibro-
sis (cirrhosis) were observed (Fig. S8).

Analyses of key secondary end points were 
generally supportive of the primary end-point 
findings (Figs. S9, S10, and S11). The percentage 
of patients with a reduction in the NAFLD activ-
ity score of at least 2 points and no worsening of 
fibrosis was 37% in the 15-mg pegozafermin 
group, 65% in the 30-mg pegozafermin group, 
62% in the 44-mg pegozafermin group, and 24% 
in the placebo group.

At week 24, the least-squares mean percent-

age change from baseline in liver fat content (as 
assessed by MRI-PDFF) was −27.1% in the 15-mg 
pegozafermin group, −48.2% in the 30-mg pego-
zafermin group, and −41.9% in the 44-mg pego-
zafermin group, as compared with −5.0% in the 
placebo group (Table 2 and Table S7). A reduc-
tion in liver fat of at least 50% from baseline 
occurred in 63% of the patients in the 30-mg 
pegozafermin group and in 58% of those in the 
44-mg pegozafermin group, as compared with 
12% of the patients in the placebo group. Post 
hoc analyses involving patients who had more 
than 10% liver fat at baseline are shown in Fig-
ure S12.

Pegozafermin treatment for 24 weeks was as-
sociated with reductions in liver chemistry vari-
ables (Table 2). In a post hoc analysis, the ala-
nine aminotransferase level was normalized 
(defined as an end-of-trial level of ≤30 U per liter 
in patients with a baseline level of >30 U per li-
ter) in 59% of the patients in the 30-mg pegoza-

Figure 1. Primary End Points at Week 24  (Full Analysis 
Population).

The two primary end points were an improvement in 
fibrosis (defined as reduction by ≥1 stage, on a scale 
from 0 to 4, with higher stages indicating greater se-
verity), with no worsening of nonalcoholic steatohepa-
titis (NASH) at 24 weeks, and NASH resolution (de-
fined as the total absence of ballooning and absent or 
mild inflammation) without worsening of fibrosis (in-
crease of ≥1 stage) at 24 weeks. Patients were as-
signed to receive placebo or pegozafermin at a dose 
of 15 mg every week, 30 mg every week, or 44 mg ev-
ery 2 weeks. Data from the placebo groups were 
pooled; the dashed line indicates the results in the 
pooled placebo group for comparison across the 
pegozafermin groups. Data were analyzed with the 
use of a Cochran–Mantel–Haenszel method with ad-
justment for baseline stratification factors (type 2 dia-
betes status and fibrosis stage). Missing end-point 
data (for 28 patients) were imputed with the use of 
multiple imputation by means of logistic regression 
with all collected outcomes. The full analysis popula-
tion included all the enrolled patients who had under-
gone randomization and received at least one dose of 
pegozafermin or placebo and who had confirmed fi-
brosis stage F2 or F3 (indicating moderate or severe 
fibrosis) and a nonalcoholic fatty liver disease activity 
score of at least 4 at baseline, as assessed on inde-
pendent review by a three-pathologist panel. The 
widths of the confidence intervals have not been ad-
justed for multiplicity, so the confidence intervals 
should not be used to reject or not reject treatment 
effects.
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Comment

Redefining heart failure subtypes 
according to skeletal muscle mass
Navin Suthahar

In this Comment, I propose an outcome- 
oriented classification of heart failure based 
on skeletal muscle mass. By distinguishing 
between heart failure with either preserved 
or reduced muscle mass, this conceptual 
framework represents a major step towards 
abandoning the misleading concept of the 
‘obesity–mortality paradox’ in cardiology.

Mortality in heart failure (HF) is strongly influenced by body mass. 
In many observational studies, patients with HF and a higher body mass  
live longer than their leaner counterparts1, a phenomenon commonly —  
but misleadingly — referred to as the obesity–mortality paradox2. This 
paradox arises because most studies continue to rely on body mass 
index (BMI) as the sole measure of adiposity, even though BMI does not  
distinguish between adipose tissue mass and skeletal muscle mass — two 
separate compartments with distinct physiological implications.

Skeletal muscle mass as a key contributor to the  
BMI paradox
Increased adiposity contributes to cardiovascular pathophysiology 
through multiple mechanisms, including inflammation, endothelial 
dysfunction, metabolic dysregulation and altered adipokine signalling. 
However, it remains difficult to reconcile why a higher BMI, if primarily 
reflecting increased adiposity, would be associated with lower mortality 
in patients with HF. One explanation for this counterintuitive observa-
tion is selection bias: high-risk patients with HF and obesity often die 
prematurely, which leaves behind a group of comparatively lower-risk 
patients with HF and obesity. A second, non-mutually exclusive explana-
tion is confounding: the apparent protective effect of ‘obesity’ (based 
on higher BMI) reflects preserved muscle mass, or at least the absence 
of muscle wasting. Emerging evidence from patients with HF3,4 and 
from the general population5 supports this interpretation, indicating 
that the lower mortality observed among individuals with ‘obesity’ is 
largely a BMI-related phenomenon driven by muscle mass confounding.

By contrast, higher mortality in patients with HF and low BMI can be 
logically and more easily explained: reduced muscle mass (muscle wast-
ing) is likely to be the primary pathophysiology and, therefore, low BMI 
(reflecting reduced muscle mass) is associated with increased mortality6.

Proposal for HF subtypes based on skeletal muscle
Recognizing the central role of skeletal muscle in HF prognosis, I pro-
pose an outcome-oriented subclassification: HF with preserved muscle 
mass (HF-PM) and HF with reduced muscle mass (HF-RM). I believe that 
redefining HF subtypes on the basis of this conceptual framework would 
help to reframe our understanding of the obesity–mortality paradox 

in HF and prompt a re-evaluation of research priorities. Specifically, 
it would shift the focus towards increased mortality in patients with HF 
and low BMI (that is, those with low skeletal muscle mass), highlight 
that the apparent protective effect of high BMI in terms of mortality is 
probably due to preserved muscle mass rather than excess adiposity, 
prompt us to reconsider the protective and pathogenic roles of muscle 
and adipose tissue in HF progression, and stimulate research on devel-
oping therapeutic strategies aimed at preserving skeletal  muscle mass 
or improving muscle function in patients with HF.

Challenges in measuring skeletal muscle mass in 
patients with HF
For the muscle-based classification of HF to gain widespread adop-
tion, a reliable and practical method for assessing skeletal muscle mass 
and fat-to-muscle ratio is essential. A major challenge lies in identify-
ing such markers that are also suitable for population-level use. One 
potential approach is the use of 24-h urinary creatinine excretion5 or 24-h 
height-indexed creatinine excretion rate (CER index)7 as biochemical sur-
rogates of total muscle mass; however, these methods require careful 24-h 
urine collection, proper storage and transport, and laboratory analysis.

A more practical alternative is body weight interpreted together 
with bioelectrical impedance vector analysis (BIVA)8,9. Comparing meas-
ured body weight to ideal body weight (calculated as height in centime-
tres minus 100) would provide a quick snapshot of overall health status, 
whereas BIVA would help to distinguish muscle mass, fat mass and fluid. 
This approach will be particularly useful in patients with HF who often 
have fluid overload. BIVA also has a strong potential for widespread 
deployment, because it is non-invasive, does not require specialist train-
ing, can be measured quickly (typically in <10 min) and involves only 
a modest investment in equipment that can be used over many years 
in multiple settings, including HF clinics, primary care and research.

Integration and implications of the new classification
Similar to the historical development of left ventricular ejection frac-
tion (LVEF)-based HF subtypes, the skeletal muscle-based classification 
(HF-PM or HF-RM) offers both prognostic and conceptual value. Muscle 
mass strongly correlates with survival and hospitalization risk in HF, 
much like LVEF does. Although therapies that specifically target muscle 
mass are not yet established, this framework provides a foundation for 
designing future clinical trials, just as trials in patients with HF with 
reduced ejection fraction (HFrEF) or HF with preserved ejection fraction 
(HFpEF) followed the adoption of LVEF subtypes. As measurement of 
skeletal muscle becomes more accessible, the HF-PM or HF-RM classi-
fication could evolve from a primarily research-oriented construct to a 
clinically actionable classification, ultimately guiding risk stratification, 
prognosis and potentially even targeted  interventions — mirroring the 
trajectory of LVEF-based HF subtypes.

Importantly, the HF-PM or HF-RM classification can easily be 
integrated with existing LVEF cut-offs to establish a more nuanced 

 Check for updates
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Exercise Therapy for People With
Sarcopenic Obesity: Myokines and
Adipokines as Effective Actors
Hamed Alizadeh Pahlavani*

Department of Physical Education, Farhangian University, Tehran, Iran

Sarcopenic obesity is defined as a multifactorial disease in aging with decreased body
muscle, decreased muscle strength, decreased independence, increased fat mass, due
to decreased physical activity, changes in adipokines and myokines, and decreased
satellite cells. People with sarcopenic obesity cause harmful changes in myokines and
adipokines. These changes are due to a decrease interleukin-10 (IL-10), interleukin-15 (IL-
15), insulin-like growth factor hormone (IGF-1), irisin, leukemia inhibitory factor (LIF),
fibroblast growth factor-21 (FGF-21), adiponectin, and apelin. While factors such as
myostatin, leptin, interleukin-6 (IL-6), interleukin-8 (IL-8), and resistin increase. The
consequences of these changes are an increase in inflammatory factors, increased
degradation of muscle proteins, increased fat mass, and decreased muscle tissue,
which exacerbates sarcopenia obesity. In contrast, exercise, especially strength
training, reverses this process, which includes increasing muscle protein synthesis,
increasing myogenesis, increasing mitochondrial biogenesis, increasing brown fat,
reducing white fat, reducing inflammatory factors, and reducing muscle atrophy. Since
some people with chronic diseases are not able to do high-intensity strength training,
exercises with blood flow restriction (BFR) are newly recommended. Numerous studies
have shown that low-intensity BFR training produces the same increase in hypertrophy
and muscle strength such as high-intensity strength training. Therefore, it seems that
exercise interventions with BFR can be an effective way to prevent the exacerbation of
sarcopenia obesity. However, due to limited studies on adipokines and exercises with
BFR in people with sarcopenic obesity, more research is needed.

Keywords: sarcopenia, obesity, exercise, myokines, adipokines

Abbreviations:mtDNA, mitochondrial DNA; ROS, reactive oxygen species; IL-6, interleukin-6; TNF-a, tumor necrosis factor
a; CRP, C-reactive protein; insulin-like growth factor (IGF-1), FGF-21, fibroblast growth factor-21; ActRIIB , active type IIB
receptor; MEF2, myocyte-specific enhancer factor; MyoD, myoblast-determining protein; p38MAPK mitogen-dependent
pathogen p38; FOXO, Forkhead box O; MAFbx, muscle atrophy F-box; MURF-1, muscle RING finger 1; MUSA1, Muscle
ubiquitin ligase of SCF complex in atrophy-1; SMART, specific for muscle atrophy and regulated by transcription; PMAT,
perimuscular adipose tissue; PKB, Protein kinase B; JNK, c-Jun N-terminal kinases; PI3K, phosphatidylinositol 3-kinase;
MGF, mechanical growth factor; FNDC5, fibronectin type-III domain containing protein 5; UCP1, uncoupling protein 1; LIF,
Leukemia Inhibitory Factor; SCs, satellite cells; LPS, lipopolysaccharide; LepR, leptin receptor; JAK2, tyrosine kinase Janus
kinase 2; BMI, body mass index; MMI, muscle mass index; adipoR1 and adipoR2,adiponectin 1 and 2 receptors; HIIT, high-
intensity interval training; RET, Resistance exercise; BFR blood flow Restriction; HIF-1a, hypoxia-inducing factor; bFGF, basal
fibroblast growth factor; TGF, transformer growth factor; MGF, mechanical growth factor; NF-KB, kappa B nuclear factor.
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muscle and increases in response to exercise for skeletal muscle
hypertrophy (13). Human IL-15 genes are positively associated
with the response to resistance training (35). Decreased IL-15
levels are reported to be a common mechanism for sarcopenia
and obesity, while IL-15 levels are temporarily elevated
immediately after resistance and aerobics training (36). IL-15
has the potential to reduce obesity and increase lean mass
through the AMPK and Akt pathways, which increase after
exercise in humans and rodents. Elevated plasma IL-15 is
involved in stimulating the expression of mitochondrial-related
factors, such as PPARs and SIRT1, and with increasing
circulating IL-15, endurance capacity increases (37, 38). Older
and obese mammals are reported to have low blood IL-15 levels,
while IL-15 levels are temporarily elevated after resistance and
aerobic training. IL-15 can also inhibit fat cell differentiation and
reverse dietary obesity (25). In general, with exercise, IL-6-10-15
are secreted as myokines, which can play a role in reducing
inflammatory factors, increasing muscle hypertrophy, and
protein synthesis through the PI3K/AKT and JAK/STAT
pathways. On the other hand, increased lipolysis and decreased

adipose tissue occur through increased factors such as PPARs,
SIRT1, and AMPK, which can be beneficial for people with
sarcopenic obesity (Figure 1). However, under inactivity, IL-6
and other inflammatory factors are secreted from adipose tissue,
which stimulates sarcopenic obesity and exacerbates
muscle atrophy.

MYOSTATIN

Myostatin is found in large amounts in skeletal muscle (39).
Myostatin binds to the active type IIB receptor (ActRIIB) and
forms a heterodimer with activin-like kinase 4 (ALK4) or ALK5,
which in turn activates Smad2 and Smad3, then forms a complex
with Smad4, this complex is subsequently transferred to the
nucleus (13, 40) (Figure 1). This complex affects transcription
factors such as myocyte-specific enhancer factor (MEF2) and
myoblast-determining protein (MyoD), which inhibits myoblast
proliferation and differentiation (39). In addition, myostatin
regulates the activity of paired box 7 (Pax7) to control the

FIGURE 1 | The effects of sarcopenic obesity and exercise on the cellular mechanisms of myokines and adipokines. The description is available in the text.
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Abstract
Regular exercise is a formidable regulator of insulin sensitivity and overall systemicmetabolism through both acute events driven
by each exercise bout and through chronic adaptations. As a result, regular exercise significantly reduces the risks for chronic
metabolic disease states, including type 2 diabetes and non-alcoholic fatty liver disease. Many of the metabolic health benefits of
exercise depend on skeletal muscle adaptations; however, there is plenty of evidence that exercise exerts many of its metabolic
benefit through the liver, adipose tissue, vasculature and pancreas. This review will highlight how exercise reduces metabolic
disease risk by activating metabolic changes in non-skeletal-muscle tissues. We provide an overview of exercise-induced
adaptations within each tissue and discuss emerging work on the exercise-induced integration of inter-tissue communication
by a variety of signalling molecules, hormones and cytokines collectively named ‘exerkines’. Overall, the evidence clearly
indicates that exercise is a robust modulator of metabolism and a powerful protective agent against metabolic disease, and this
is likely to be because it robustly improves metabolic function in multiple organs.

Keywords Adipose tissue . Endothelium . Exercise . Exerkines . Liver .Muscle . NAFLD . Pancreas . Review . Type 2 diabetes

Abbreviations
ANP Atrial natriuretic peptide
ET-1 Endothelin-1
FGF-21 Fibroblast growth factor 21
LPL Lipoprotein lipase
NAFLD Non-alcoholic fatty liver disease

Introduction

Regular exercise can reduce the risks for developing obesity [1]
and the metabolic complications and disease associated with
obesity, including non-alcoholic fatty liver disease (NAFLD)
[2] and type 2 diabetes [3]. Exercise has these powerful effects
on metabolism, not only because of its well-known effects on
skeletal muscle metabolism, but also as a result of the metabolic
adaptations it confers in multiple other tissues. Herein we
provide an overview of the evidence that exercise is a powerful
tool for the prevention of metabolic disease and that it exerts its
protective effects by improving themetabolic phenotype of non-
skeletal-muscle tissues, including the liver, vasculature, adipose
tissue and pancreas. We also highlight that these multi-tissue
adaptations occur not only through exercise activating intrinsic
signalling events in each tissue but also through the unique,
exercise-induced integration of inter-tissue communication by
a variety of signalling molecules, hormones, cytokines, changes
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exercise would lead to hypoglycaemia if it was not paired with
a rapid upregulation of hepatic glucose output. Thus, exercise
also drives critical acute and chronic adaptations to hepatic
metabolism.

As previously reviewed [26, 35], the skeletal muscle secre-
tory response, including a constellation of myokines, extracel-
lular vesicles and their cargo, and metabolites, has recently
been implicated in exercise-mediated multisystemic adapta-
tions that improve metabolic health. They can act in a
paracrine/autocrine or endocrine manner. Although numerous
molecular analytes have been detected, the functions of only a

few are well established. For example, levels of brain-derived
neurotrophic factor (BDNF), proteins belonging to the natri-
uretic peptide family (e.g. B-type natriuretic peptide [BNP]),
musclin, IL-15, IL-6, apelin, secreted protein acidic and rich in
cysteine (SPARC), fibroblast growth factor 21 (FGF-21),
decorin, myonectin and irisin have been shown to increase
in the circulation in response to exercise and these molecules
are likely to play a role in the control of muscle mass and
skeletal muscle metabolism in an autocrine fashion, as
reviewed elsewhere [36, 37]. The effect of some of these
molecular factors have been studied in rodents or in in vitro
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Fig. 3 Inter-organ crosstalk and substrate fluxes during exercise. Based
on recent data in animals and humans, the following cascade of events is
hypothesised to occur during exercise. ATP turnover, glycogen depletion
and/or muscle contraction trigger the secretion of myokines that will act
in a paracrine way and act on skeletal muscle mass and metabolism
including IL-6 and IL-15, apelin, musclin and BDNF or in an endocrine
fashion on metabolism and function of liver (myonectin, IL-6), pancreas
(IL-6), microvasculature (VEGF-B, NO) and adipose tissue (IL-6,
FGF21, irisin, GDF15) or other tissues (SPARC and decorin).
Pancreatic secretion of glucagon is increased and insulin is decreased,
catecholamines are secreted by the sympathetic nervous system and
ANP by the heart. These multiple actions concertedly contribute to

activate skeletal muscle use of intramuscular fatty acid, fat oxidation,
plasma glucose uptake and insulin sensitivity, stimulates adipose tissue
NEFA mobilisation, and activates hepatic endogenous glucose produc-
tion. Together these molecular factors are likely to contribute to the exer-
cise health benefits, i.e. increase in muscle mass, reduced
triacylglycerolaemia, improved insulin sensitivity and glucose control.
Substrate fluxes are indicated by dotted red lines. ANGPTL4,
angiopoietin-like 4; BDNF, brain-derived neurotrophic factor; FGF-21,
fibroblast growth factor 21; GDF15, growth and differentiation factor 15;
SNS, sympathetic nervous system; SPARC, secreted protein acidic and
enriched in cysteine; TG, triacylglycerols; VEFG-B, vascular endothelial
growth factor B. This figure is available as part of a downloadable slideset
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ABSTRACT
Acute endurance exercise influences metabolic and immune functions, with myokines playing a key role in mediat-
ing communication between these two systems and in transforming transient inflammatory signals into long- term anti- 
inflammatory adaptations. However, the magnitude of these anti- inflammatory effects varies widely depending on exercise 
type, intensity, and duration. Accordingly, the objective of this meta- analysis is to assess changes in myokine concentrations 
following endurance exercise and establish a potential dose–response relationship between exercise- related parameters. A 
systematic literature search was conducted in June 2024 for endurance exercise studies measuring changes in interleukin 
(IL- ) 6, IL- 10, IL- 1ra, tumor necrosis factor (TNF- ) α, IL- 15, IL- 7, IL- 8, transforming growth factor β1, and fractalkines before 
and immediately after exercise in healthy individuals. Independent random- effect meta- analyses were performed for each 
myokine (PROSPERO: CRD42024535364). Significant small- moderate to very large positive effect sizes were observed for 
IL- 6, IL- 10, IL- 1ra, IL- 8, IL- 15, and TNF- α. These effects were significantly moderated by risk of bias, sex, age, VȮ2peak, 
experience, exercise type, intensity, duration, dose, sample, fasting state, and time of day. This meta- analysis demonstrates 
that myokine responses following endurance exercise are clearly increased and moderated by factors such as exercise dura-
tion, intensity, exercise type, and training status, allowing their targeted modulation for therapeutic use. Even “suboptimal 
exercise conditions” can elicit significant increases in immunoregulatory myokines, thereby promoting beneficial immune 
responses, suggesting that endurance exercise is a key component in the treatment of a wide range of diseases.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2026 The Author(s). The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

Abbreviations: AMP, Adenosine- monophosphate; AMPK, AMP- activated protein kinase; ATP, Adenosine- triphosphate; BMI, Body mass index; CD, Cluster of 
differentiation; ELISA, Enzyme- linked immunosorbent assay; FKN, Fractalkines; g, Hedges' g; HIIT, High- intensity interval training; ICAM- 1, Intercellular adhesion 
molecule- 1; IL, Interleukin; MCT, Moderate continuous training; MET, Metabolic equivalent; NAD+, Nicotinamide adenine dinucleotide; NK cell, Natural killer cell; 
PGC- 1α, Peroxisome proliferator- activated receptor- γ coactivator 1α; PI, Prediction interval; SD, Standard deviation; SIRT1, Sirtuin 1; SMD, Standardized mean 
differences; TGF, Transforming growth factor; TNF, Tumor necrosis factor; Treg, Regulatory T cell; VCAM- 1, Vascular cell adhesion molecule- 1; VO2peak, Peak 
oxygen consumption.
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Therefore, this meta- analysis examines the acute response of cir-
culating immunoregulatory myokines following a single endur-
ance exercise session. The immediate post- exercise time point was 
selected as it reflects the peak of metabolic and physiological stress, 
during which transient but functionally relevant changes in myo-
kine concentrations are most pronounced. The included myokines 
(IL- 6, IL- 10, IL- 1ra, TNF- α, IL- 15, IL- 7, IL- 8, TGF- β1, and FKN) 
were selected based on their established or proposed roles in im-
munomodulation, responsiveness to acute exercise stimuli, and 
regulation by metabolic and cardiovascular stress.

2   |   Materials and Methods

The literature search and writing process were performed 
according to the Preferred Reporting Items for Systematic 

Reviews and Meta- Analyses (PRISMA) 2020 guidelines [37]. 
The PRISMA checklist is provided in the Appendix S1. The pro-
tocol was pre- registered on PROSPERO (registration number: 
CRD42024535364, last amendment date: 25/06/24). Independent 
meta- analyses were conducted for IL- 6, IL- 10, IL- 1ra, IL- 8, 
IL- 15, and TNF- α. All data, computation files, and scripts are 
openly available on Open Science Framework (https:// doi. org/ 
10. 17605/  OSF. IO/ T6ZND ).

2.1   |   Literature Search

The databases MEDLINE (via PubMed), Web of Science, 
Cochrane Library, and SPORTDiscus were systematically 
searched on June 13th, 2024. The search query was cre-
ated based on MeSH terms and related vocabulary covering 

FIGURE 1    |    Myokine release in response to acute endurance exercise and its impact on immune system, diapedesis, and energy metabolism. 
Acute endurance exercise triggers the release of immunoregulatory myokines from the working skeletal muscle. Among these, IL- 6 plays a dual 
role: It acts as a key energy sensor by promoting lipolysis in adipose tissue and glycogenolysis in the liver, thereby increasing substrate availability 
to meet energy demands. In addition, IL- 6 stimulates the production of the anti- inflammatory cytokines IL- 10 and IL- 1ra, the latter of which blocks 
the IL- 1 receptor to further dampen inflammation. TNF- α promotes the transmigration of immune cells into the muscle tissue, known as diapedesis. 
It activates the vascular endothelium by increasing the expression of adhesion molecules such as ICAM- 1, which enable leukocytes to adhere to the 
vessel walls. Additionally, several myokines directly influence immune cell differentiation and muscle adaptation. TGF- β1 also modulates immune 
responses by promoting Treg expansion and inhibiting the differentiation of pro- inflammatory Th1 cells. IL- 10 and IL- 15 enhance the activity and 
number of NK cells, while IL- 10 additionally supports the differentiation of B cells and Tregs, and inhibits the recruitment of monocytes and macro-
phages, as well as the differentiation of pro- inflammatory T cells. FKN further supports the activation of monocytes and NK cells, whereas IL- 7 en-
sures T- cell homeostasis, and IL- 8 boosts the recruitment and activity of granulocytes. CCL, CC Motif Chemokine Ligand; CCR, CC motif chemokine 
receptor; FFA, free fatty acid; FKN, fractalkine; ICAM- 1, intercellular adhesion molecule 1; IL, interleukin; LFA- 1, lymphocyte function- associated 
antigen 1; NK cell, natural killer cell; ra, receptor antagonist; TG, triglycerides; TGF- β1, Transforming growth factor β1; TNFR1, Tumor necrosis 
factor receptor 1; TNF- α, Tumor necrosis factor α; Tregs, regulatory T cell. Created with biore nder. com.
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A B S T R A C T

Irisin-based interventions have gained attention for their potential to modulate the adenosine monophosphate 
(AMP)-activated protein kinase (AMPK) pathway in various diseases. Physiologically, irisin is a myokine released 
during physical exercise that exerts anti-inflammatory effects and is a metabolic and cardiometabolic enhancer. 
On the other hand, AMPK is crucial for maintaining energy balance and metabolic homeostasis. Therefore, in-
dividuals presenting low blood levels of irisin and AMPK dysregulation are more predisposed to metabolic 
disorders and cardiovascular health inflammatory conditions since regulating energy balance and metabolic 
homeostasis are crucial for preventing or treating these disorders. In light of those mentioned above and 
considering that no review has addressed the intricate relationships between irisin and AMPK regulation in the 
realm of metabolic disorders, cardiovascular health, and inflammatory conditions, we comprehensively reviewed 
studies involving irisin's effects on AMPK signaling in different models and interventions. Our systematic analysis 
involved in vitro studies, animal models, and their relevant clinical implications of irisin targeting AMPK due to 
the absence of relevant clinical trials. The outcomes and limitations of the included studies were extensively 
highlighted. Objectively, irisin improved metabolic disorders by enhancing β-cell function and insulin secretion 
in diabetes, mitigating myocardial injury in cardiovascular conditions, and reducing inflammation and oxidative 
stress in various injury models by targeting AMPK. However, the lack of clinical trials limits the generalizability 
of these findings to human subjects. Future research should focus on translating these findings into clinical 
applications and exploring the broader implications of irisin-based interventions in human health.
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inducible overexpression or knockout of irisin-related genes. These 
models could offer more precise data on irisin's role in various diseases 
and its potential therapeutic applications. Beyond genetic studies, future 
research should include well-designed longitudinal clinical trials to 
evaluate the long-term effects and safety of irisin-based therapies in 
human populations. It could also enhance its therapeutic efficacy by 
exploring combination therapies, such as pairing irisin with anti- 
inflammatory drugs or metabolic modulators. Finally, identifying bio-
markers that predict response to irisin treatment would help tailor 
therapies to individual patients and improve clinical outcomes. Future 
research should also address the challenges of irisin's brief bloodstream 
duration to ensure accurate measurements. Given the short half-life of 
irisin, it is critical to develop and implement efficient protocols for the 
rapid collection, storage, and processing of serum samples.
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Table 2. Cont.

Myokine Main Source Main Effects

SPARC Muscle,
bone

Promotes myoblast differentiation, modulates
inflammation and glycemic metabolism [116–120]

LIF Muscle Stimulates satellite cell proliferation, promotes
regeneration and glucose uptake [121–124]

FGF-21 Liver,
muscle

It improves glucose uptake, promotes lipid
oxidation and has a cardioprotective effect [125]

Abbreviations: BDNF, brain-derived neurotrophic factor; CTRP15, C1q/TNF-related protein 15; FGF-21, fibroblast
growth factor 21; IL-6, Interleukin 6; IL-15, Interleukin 15; Metrnl, Meteorin-like; NF-B, nuclear factor kappa B;
FNDC5, fibronectin type III domain-containing 5; LIF, leukemia inhibitory factor; SMAD, SMA- and MAD-related
protein; SPARC, secreted protein acidic and rich in cysteine; and TNF-↵, tumor necrosis factor alpha.

Figure 2. Scheme of local regulation of skeletal muscle structure and function by myokines (autocrine
and paracrine effects), and their modulation by systemic hormones. Myokines are secreted in response
to muscle contraction and exert local effects on muscle fibers (autocrine) or on neighboring cells such
as satellite cells (paracrine). Their expression and function can be modulated positively by anabolic
hormones (GH, IGF-1, insulin, testosterone) or negatively by catabolic hormones (glucocorticoids,
catecholamines), generating a dynamic balance between muscle growth, repair or atrophy.

Myokines display a dual functional profile that depends on the physiological or
pathophysiological context in which they are secreted. Under physiological conditions, par-
ticularly during acute exercise, myokines such as muscle-derived IL-6, IL-15, Metrnl, and
SPARC exert anti-inflammatory effects, reduce TNF-↵, promote insulin sensitivity, and sup-
port metabolic homeostasis by enhancing immune regulation and metabolic flexibility. In
contrast, pathophysiological states—including sedentary lifestyle, obesity, chronic inflam-
mation, and glucocorticoid excess—favor a shift toward a proinflammatory and catabolic
myokine profile, characterized by increased levels of myostatin, non-muscle-derived IL-6,
and TNF-↵. These myokines are associated with sarcopenia, insulin resistance, and im-
munometabolic dysregulation. This context-dependent behavior highlights the critical
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Abstract

Skeletal muscle, traditionally recognized for its motor function, has emerged as a key en-
docrine organ involved in metabolic regulation and interorgan communication. This narra-
tive review addresses the dual role of muscle as a target tissue for classical hormones—such
as growth hormone (GH), insulin-like growth factor type 1 (IGF-1), thyroid hormones,
and sex steroids—and as a source of myokines, bioactive peptides released in response to
muscle contraction that exert autocrine, paracrine, and endocrine effects. Several relevant
myokines are discussed, such as irisin and Metrnl-like myokines (Metrnl), which mediate
exercise-associated metabolic benefits, including improved insulin sensitivity, induction of
thermogenesis in adipose tissue, and immunometabolic modulations. It also examines how
muscle endocrine dysfunction, caused by chronic inflammation, hormone resistance, or
sedentary lifestyle, contributes to the development and progression of metabolic diseases
such as obesity, type 2 diabetes, and sarcopenia, highlighting the importance of muscle
mass in the prognosis of these pathologies. Finally, the therapeutic potential of inter-
ventions aimed at preserving or enhancing muscle function—through physical exercise,
hormone therapy and anabolic agents—is highlighted, together with the growing research
on myokines as biomarkers and pharmacological targets. This review expands the under-
standing of muscle in endocrinology, proposing an integrative approach that recognizes its
central role in metabolic health and its potential to innovate the clinical management of
endocrine–metabolic diseases.

Keywords: endocrine–metabolic diseases; skeletal muscle; myokine; irisin; fibronectin type
III domain-containing protein 5; interleukin-6; interleukin-15; brain-derived neurotrophic
factor; myonectin; myostatin; meteorin-like; secreted protein acidic and rich in cysteine;
leukemia inhibitory factor; fibroblast growth factor 21

1. Introduction
For many years, skeletal muscle has been considered an organ with purely mechanical

functions, responsible for generating force and facilitating movement. In addition to its
contractile role, skeletal muscle is now recognized as a hormonally responsive and secretory
organ. It interacts with classical endocrine signals and produces bioactive molecules with
systemic effects [1–5]. This hormonal modulation is essential to preserve muscle mass and
function, especially in physiological and pathological contexts where the anabolic–catabolic
balance is disturbed. In addition to behaving as a target tissue for different hormones,
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