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A B S T R A C T   

Introduction: The levels of the cellular energy sensor AMP-activated protein kinase (AMPK) have been reported to 
be decreased via unknown mechanisms in the liver of mice deficient in growth differentiation factor 15 (GDF15). 
This stress response cytokine regulates energy metabolism mainly by reducing food intake through its hindbrain 
receptor GFRAL. 
Objective: To examine how GDF15 regulates AMPK. 
Methods: Wild-type and Gdf15− /− mice, mouse primary hepatocytes and the human hepatic cell line Huh-7 were 
used. 
Results: Gdf15− /− mice showed glucose intolerance, reduced hepatic phosphorylated AMPK levels, increased 
levels of phosphorylated mothers against decapentaplegic homolog 3 (SMAD3; a mediator of the fibrotic 
response), elevated serum levels of transforming growth factor (TGF)-β1, as well as upregulated gluconeogenesis 
and fibrosis. In line with these observations, recombinant (r)GDF15 promoted AMPK activation and reduced the 
levels of phosphorylated SMAD3 and the markers of gluconeogenesis and fibrosis in the liver of mice and in 
mouse primary hepatocytes, suggesting that these effects may be independent of GFRAL. Pharmacological in
hibition of SMAD3 phosphorylation in Gdf15− /− mice prevented glucose intolerance, the deactivation of AMPK 
and the increase in the levels of proteins involved in gluconeogenesis and fibrosis, suggesting that overactivation 
of the TGF-β1/SMAD3 pathway is responsible for the metabolic alterations in Gdf15− /− mice. 
Conclusions: Overall, these findings indicate that GDF15 activates AMPK and inhibits gluconeogenesis and 
fibrosis by lowering the activity of the TGF-β1/SMAD3 pathway.   

1. Introduction 

Growth differentiation factor 15 [GDF15; also known as macrophage 
inhibitory cytokine 1, nonsteroidal anti-inflammatory drug activated 
gene-1, or placental bone morphogenetic protein] is a cytokine regarded 
as a divergent member of the transforming growth factor β (TGF-β) su
perfamily whose levels are remarkably elevated under conditions of 

cellular stress. Therefore, GDF15 has being widely used as a biomarker 
for the severity of several pathologies [1]. In addition, GDF15 regulates 
the energy balance by reducing food intake. The anorectic effect of 
GDF15 is mediated by its binding to its cognate receptor, glial cell line- 
derived neurotrophic factor (GDNF) family receptor α-like (GFRAL) 
[2–5]. This receptor is expressed solely in the neurons of the area 
postrema and the nucleus of the solitary tract [5], which are important 
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brain regions involved in appetite and weight regulation. Consistent 
with a role for GDF15 in appetite regulation, the administration of re
combinant (r)GDF15 reduces food intake and body weight in wild-type 
(WT) mice, but not in Gfral-knockout mice [2,4,5]. Likewise, transgenic 
mice overexpressing Gdf15 are characterized by a lower food intake and 
are more resistant to obesity and glucose intolerance [6–9]. However, 
obese mice and humans show increased levels of circulating GDF15, 
suggesting a resistance to the effects of this cytokine [10]. Interestingly, 
a recent study has provided a mechanism for GDF15 resistance in obesity 
involving the membrane-bound matrix metalloproteinase 14 (MMP14 
or MT1-MMP). Activation of MT1-MMP in obese rodents leads to the 
proteolytic inactivation of GFRAL [11], thereby mitigating the anorectic 
effect of GDF15. 

Although many of the effects of GDF15 on energy metabolism can be 
attributed to the reduction of appetite and body weight mediated via the 
central receptor GFRAL, several recent studies have reported that 
GDF15 also exerts peripheral effects independently of GFRAL [12,13]. 
Regarding energy metabolism, our group has previously reported that 
GDF15 activates the cellular energy sensor AMP-activated protein ki
nase (AMPK) in cultured myotubes and isolated skeletal muscle that do 
not express GFRAL [14]. However, how GDF15 regulates AMPK phos
phorylation has remained unknown. In this work, we describe that 
Gdf15-deficient mice show glucose intolerance and reduced hepatic 
phosphorylated AMPK levels that are accompanied by increases in he
patic gluconeogenesis and fibrosis. These changes are mediated by an 
increase in the serum levels of TGF-β1 and in the hepatic phosphorylated 
levels of mothers against decapentaplegic homolog 3 (SMAD3), a 
mediator of the fibrotic response. In addition, rGDF15 activates AMPK 
and reduces phosphorylated SMAD3 levels in the liver of mice as well as 
in mouse primary hepatocytes, suggesting that these effects are not 
mediated by GFRAL. Overall, these findings indicate that GDF15 acti
vates AMPK and inhibits hepatic gluconeogenesis and fibrosis by 
attenuating the TGF-β1/SMAD3 pathway. 

2. Materials and methods 

2.1. Animals and treatments 

Male and female Gdf15− /− [15] and wild-type (WT) littermates 
(10–12 weeks old) mice, provided by Dr. Se-Jin Lee (Johns Hopkins 
University School of Medicine, USA), were maintained in 12-h light/ 
dark cycle, temperature (22 ◦C) and humidity-controlled rooms, and fed 
ad libitum with standard diet with free access to water. After sacrifice, 
liver samples were frozen in liquid nitrogen before being stored at 
− 80 ◦C. 

To treat the animals with exogenous rGDF15, male C57BL/6 mice 
(10–12 weeks old) (Envigo, Barcelona, Spain) were randomly distrib
uted into two experimental groups (n = 5 each). At 8 AM, one of the 
groups received a single subcutaneous injection of saline, while the 
other received a single subcutaneous injection of rGDF15 (catalog 8944- 
GD, R&D Systems, Minneapolis, MN, USA) (0.1 mg/kg). The mice were 
sacrificed four hours later at noon. In a second treatment, male C57BL/6 
mice (10–12 weeks old) were randomly distributed into two experi
mental groups (n = 5 each). Animals were fasted overnight and at 8 AM, 
one of the groups received a single subcutaneous injection of saline, 
while the other received a single subcutaneous injection of rGDF15 (0.1 
mg/kg). The mice were sacrificed four hours later, and liver samples 
were frozen in liquid nitrogen before being stored at − 80 ◦C. These 
samples were used to determine the levels of phosphorylated AMPK and 
gluconeogenic proteins. 

To inhibit SMAD3 in vivo, male Gdf15− /− and WT mice (10–12 weeks 
old) were randomly distributed into three experimental groups: WT 
mice and one group of Gdf15− /− mice were treated with vehicle, and 
the second group of Gdf15− /− with the specific inhibitor of SMAD3 
phosphorylation, SIS3 (S0447 Sigma-Aldrich, St. Louis, MO, USA) (2 
mg/kg/day in 5 % dimethyl sulfoxide diluted in serum, i.p.) [16]. At the 

end of the 7-day treatment, mice were sacrificed, and liver samples were 
frozen in liquid nitrogen before being stored at − 80 ◦C. 

For the glucose tolerance test (GTT), male and female mice fasted for 
6 h received 2 g/kg of body weight of glucose through an i.p. injection 
and blood was collected from the tail vein after 0, 15, 30, 60 and 120 
min for glucose determination. In the pyruvate tolerance test (PTT), 
male and female mice fasted for 15 h received 2 g/kg of body weight of 
sodium pyruvate (Sigma-Aldrich, P2256) through an i.p. injection and 
blood was collected from the tail vein at different time points for glucose 
determination. 

Alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST) activities in plasma samples were determined using the ALT/GPT 
and AST/GOT Spinreact kits (Spinreact, Girona, Spain), based on the 
spectrophotometric measurement of the rate of reduction in NADH 
levels. 

The animal experiments complied with the Guide for the Care and 
Use of Laboratory Animals published by the US National Institutes of 
Health (8th edition: National Academies Press; 2011). All procedures 
were approved by the Bioethics Committee of the University of Barce
lona, as stated in Law 5/21 July 1995 passed by the Generalitat de 
Catalunya. The animals were treated humanely and all efforts were 
made to minimize both animal numbers and suffering. 

2.2. Liver histology 

For histological staining studies, 4-μm tissue sections obtained from 
formalin-fixed paraffin-embedded samples were stained with hematox
ylin and eosin (H&E) to assess liver histology. Sirius red and Masson’s 
trichrome staining were conducted to assess fibrosis. Sirius red, Mas
son’s trichrome and Oil Red O (ORO) staining (Sigma-Aldrich) was 
performed on frozen 10-μm liver sections. Twelve images at a magnifi
cation of 20× were captured to quantify the red-stained collagen or lipid 
droplets, with the red-stained area evaluated per total area using 
ImageJ. 

2.3. Liver triglyceride content 

Liver triglycerides were extracted according to Bligh & Dyer [17]. 
The lipid extract was evaporated under a stream of nitrogen gas, redis
solved in absolute ethanol, and quantified using a commercial kit 
(Spinreact SA, St. Esteve de Bas, Spain). 

2.4. Cell culture 

Human Huh-7 hepatoma cells (kindly donated by Dr. Mayka Sanchez 
from the Josep Carreras Leukemia Research Institute, Barcelona, Spain) 
were cultured in DMEM supplemented with 10 % fetal bovine serum and 
1 % penicillin-streptomycin at 37 ◦C under 5 % CO2. For SMAD3 
phosphorylation inhibition, the Huh-7 cells were incubated with 10 μM 
SIS3 for 24 h. 

Mouse primary hepatocytes were isolated from non-fasting male 
C57BL/6 or male Gdf15− /− and WT mice (10–12 weeks old) by perfu
sion with collagenase, as described elsewhere [18]. The following day, 
hepatocytes were incubated in serum-free DMEM supplemented with 
5.5 mM glucose in either the absence (control cells) or presence of E. coli- 
derived mouse rGDF15 protein (100 or 500 ng/mL) for 24 h (R&D 
Systems, catalog 8944-GD). 

Glucose production in primary hepatocytes was measured using the 
glucose oxidase-peroxidase method (Biosystems, Spain). Briefly, 24 h 
after plating, primary hepatocytes were cultured in serum-free, phenol- 
free DMEM medium with 5.5 mM glucose and 1 mM glutamine for 3 h. 
Then, cells were washed twice with glucose production medium (DMEM 
without glucose and phenol red, 1 mM glutamine, 2 mM sodium pyru
vate, 20 mM sodium lactate) to remove glucose from the culture plates 
and incubated in this medium for 16 h. At the end of the culture time, 
glucose was measured by the glucose oxidase-peroxidase method 
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according to the assay manufacturer’s instructions. Glucose levels were 
referred to total protein content of each culture plate. 

Lipid accumulation in primary hepatocytes incubated in the presence 
or absence of fatty acid-free bovine serum albumin (BSA) or BSA con
jugated with palmitic acid was conducted by staining the cells with 
ORO. After complete washing and drying, 100 % isopropanol was added 
to each well and incubated on a shaker for 10 min at room temperature 
to release the ORO from the stained cells. Finally, 50 μL of the ORO- 
containing extract was transferred to a 96-well plate, and the absor
bance at a wavelength of 518 nm was measured with a microplate 
reader. 

2.5. Reverse transcription-polymerase chain reaction and quantitative 
polymerase chain reaction 

Isolated RNA was reverse transcribed to obtain 1 μg of complemen
tary DNA (cDNA), using Random Hexamers (Thermo Scientific), 10 mM 
deoxynucleotide (dNTP) mix and the reverse transcriptase enzyme 
derived from the Moloney murine leukemia virus (MMLV, Thermo 
Fisher, Waltham, MA, USA). The experiment was run in a thermocycler 
(Bio-Rad, Hercules, CA, USA) and consisted of a program with different 
steps and temperatures: 65 ◦C for 5 min, 4 ◦C for 5 min, 37 ◦C for 2 min, 
25 ◦C for 10 min, 37 ◦C for 50 min, and 70 ◦C for 15 min. The relative 
levels of specific mRNAs were assessed by real-time RT-PCR in a Mini 
48-Well T100™ thermal cycler (Bio-Rad), using the SYBR Green Master 
Mix (Applied Biosystems, Waltham, MA, USA), as previously described 
[14]. Briefly, samples had a final volume of 20 μL, with 20 ng of total 
cDNA, 0.9 μM of the primer mix, and 10 μL of 2× SYBR Green Master 
Mix. The thermal cycler protocol for real-time PCR included the first step 
of denaturation at 95 ◦C for 10 min followed by 40 repeated cycles of 
95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s for denaturation, primer 
annealing, and amplification, respectively. Primer sequences were 
designed using the Primer-BLAST tool (NCBI), based on the full mRNA 
sequences to find the optimal primers for amplification, and evaluated 
with the Oligo-Analyzer Tool (Integrated DNA Technologies) to ensure 
an optimal melting temperature (Tm) and avoid the formation of homo/ 
heterodimers or non-specific structures that can affect the interpretation 
of the results. The primer sequences were designed specifically to span 
the junction between the exons. The primer sequences used are provided 
in Supplementary Table 1. Values were normalized to the expression 
levels of glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and 
measurements were performed in duplicate. All the changes in expres
sion were normalized to the untreated control. 

2.6. Immunoblotting 

The isolation of total protein extracts was performed as described 
elsewhere [19]. Immunoblotting was performed with antibodies against 
ACC (#3662, Cell Signaling Technology, Danvers, MA, USA), phos
phorylated (p)ACCS79 (#3661, Cell Signaling Technology), AMPK 
(#2532, Cell Signaling Technology), pAMPKT172 (#2531, Cell Signaling 
Technology), β-actin (A5441, Sigma), CRTC2 (ab184239, Abcam, 
Cambridge, UK), pCRTC2S171 (ab203187, Abcam), CHOP (GTX112827, 
Genetex, Irvine, CA, USA), GAPDH (MAB374, Millipore, Burlington, 
MA, USA), FASN (#610962, BD Biosciences, San Jose, CA, USA), G6Pase 
(BS-13386R, Bioss, Woburn, MA, USA), NF-κB p65 (sc-109, Santa Cruz 
Biotechnology Inc., Dallas, TX, USA), PAI-1 (#11907, Cell Signaling 
Technology), PEPCK (sc-271029, Santa Cruz Biotechnology Inc.), PP2A 
(#2259, Cell Signaling Technology), α-SMA (A2547, Sigma), SMAD3 
(#9513, Cell Signaling Technology) and pSMAD3S425 (sc-517575, Santa 
Cruz Biotechnology Inc.). Signal acquisition was performed using the 
Amersham Imager 680 apparatus and quantification of the immunoblot 
signal was performed with the Bio-Rad Image Lab software. The protein 
quantification results were normalized to the levels of a control protein 
to avoid unwanted sources of variation. 

2.7. Determination of malonyl-CoA levels 

Hepatic concentrations of malonyl-CoA were measured by an 
enzyme-linked immunosorbent assay (ELISA) (CSB-E12896m; Cusabio, 
Houston, TX, USA). 

2.8. TGF-β1 measurements 

TGF-β1 levels were measured in mouse liver homogenates and serum 
using an R&D Systems Quantikine ELISA kit, following the manufac
turer’s instructions. 

2.9. Statistical analysis 

Results are expressed as the mean ± SEM. Significant differences 
were assessed by either Student’s t-test or one-way and two-way 
ANOVA, according to the number of groups compared, using the 
GraphPad Prism program (version 9.0.2) (GraphPad Software Inc., San 
Diego, CA, USA). When significant variations were found by ANOVA, 
Tukey’s post-hoc test for multiple comparisons was performed only if F 
achieved a p value <0.05. Differences were considered significant at p <
0.05. 

3. Results 

3.1. Gdf15− /− mice display glucose intolerance and increased 
gluconeogenesis 

First, we assessed abnormalities in glucose homeostasis in mice 
deficient in Gdf15 by conducting a glucose tolerance test (GTT). Male 
Gdf15− /− mice showed glucose intolerance when compared to WT mice 
(Fig. 1A-B). Similarly, female Gdf15− /− mice also showed glucose 
intolerance (Supplementary Fig. 1A-B), and no differences were 
observed between the male and female mice, indicating an absence of 
sex differences regarding glucose handling in the mutant mice. The 
changes in glucose tolerance in male mice were observed in the absence 
of significant differences in body weight (Supplementary Fig. 1C) and 
food intake (Supplementary Fig. 1D) between the WT and Gdf15− /−

mice. Moreover, in agreement with our previous studies [14], a reduc
tion in the hepatic levels of AMPK phosphorylated at Thr172 was 
observed in the Gdf15− /− mice (Fig. 1C). Phosphorylation of this residue 
within the α subunit is required for AMPK activation and is achieved by 
liver kinase B1 (LKB1) and Ca2+/calmodulin-dependent protein kinase 
kinase-β (CaMKKβ) [20]. There was no difference in the phosphorylated 
levels of LKB1 and CaMKKβ between the Gdf15− /− and WT mice 
(Fig. 1D), suggesting that these kinases were not involved in the regu
lation of AMPK phosphorylation by GDF15. AMPK is inhibited through 
Thr172 dephosphorylation by protein phosphatases such as protein 
phosphatase 2 A (PP2A). Remarkably, the levels of PP2A were elevated 
in the livers of Gdf15− /− mice (Fig. 1D), indicating a potential mecha
nism for the reduction of phosphorylated AMPK levels in these mice. 
Next, we tested whether the reduction in phosphorylated AMPK levels in 
the liver of Gdf15− /− mice had an effect on its activity by evaluating 
several of its target pathways. It is well known that AMPK inhibits he
patic gluconeogenesis [20]. On the contrary, this process is stimulated 
by the phosphorylation of cAMP response element-binding protein 
(CREB), which, together with CREB regulated transcription coactivator 
2 (CRTC2, also referred to as transducer of regulated CREB activity 2, 
TORC2), drives the expression of peroxisome proliferator-activated re
ceptor γ coactivator 1α (PGC-1α). This coactivator associates with 
several transcription factors to induce the expression of key genes 
encoding the gluconeogenic enzymes phosphoenolpyruvate carbox
ykinase (PEPCK) and glucose-6-phosphatase (G6Pase). AMPK inhibits 
gluconeogenesis by phosphorylating and reducing the nuclear trans
location of CRTC2 [21,22]. Consistent with the reduction in phosphor
ylated AMPK levels, the phosphorylated levels of CRTC2 were reduced 
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Fig. 1. Gdf15− /− mice exhibit glucose intolerance and increased gluconeogenesis. 
(A) Glucose tolerance test (GTT) and (B) area under the curve (AUC) in male wild-type (WT) and Gdf15− /− mice fed a standard diet. (C) Immunoblot analysis of total 
and phosphorylated AMPK in the liver of WT and Gdf15− /− mice. (D) Immunoblot analysis of total and phosphorylated LKB1, CaMKKβ, PP2A, and total and 
phosphorylated CRCT2 in the liver of WT and Gdf15− /− mice. (E) Hepatic mRNA levels of Ppargc1a, G6pc1 and Pck1. (F) Immunoblot analysis of PEPCK and G6Pase. 
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(Fig. 1D) and the expression levels of Ppargc1a, G6pc1 and Pck1 were 
increased (Fig. 1E) in the liver of Gdf15− /− mice. In accordance with the 
mRNA expression levels, the protein amounts of PEPCK and G6Pase 
were higher in the Gdf15− /− mice than in the WT animals (Fig. 1F). 
These findings suggest that GDF15 deficiency promotes gluconeogen
esis. To validate this proposition, we conducted a pyruvate tolerance test 
(PTT) to estimate the level of hepatic gluconeogenesis. Interestingly, 
male Gdf15− /− mice exhibited a significant increase in hepatic glucose 
production in comparison with the WT animals (Fig. 1G-H). No signif
icant differences were observed between the males and females in the 
PTT (Supplementary Fig. 1E-F). Overall, these findings indicate that 
gluconeogenesis is increased in the Gdf15− /− mice through a mechanism 
that might involve a reduction in AMPK activity. 

3.2. Increased steatosis and fibrosis in the livers of Gdf15− /− mice 

H&E and ORO staining showed significant hepatic lipid accumula
tion in the Gdf15− /− mice (Fig. 2A), that was confirmed by quantifica
tion of the accumulation of triglycerides in the liver (Fig. 2B). We then 
assessed if hepatic steatosis in the Gdf15− /− mice correlated with the 
reduced activity of AMPK, since this kinase regulates lipid metabolism 
through the phosphorylation of its downstream target acetyl-CoA 
carboxylase (ACC). Phosphorylated ACC inhibits the production of 
malonyl-CoA, a substrate for fatty acid synthase (FASN) and a precursor 
for the de novo synthesis of palmitate, which is then converted into 
monounsaturated fatty acids by the activity of stearoyl-CoA desaturase 1 
(SCD1). These fatty acids are ultimately accumulated as triglycerides by 
the activity of glycerol-3-phosphate acyltransferase (GPAT) (see scheme 
in Fig. 10). In line with the reduction in phosphorylated AMPK levels, 
Gdf15− /− mice displayed a reduction in phosphorylated ACC and an 
increase in malonyl-CoA, while the hepatic expression of Scd1, Fasn and 
Gpat was induced (Fig. 2C-E). Consistent with the elevation in Fasn 
expression, FASN protein levels were increased in the liver of Gdf15− /−

mice (Fig. 2F). Collectively, these findings suggest that the reduction in 
AMPK activity caused by Gdf15 deficiency contributes to hepatic stea
tosis by the stimulation of lipogenesis. 

Further examination of the Gdf15− /− mice showed that the serum 
levels of alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST), two markers of liver injury, were increased compared to the WT 
animals (Fig. 3A and B). Endoplasmic reticulum (ER) stress and 
inflammation are important triggers for fibrosis [23]. The livers of 
Gdf15− /− mice showed increased expression of the ER stress marker C/ 
EBP homologous protein [Chop; or DNA damage-inducible transcript 3 
(Ddit3)], but not of the binding immunoglobulin protein/78-kDa 
glucose-regulated protein (BiP/Grp78), whereas the expression levels 
of the pro-inflammatory markers interleukin 1β (Il1b) and tumor ne
crosis factor α (Tnfa) were upregulated, although that of Il6 was not 
(Fig. 3C). Similarly, macrophage infiltration contributes to fibrosis. In 
this sense, the mRNA levels of monocyte chemoattractant protein-1 
[Mcp1; or chemokine (C–C motif) ligand 2 (Ccl2)], responsible for 
attracting monocytes and T cells during liver injury, and of the macro
phage marker F4/80 (Adgre1) were significantly upregulated in the 
livers of Gdf15− /− mice (Fig. 3C). Moreover, the expression of the anti- 
inflammatory M2 macrophage gene markers Arg1 and Il10 was reduced 
in the livers of Gdf15− /− mice (Fig. 3C). This finding, together with the 
increase in the levels of M1 macrophage gene markers (Tnfa, Mcp1), 
suggests a switch from the anti-inflammatory M2 to the pro- 
inflammatory M1 macrophage phenotype. Consistent with the increase 
in ER stress and inflammation, the protein levels of CHOP and of the p65 
subunit of the pro-inflammatory transcription factor nuclear factor (NF)- 
κB were increased in the liver of Gdf15-deficient mice (Fig. 3D). Hepa
tocellular death contributes to the progression of fatty liver to 

nonalcoholic steatohepatitis (NASH), fibrosis and cirrhosis [24]. Of 
note, active caspase-6, a key mediator of inflammation-triggered hepa
tocyte death and liver injury [25], is a direct target of AMPK. Phos
phorylation of caspase-6 at Ser257 by AMPK represses the cleavage and 
activation of this caspase [26]. In agreement with the reduction in 
phosphorylated AMPK levels, the levels of pro-caspase-6 phosphorylated 
at Ser257 were diminished in the livers of Gdf15− /− mice, while the 
protein levels of cleaved caspase-3, considered a reliable marker for cells 
that are dying by apoptosis, were increased (Fig. 3E). 

Since the TGF-β1/SMAD3 pathway is a master regulator of fibrosis 
[27], we examined the levels of TGF-β1 in the serum and liver. Gdf15− /−

mice displayed increased serum and hepatic levels of TGF-β1 (Fig. 4A 
and B, respectively). Moreover, liver sections stained with Sirius red and 
Masson’s trichrome revealed an important collagen deposition in the 
Gdf15− /− mice, indicative of fibrosis development (Fig. 4C). Next, we 
examined the hepatic expression of several fibrogenic genes, mostly 
those encoding extracellular matrix proteins and tissue inhibitors of 
metalloproteinases (TIMPs). Gdf15− /− mice showed increased hepatic 
mRNA levels of most of the evaluated SMAD3-target genes, such as 
Col1a1, Serpine1 [which encodes the plasminogen activator inhibitor-1 
(PAI-1) protein], Timp3, Ctgf, latent TGF-β binding protein 1 (Ltbp1) 
and Acta2 [which encodes the α-smooth muscle actin (α-SMA) protein] 
(Fig. 4D), suggesting that the TGF-β1/SMAD3 pathway was activated in 
mice deficient in Gdf15. Accordingly, the levels of phosphorylated 
SMAD3, which is activated by phosphorylation of the C-terminal serine 
residues, and of its targets PAI-1 and α-SMA were increased in the liver 
of Gdf15− /− mice (Fig. 4E). Altogether, these findings indicate that 
Gdf15 deficiency in mice drives liver fibrogenesis through the activation 
of the TGF-β1/SMAD3 pathway. 

3.3. Primary hepatocytes from Gdf15− /− mice show increased levels of 
gluconeogenic and profibrotic genes, elevated glucose production and 
enhanced lipid accumulation 

To confirm that the results observed in the liver were not influenced 
by the indirect action of Gdf15 deletion in other organs, we isolated 
primary hepatocytes from WT and Gdf15− /− mice. Primary hepatocytes 
from Gdf15− /− mice showed increased expression of the gluconeogenic 
genes Ppargc1a, G6pc1 and Pck1 (Fig. 5A). Consistent with this, the 
protein levels of PEPCK and G6Pase (Fig. 5B) and the production of 
glucose (Fig. 5C) were higher compared to WT hepatocytes. Likewise, a 
reduction in phosphorylated AMPK was observed in primary hepato
cytes deficient in Gdf15 (Fig. 5D) that was accompanied by an increase 
in lipid accumulation (Fig. 5E). Finally, primary hepatocytes from 
Gdf15− /− mice displayed elevated mRNA levels of Tgfb and the SMAD3- 
target genes Serpine1, Acta2 and Ctgf (Fig. 5F). In line with these results, 
Gdf15− /− hepatocytes also showed increased levels of phosphorylated 
SMAD3 and α-SMA (Fig. 5F). Collectively, these findings indicate that 
the increase in hepatocyte gluconeogenesis and fibrogenesis in Gdf15− /−

mice is not the result of the indirect action of other organs. 

3.4. rGDF15 activates AMPK and reduces the levels of gluconeogenic and 
fibrotic markers in mouse primary hepatocytes and liver 

Our findings suggest that Gdf15 deficiency results in the activation of 
the TGF-β1/SMAD3 pathway, which in turn attenuates AMPK phos
phorylation, eventually leading to increased gluconeogenesis. In addi
tion, the increased phosphorylation of SMAD3 promotes hepatic 
fibrosis. Next, we examined whether rGDF15 affected these pathways in 
mouse primary hepatocytes. Treatment with rGDF15 reduced PP2A 
levels and increased the phosphorylated levels of AMPK (Fig. 6A). In line 
with these results, rGDF15 caused a decrease in the accumulation of 

(G) Pyruvate tolerance test (PTT) and (H) area under the curve (AUC) in WT and Gdf15− /− mice. n = 5 per group. Data are presented as the mean ± SEM. Significant 
differences were established by Student’s t-test. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. WT. 
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Fig. 2. Gdf15− /− mice display increased hepatic steatosis. 
(A) Representative images of liver sections and quantification of hematoxylin–eosin (H&E) and Oil Red O (ORO) staining in WT and Gdf15− /− mice. Scale bar: 100 
μm. n = 4 per group. (B) Hepatic triglyceride content. (C) Immunoblot analysis of total and phosphorylated ACC in the liver. n = 4 per group. (C) Hepatic malonyl- 
CoA levels in WT and Gdf15− /− mice. (D) mRNA levels of Scd1, Fas and Gpat in the liver. n = 5 per group. (E) Immunoblot analysis of FAS in the livers of WT and 
Gdf15− /− mice. n = 5 per group. Data are presented as the mean ± SEM. Significant differences were established by Student’s t-test. *p < 0.05 and **p < 0.01 vs. WT. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lipids in the presence or absence of palmitic acid (Fig. 6B). Likewise, the 
phosphorylated levels of CRCT2 and the levels of the gluconeogenic 
proteins PEPCK and G6Pase were reduced by rGDF15 (Fig. 6C). rGDF15 
treatment also reduced the fibrogenic pathway, as demonstrated by the 
decrease in the phosphorylated levels of SMAD3 and PAI-1 protein levels 

(Fig. 6D). These results confirm that the reductions in SMAD3 phos
phorylation and PP2A levels caused by rGDF15 are accompanied by a 
subsequent increase in AMPK phosphorylation, which eventually leads 
to a decrease in the levels of the markers of gluconeogenesis and fibrosis. 
Moreover, these effects of rGDF15 were independent of GFRAL, since 

Fig. 3. Gdf15− /− mice show liver damage, increased hepatic ER stress and apoptosis. 
Serum ALT (A) and AST (B) activities in WT and Gdf15− /− mice. n = 4 per group. (C) mRNA levels of BiP, Chop, Il1b, Il6, Adgre1, Mcp1, Tnfa, Arg1 and Il10 in the liver 
of WT and Gdf15− /− mice. n = 5 per group. (D) Immunoblot analysis of CHOP and the p65 subunit of NF-κB in the liver of WT and Gdf15− /− mice. n = 4 per group. 
(E) Immunoblot analysis of total (CAS6) and phosphorylated caspase-6 (p-CAS6) and cleaved caspase-3 (CAS3) in the liver of WT and Gdf15− /− mice. n = 5 per 
group. Data are presented as the mean ± SEM. Significant differences were established by Student’s t-test. *p < 0.05 and **p < 0.01 vs. WT. 

J. Jurado-Aguilar et al.                                                                                                                                                                                                                        



Metabolism 152 (2024) 155772

8

Fig. 4. Gdf15− /− mice show increased hepatic fibrosis and activation of the TGF-β1/SMAD3 pathway. 
Serum (A) and hepatic (B) TGF-β1 levels in WT and Gdf15− /− mice. n = 6 per group. (C) Representative images of liver sections and quantification of Masson’s 
trichrome and Sirius red stainings in WT and Gdf15− /− mice. Scale bar: 100 μm. n = 4 per group. (D) mRNA levels of Col1a1, Serpine1, Timp3, Ctgf, Ltbp1, Acta2 and 
Timp1 in the liver of WT and Gdf15− /− mice. n = 5 per group. (E) Immunoblot analysis of total and phosphorylated SMAD3, PAI-1 and α-SMA in the liver of WT and 
Gdf15− /− mice. n = 4 per group. Data are presented as the mean ± SEM. Significant differences were established by Student’s t-test. *p < 0.05 and ***p < 0.001 vs. 
WT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mouse primary hepatocytes do not express this receptor [3]. 
We then examined if the effect of rGDF15 was also observed in vivo. 

Subcutaneous administration of a single dose of this cytokine to the mice 
reduced serum TGF-β1 levels (Fig. 7A) and increased the phosphorylated 
levels of AMPK in the liver (Fig. 7B). This was accompanied by an in
crease in phosphorylated CRTC2 levels and a reduction in PP2A levels 

(Fig. 7C). Administration of rGDF15 also reduced the protein levels of 
the gluconeogenic markers PEPCK and G6Pase (Fig. 7D). Likewise, 
rGDF15 treatment reduced the levels of phosphorylated SMAD3 and 
PAI-1 (Fig. 7E). Collectively, these findings, together with those ob
tained in the Gdf15− /− mice, suggest that GDF15 attenuates the TGF-β1/ 
SMAD3 pathway resulting in the promotion of AMPK activation, and 

Fig. 5. Increased levels of gluconeogenic and profibrotic genes, elevated glucose production and lipid accumulation in mouse primary hepatocytes from Gdf15− /−

mice. 
(A) mRNA levels of Ppargc1a, G6pc1 and Pck1 in primary hepatocytes from the livers of WT and Gdf15− /− mice. n = 5 per group. (B) Immunoblot analysis of PEPCK 
and G6Pase. n = 3 per group. (C) Glucose production. n = 5 per group. (D) Immunoblot analysis of total and phosphorylated AMPK. n = 3 per group. (E) Lipid 
accumulation. (F) mRNA levels of Tgfb, Serpine1, Acta2 and Ctgf. n = 5 per group. (G) Immunoblot analysis of total and phosphorylated SMAD3 and α-SMA. n = 3 per 
group. Data are presented as the mean ± SEM. Significant differences were established by Student’s t-test. *p ≤ 0.05 and **p ≤ 0.01 and ***p ≤ 0.001 vs. WT primary 
hepatocytes. 
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downregulation of gluconeogenesis and fibrosis. 3.5. Pharmacological inhibition of SMAD3 phosphorylation prevents the 
reduction in phosphorylated AMPK levels and the metabolic alterations in 
Gdf15− /− mice 

To demonstrate that SMAD3 activation in the Gdf15− /− mice was 
responsible for the reduction in AMPK phosphorylation and for the 

Fig. 6. rGDF15 activates AMPK and reduces the levels of gluconeogenic and fibrotic markers in mouse primary hepatocytes. 
(A) Immunoblot analysis of PP2A and total and phosphorylated AMPK in mouse primary hepatocytes in the absence (control) or presence of 100 ng/mL of rGDF15 for 
24 h. n = 3 per group. (B) Lipid accumulation in mouse primary hepatocytes in the absence (control) or presence of fatty acid-free BSA or BSA conjugated with 
palmitic acid and 500 ng/mL of rGDF15 for 24 h. n = 4 per group. (C) Immunoblot analysis of total and phosphorylated CRTC2, PEPCK and G6Pase in mouse primary 
hepatocytes in the absence (control) or presence of 100 ng/mL of rGDF15 for 24 h. n = 3 per group. (D) Immunoblot analysis of total and phosphorylated SMAD3 and 
PAI-1 in mouse primary hepatocytes in the absence (control) or presence of 100 ng/mL of rGDF15 for 24 h. n = 3 per group. Data are presented as the mean ± SEM. 
Significant differences were established by Student’s t-test. *p < 0.05 and **p < 0.01 vs. WT. 
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metabolic alterations observed in these animals, we took advantage of 
the specific inhibitor of SMAD3 phosphorylation, SIS3 [16]. Incubation 
of human Huh-7 hepatic cells with SIS3 increased phosphorylated AMPK 
levels and reduced PP2 A levels (Fig. 8A), suggesting that SMAD3 con
trols the activation of AMPK by regulating PP2 A. Consistent with the 

increase in phosphorylated AMPK levels, SIS3 treatment led to a 
reduction in the levels of the gluconeogenic proteins PEPCK and G6Pase 
(Fig. 8A). Regarding the fibrosis markers, SIS3 reduced phosphorylated 
SMAD3 levels and the protein levels of its targets PAI-1 and α-SMA 
(Fig. 8B). We next explored whether SIS3 administration rescued the 

Fig. 7. rGDF15 activates AMPK and reduces the levels of hepatic gluconeogenic and fibrotic markers. 
(A) Serum TGF-β1 levels in mice treated with saline or recombinant GDF15 (rGDF15). n = 6 per group. Immunoblot analysis of (B) total and phosphorylated AMPK, 
(C) total and phosphorylated CRTC2 and PP2A, (D) PEPCK and G6Pase, and (E) total and phosphorylated SMAD3 and PAI-1 in the liver of mice treated with saline or 
rGDF15. n = 5 per group. Data are presented as the mean ± SEM. Significant differences were established by Student’s t-test. *p < 0.05, **p < 0.01 and ***p < 0.001 
vs. WT. 
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metabolic alterations in the Gdf15− /− mice. Remarkably, administration 
of SIS3 to the Gdf15-deficient mice ameliorated glucose intolerance 
(Fig. 9A-B) and attenuated hepatic lipid accumulation as demonstrated 
by quantification of the accumulation of triglycerides in the liver 
(Fig. 9C) and by H&E and ORO staining (Fig. 9D). Likewise, Masson’s 
trichrome and Sirius red staining showed that SIS3 reduced fibrosis 
(Fig. 9E). In addition, SIS3 treatment restored hepatic phosphorylated 
AMPK levels, whereas the protein levels of PEPCK and PP2A were 
reduced (Fig. 9F). Treatment with SIS3 also reduced the levels of 
phosphorylated SMAD3, PAI-1 and α-SMA (Fig. 9G). No significant 
differences were observed in body weight (Supplementary Fig. 2A) or 
food intake (Supplementary Fig. 2B) between the WT and Gdf15− /−

mice receiving either vehicle or SIS3. Collectively, these findings 
confirmed that activation of SMAD3 contributed to the dysregulation of 
AMPK, gluconeogenesis and fibrosis in the Gdf15− /− mice. 

4. Discussion 

AMPK is a central regulator of multiple metabolic pathways and the 
regulation of this kinase is of therapeutic interest in the treatment of 
insulin resistance, type 2 diabetes mellitus and NAFLD [20]. The pre
vious discovery that Gdf15− /− mice exhibited lower levels of phos
phorylated AMPK [14] suggested that GDF15 regulates this cellular 
energy sensor. However, the mechanisms linking Gdf15 deficiency to 
lower activity of AMPK have remained unknown. In this study, we 
provide a potential mechanism by which GDF15 regulates AMPK. Ac
cording to our findings, Gdf15 deficiency results in elevated serum TGF- 
β1 levels and hepatic SMAD3 phosphorylation, which in turn augment 
the levels of PP2A, eventually reducing AMPK phosphorylation and 
thus, its activity (Fig. 10). These changes were observed in the absence 

of variations in food intake and body weight between WT and Gdf15− /−

mice fed a control diet, which is consistent with previous studies 
reporting that these mice do not show an increase in food intake on a 
regular diet [28,29]. However, when challenged with a high-fat diet 
(HFD), Gdf15-null mice have been reported to increase food intake 
compared to WT mice [28,29]. In addition, the increase in phosphory
lated SMAD3 levels in the Gdf15− /− mice may promote the development 
of fibrosis, whereas the reduction in AMPK activity can ultimately result 
in hepatic steatosis and increased gluconeogenesis. Consistent with this, 
rGDF15 attenuates SMAD3 phosphorylation and reduces PP2A levels in 
mouse primary hepatocytes and the liver of mice, thereby activating 
AMPK, which leads to a reduction in the levels of the markers of fibrosis 
and gluconeogenesis. Moreover, the changes observed in the livers of 
Gdf15-null mice are not indirectly mediated by other organs since they 
were confirmed in primary hepatocytes obtained from these mice. 
Overall, these findings point to the inhibition of the TGF-β1/SMAD3 
pathway as a key regulator of the metabolic effects of GDF15. 

SMAD3 is a critical intracellular mediator of TGF-β1 signaling that is 
regulated through phosphorylation. In the canonical pathway, TGF-β1 
signals through the TGF-β type I and type II receptors that recruit and 
phosphorylate SMAD2 and SMAD3 [30], with SMAD3 being the 
preferred downstream transcription factor for the TGF-β receptors. In 
our study, TGF-β1 serum levels were increased in the Gdf15− /− mice, 
suggesting that the activation of SMAD3 involves TGF-β type I and type 
II receptors. A previous study reported that pro-GDF15 accumulates in 
the nucleus, where it attenuates TGF-β1-induced signaling by inter
rupting the DNA binding capacity of the SMAD complex [31]. The au
thors of that study examined the effects of GDF15 on SMAD2 
phosphorylation in cancer cells and found no changes, whereas SMAD3 
phosphorylation was not evaluated. In our study, phosphorylated 

Fig. 8. The inhibitor of SMAD3 phosphorylation, SIS3, reduces PP2A levels and activates AMPK in human Huh-7 cells. 
Immunoblot analysis of (A) total and phosphorylated AMPK, PP2A, PEPCK and G6Pase, and (B) total and phosphorylated SMAD3, PAI-1 and α-SMA in human Huh-7 
cells in the absence (control) or presence of 10 μM SIS3 for 24 h. n = 4 per group. Significant differences were established by Student’s t-test. *p < 0.05, **p < 0.01 
and ***p < 0.001 vs. WT. 
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Fig. 9. Pharmacological inhibition of SMAD3 prevents phosphorylated AMPK reduction, metabolic alterations and fibrosis in Gdf15− /− mice. 
(A) Glucose tolerance test (GTT) and (B) area under the curve (AUC) in WT and Gdf15− /− mice treated with vehicle or SIS3. n = 5 per group. (C) Hepatic triglyceride 
content. (D) Representative images of liver sections and the quantification of hematoxylin-eosin (H&E) and Oil Red O (ORO) staining in WT and Gdf15− /− mice 
treated with vehicle or SIS3. Scale bar: 100 μm. n = 5 per group. (E) Representative images of liver sections and the quantification of Masson’s trichrome and Sirius 
red staining in WT and Gdf15− /− mice treated with vehicle or SIS3. Scale bar: 100 μm. n = 5 per group. Immunoblot analysis of (F) total and phosphorylated AMPK, 
PP2A and PEPCK and (G) total and phosphorylated SMAD3, PAI-1 and α-SMA in WT and Gdf15− /− mice treated with vehicle or SIS3. Data are presented as the mean 
± SEM. n = 5 per group. Significant differences were established by Student’s t-test or one-way ANOVA with Tukey’s post-hoc test. *p < 0.05, **p < 0.01 and ***p <
0.001 vs. WT. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. Gdf15− /− mice treated with vehicle. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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SMAD3 levels were increased in the liver of Gdf15− /− mice, while 
rGDF15 treatment reduced its phosphorylation in mouse primary he
patocytes and the liver of mice. Since serum TGF-β1 levels were 
increased in the Gdf15− /− mice and given that rGDF15 administration 
reduced circulating TGF-β1 in these mice, our findings suggest that 
GDF15 regulates the levels of this cytokine. Previous studies have re
ported that AMPK activation reduces TGF-β1 expression and protein 
levels [32], suggesting that the reduction in AMPK activity in the 
Gdf15− /− mice might be responsible for the increase in TGF-β1 levels. 
Remarkably, plasma TGF-ß1 levels are increased in patients with type 2 
diabetes compared to healthy subjects, while metformin, an antidiabetic 
drug that activates AMPK, reduces its levels when compared to other 
glucose-lowering drugs [32]. Since metformin increases GDF15 levels in 
humans and mice [1,19,33,34], these findings seem to reinforce a 
relationship between AMPK, GDF15 and the TGF-β1/SMAD3 pathway. 
Further studies are needed to assess whether GDF15 is required for the 
reduction of TGF-β1 levels following metformin treatment. 

We also report that the reduced phosphorylated AMPK levels caused 
by the increased SMAD3 activation in the liver of Gdf15− /− mice 
contribute to increased steatosis and gluconeogenesis. Previous studies 
have reported that GDF15 binds to a receptor on hepatocytes that is yet 
to be identified, preventing excess lipid accumulation [35,36]. These 
effects are caused by a GDF15-mediated upregulation of PPARα, a 
transcription factor that promotes an increase in fatty acid oxidation. 
Our findings now add a new mechanism by which GDF15 prevents lipid 
accumulation, since its deficiency reduces AMPK activity, ultimately 
leading to increases in malonyl-CoA levels and in the expression of genes 
involved in fatty acid synthesis. Moreover, Gdf15 deficiency promotes 
gluconeogenesis via a reduction in AMPK activity because this kinase 
inhibits gluconeogenesis by phosphorylating CRTC2, which in turn 
upregulates the levels of the gluconeogenic enzymes PEPCK and G6Pase 
[21,22]. Although IL-6 has been reported to play an important role in 
hepatic gluconeogenesis [37], we did not observe changes in the hepatic 
expression of this cytokine in Gdf15− /− mice, which is consistent with a 
previous study reporting that stress-inducible IL-6 that increases hy
perglycemia is produced by brown adipose tissue [38]. Collectively, 

these findings support a role for SMAD3 in regulating gluconeogenesis in 
the liver, which is in line with previous studies [39]. 

GDF15 has been reported to ameliorate fibrosis. In fact, rGDF15 or 
the genetic overexpression of this cytokine improves inflammatory and 
fibrotic phenotypes [40,41]. Similarly, Gdf15− /− mice have been pre
viously reported to exhibit aggravated hepatic inflammation and fibrotic 
features after exposure to a NASH diet, alcohol liquid diet or CCl4 
[40,41]. Several studies have confirmed these beneficial effects of 
GDF15 on fibrosis [35], whereas others have reported that GDF15 acts 
as a pro-fibrotic factor in mouse liver fibrosis progression [42]. In 
agreement with previous studies [41], our findings demonstrate that 
GDF15 deficiency promotes fibrosis. Consistent with this, we show that 
in the absence of GDF15, SMAD3, a key mediator of the fibrotic 
response, is activated in the liver, whereas treatment with rGDF15 has 
the opposite effect in mouse primary hepatocytes and the liver of mice. 
Likewise, the reduction of AMPK activity in the Gdf15− /− mice can also 
exacerbate fibrosis, in line with the observations that this kinase ame
liorates insulin resistance and directly suppresses inflammation and 
fibrogenesis in mice with NASH [43]. 

The present study also demonstrated that the effects of GDF15 on 
SMAD3 and AMPK and the changes in the protein markers of gluco
neogenesis and fibrosis in mouse primary hepatocytes are independent 
of GFRAL, since these cells do not express this receptor [3]. These 
findings suggest the presence of a receptor, which has not been 
discovered yet, mediating the peripheral effects of GDF15 in hepato
cytes. In fact, previous studies have supported the presence of these 
peripheral effects of GDF15 that do not involve GFRAL [12–14,19]. 

Altogether, the findings of this study demonstrate that GDF15 at
tenuates the TGF-β1/SMAD3 pathway, which in turn results in AMPK 
activation. These effects result in a reduction in gluconeogenesis, the 
main contributor to hyperglycemia in the fasting state in patients with 
type 2 diabetes mellitus due to insulin resistance, and fibrosis. 

4.1. Limitations of the study 

The findings of this study point to an effect of GDF15 on AMPK that is 
independent of central GFRAL, since it was observed in mouse primary 
hepatocytes. In addition, rGDF15 administration increased AMPK 
phosphorylation in the liver of fasted mice, excluding the possibility that 
this effect might be related to GFRAL-mediated changes in food intake. 
However, studies using neutralizing antibodies against GFRAL or 
GFRAL-knockout mice are needed to dismiss this possibility. Another 
limitation of this study is that it does not provide the identity of the 
peripheral receptor mediating the effects of GDF15 on hepatocytes. The 
search for this peripheral receptor is challenging since GFRAL was 
robustly identified as the receptor mediating the effects of GDF15 [3–5]. 
Several membrane-expressed proteins have been suggested to be addi
tional GDF15-binding partners, although they bind GDF15 with lower 
affinity [3,4]. More recently, it has been reported that GDF15 acts in T 
cells through CD48, which is mainly expressed in lymphoid cells [13]. 
Likewise, the anti-inflammatory effects of colchicine have been reported 
to be mediated by GDF15 through an unidentified receptor on myeloid 
cells that requires further characterization [12]. Furthermore, we 
cannot exclude the involvement of GDF15-mediated nuclear effects, 
since it has been reported that this cytokine controls transcription [31]. 
Future studies are needed to uncover the receptor/s involved in the 
peripheral effects of GDF15. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.metabol.2023.155772. 
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