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Abstract

Glial cell line Derived Neurotrophic Factor (GDNF) is a protein that is required for the 

development and survival of enteric, sympathetic, and catecholaminergic neurons. We previously 

reported that GDNF is protective against high fat diet (HFD)-induced hepatic steatosis in mice 

through suppression of hepatic expression of peroxisome proliferator activated receptor- γ 
(PPAR-γ) and genes encoding enzymes involved in de novo lipogenesis. We also reported that 

transgenic overexpression of GDNF in mice prevented the HFD-induced liver accumulation of the 

autophagy cargo-associated protein p62/sequestosome 1 (p62/SQSTM1) characteristic of impaired 

autophagy. Here we investigated the effects of GDNF on hepatic autophagy in response to 

increased fat load, and on hepatocyte mitochondrial fatty acid β-oxidation and cell survival. 

GDNF not only prevented the reductions in the liver levels of some key autophagy-related 

proteins, including Atg5, Atg7, Beclin-1 and LC3A/B-II, seen in HFD-fed control mice, but 

enhanced their levels after 12-weeks of HFD-feeding. In vitro, GDNF accelerated autophagic 

cargo clearance in primary mouse hepatocytes and a rat hepatocyte cell line, and reduced the 

phosphorylation of the mTOR complex downstream target p70S6 kinase similar to the autophagy 

activator rapamycin. GDNF also enhanced mitochondrial fatty acid β-oxidation in primary mouse 

and rat hepatocytes, and protected against palmitate-induced lipotoxicity. Conclusion: We 

demonstrate a novel role for GDNF in enhancing hepatic autophagy and in potentiating 

mitochondrial function and fatty acid oxidation. Our studies show that GDNF and its receptor 

agonists could be useful for enhancing hepatocyte survival and protecting against fatty acid-

induced hepatic lipotoxicity.
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Nonalcoholic fatty liver disease (NAFLD) has become a major health concern globally due 

to the worldwide obesity epidemic. NAFLD is a complex disease which in its simplest form 

is characterized by excessive accumulation of triglyceride (TG) in hepatocytes due to 

increased uptake of free fatty acids (FFA), increased fatty acid (FA) synthesis through de 
novo lipogenesis, and reduced fatty acid clearance (1). This simple steatosis can progress to 

the more severe nonalcoholic steatohepatitis (NASH) which is characterized by steatosis, 

hepatocellular injury, inflammation and liver fibrosis (2).

Autophagy is a cell survival pathway in which intracellular components are degraded in 

lysosomes to release substrates which can be used for energy production and the synthesis of 

new macromolecules (3). Macroautophagy has been shown to play an important role in lipid 

homeostasis (lipophagy) and mitochondrial quality control (mitophagy) in hepatocytes (4, 

5). The dysregulation of hepatic autophagy seen in animal models of obesity and in some 

NAFLD patients, as well as the reduction in TG accumulation observed in response to the 

induction of liver autophagy, suggests that hepatic autophagy could be a useful target in the 

treatment of NAFLD (6–10).

We recently reported that glial cell line derived neurotrophic factor (GDNF), a factor 

required for the survival of sympathetic, catecholaminergic and enteric neurons, is protective 

against high fat diet (HFD)-induced hepatic steatosis in mice. The mechanism of this effect 

is in part through suppression of hepatic expression of peroxisome proliferator activated 

receptor-γ (PPAR-γ) and its downstream targets as well as suppression of gene expression 

of fatty acid synthase (Fasn) and stearoyl-CoA desaturase (Scd1) which encode enzymes 

involved in de novo lipogenesis (11). Interestingly, we also found that liver p62/

sequestosome 1 (p62/SQSTM1) levels were highly elevated in HFD-fed CF-1 mice, but 

significantly decreased in GDNF overexpressing mice. This protein is a key autophagic 

clearance protein which recognizes and delivers ubiquitinated protein cargo to the 

autophagosome for downstream degradation in lysosomes, and increased levels of p62/

SQSTM1 are often associated with inhibition of autophagy while decreased levels of the 

protein are associated with autophagy activation (12–15). The finding that GDNF 

overexpression resulted in reductions in liver p62/SQSTM1 levels HFD-fed mice thus 

suggested that GDNF might up regulate liver autophagy in obesity.

In the current study we investigated the effects of GDNF on the hepatic autophagic pathway 

and the role of GDNF in modulating hepatocyte mitochondrial function, fatty acid oxidation 

and cell survival. We show that GDNF protects against HFD-induced suppression of liver 

autophagy and enhances mitochondrial fatty acid oxidation in hepatocytes. We also show 

that GDNF protects against palmitate-induced toxicity in hepatocytes. Our findings 

demonstrate an important ability of GDNF to regulate autophagy and lipid metabolism in 

hepatocytes.
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Experimental Procedures

Animals

Animal studies were conducted in male and female CF-1 (control) mice and GDNF 

transgenic (Tg) littermates (on a CF-1 background). GDNF transgenic mice overexpress 

GDNF in cells expressing glial fibrillary acidic protein (GFAP) which are found in several 

tissues including the liver (Supplementary Fig. 1) (16). The generation of these mice has 

been previously described (17). The mice were used at 5–6 weeks of age and were 

maintained on a 12 h light-dark cycle in a temperature controlled barrier facility with free 

access to food and water. They were fed a regular diet (RD) (2018SX; Teklad Global 18% 

Protein Extruded Rodent Diet, Harlan Laboratories, Madison, WI) that contained 6.2% fat 

by weight or a HFD (TD.06414, Harlan) that contained 34.3% fat by weight. The complete 

composition of the diets has previously been reported (16). All animal studies were 

approved by the Atlanta Veteran Affairs Medical Center Institutional Animal Care and Use 

Committee.

Cell Culture

RALA255–10G rat hepatocytes infected with empty lentiviral vector alone (VEC cells) or 

lentivirus expressing shRNA to Atg5 (siAtg5 cells) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) without pyruvate as previously described (4, 18, 19). The human 

hepatoma-derived HepG2 cell line (20) was purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA) and cultured in Minimum Essential Medium 

(ATCC) supplemented with fetal bovine serum (10%) according to recommended procedure. 

Primary mouse hepatocytes were isolated as previously described (21) using Gibco (Life 

Technologies Corp, Grand Island, NY, USA) hepatocyte isolation and culture media. Stock 

(6 mM) palmitate (Sigma-Aldrich, St. Louis, MO) conjugated to fatty acid-free bovine 

serum albumin (BSA) (Sigma-Aldrich) was prepared as previously described (22) and used 

at final concentration of 0.1–0.3 mM. Recombinant human and mouse GDNF (Shenandoah 

Biotechnology, Warwick, PA) were used at a final concentration of 100–200 ng/ml. Medium 

for all the cell types were replaced with fresh media every 48 h.

Oxygen consumption rate measurement

Primary mouse hepatocytes, RALA255–10G cells and HepG2 were seeded in 96-well 

XFe96 cell culture microplates (Agilent Technologies Seahorse Bioscience, Lexington, MA, 

USA) and cultured for 24 h to six days in complete medium supplemented with or without 

GDNF and palmitate (0.1–0.2 mM). The β-adrenergic receptor antagonist SR 59230A 

(Sigma-Aldrich) was added (10 µM) to the appropriate wells during the last 4 days of culture 

while rapamycin (Calbiochem EMD Chemicals, Darmstadt, Germany) was added (20 nM) 

during the last 24 h hours of culture. The culture media were replaced every 48 h with fresh 

media supplemented with or without the test agents. Before the start of the respiration assay, 

the cells were washed twice with fatty acid oxidation (FAO) assay medium (111 mM NaCl, 

4.7 mM KCl, 1.25 mM CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4, 2.5 mM glucose, 0.5 mM 

carnitine, and 5 mM HEPES) and incubated in the same medium for 45 min at 37°C in a 

non-CO2 incubator. Just before the start of the assay GDNF (100 ng/ml), palmitate (1 mM), 

rapamycin (20 nM) and SR 59230A (10 µM) were added to the appropriate wells. 
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Mitochondrial bioenergetic function and fatty acid oxidation were then assessed by 

measuring the oxygen consumption rates (OCR) using a Seahorse XFe96 Extracellular Flux 

Analyzer (Seahorse Bioscience) before and after the addition of 1.0 mM oligomycin 

(Seahorse Bioscience), 1.0 mM Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone 

(FCCP) (Seahorse Bioscience) and 0.5 mM rotenone/antimycin A (Seahorse Bioscience) 

(23, 24). Oxygen consumption rates were normalized to protein.

Cellular toxicity Assay

To assess the toxicity of palmitate, RALA255–10G cells and HepG2 cells were plated at a 

density of 5 × 103 cells/well in 96-well plates. After 48 h in regular cell culture medium, the 

medium was replaced with fresh culture medium supplemented with or without GDNF (200 

ng/ml) and palmitate (0.2 mM and 0.25 mM). Cell death was assessed after 24h and 48h 

using the CellTox Green Cytotoxicity Assay kit (Promega, Madison, WI). Fluorescence was 

measured at 485 nmEx/ 528 nmEm and the percentage of cell death determined by dividing 

the fluorescence of the GDNF and palmitate treated groups by the fluorescence of the 

vehicle treated control group, multiplying by a hundred and then subtracting the result from 

100.

Western blotting

Western blotting was performed as previously described (11) using rabbit primary antibodies 

to Atg5 (D5F5U), Atg7, Beclin-1, cleaved caspase-3 (Asp175) LC3A/B (D3U4C), total and 

phospho-mTOR (Ser 2448), total and phospho-p70SK6 (Thr389), total and phospho-4E-BP1 

(Ser65) (Cell Signaling Technologies), and p62/SQSTM1 (Sigma-Aldrich) diluted 1:1000. 

Mouse monoclonal primary antibodies to α-tubulin (DM1A) (Cell Signaling Technologies, 

Danvers, MA) and β-actin (A5441, clone AC-15) (Sigma-Aldrich) were diluted, 

respectively, 1:1000 and 1:5000 before use. Horseradish peroxidase conjugated anti-mouse 

and anti-rabbit IgG (Cell Signaling Technologies) secondary antibodies were used at 1:2,000 

dilution. A semi quantitative measurement of band intensity was performed using the 

Carestream Molecular Imaging Software (Carestream Molecular Imaging, New Haven, CT).

Assessment of Autophagic Flux

To assess autophagic flux, primary mouse hepatocytes and RALA255–10G rat hepatocytes 

were cultured for 1 h in cell culture medium supplemented with or without the lysosomal 

inhibitors ammonium chloride (20 mM) (Sigma-Aldrich) and leupeptin (100 μM) (Roche 

Diagnostics, Mannheim, Germany) followed by 4 h in the presence or absence of the 

inhibitors, GDNF (200 ng/ml) and palmitate (0.2 mM). Protein were isolated and subjected 

to Western blotting for LC3A/B-II. Autophagic flow was then determined as previously 

described (4, 25) by calculating the ratio of the LC3A/B-II band intensity value in the 

presence of the lysosomal inhibitors (normalized to its β-actin levels) to the LC3A/B-II band 

intensity value for the same treatment in the absence of the inhibitors.

Immunofluorescence staining

Liver sections (8 μm thick) were obtained from mice liver tissues previously frozen in 

Tissue-Tek O. C. T. compound (Sakura Finetek, Torrance, CA, U.S.A.) and stained with 
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antibodies to LC3A/B (Cell Signaling Technologies) and p62/SQSTM1 (Sigma) as 

previously described (11) and counterstained for lipid droplets using BODIPY 493/503 (Life 

Technologies) according to suggested procedure.

Statistical Analysis

Statistical analyses were conducted using the GraphPad Prism software version 3.00 for 

Windows (GraphPad Software, San Diego, CA). Data were tested for normality and 

subjected to unpaired t test or one-way ANOVA with Tukey post test.

Results

GDNF transgenic mice are protected against high fat diet-induced impairment of liver 
autophagy

To investigate the ability of GDNF to regulate hepatocyte autophagy in response to increased 

fat load, we first assessed the effects of GDNF overexpression on liver levels of key 

components of the autophagy pathway in a dietary mouse model of obesity. GDNF Tg (Tg) 

mice fed the HFD for 12 weeks had normal liver triglyceride levels, serum alanine 

aminotransferase (ALT) levels and low to moderate hepatic steatosis while control (CNTRL) 

mice fed the HFD had elevated liver triglyceride levels and serum ALT levels and increased 

hepatic steatosis (16) (Supplementary Fig. 2). We also observed that 12 weeks of HFD 

feeding resulted in significant increases in liver Atg5, Beclin-1, and LC3A/B-II levels in 

male and female GDNF Tg mice, and decreases in liver Atg5, Atg7 and LC3A/B-II levels in 

female CNTRL mice (Fig. 1A–C). These data thus suggested an increase in hepatic 

autophagy geared towards protecting against steatosis and lipotoxicity in HFD-fed GDNF 

Tg mice.

GDNF enhances autophagy in vitro

While an increase in LC3 levels can be an indicator of autophagy induction, a decrease in 

cellular LC3-II levels is also known to result from increased autophagic flux (turnover) (15). 

To examine if GDNF could enhance autophagic flux in response to exposure to saturated 

fatty acids, we first pretreated isolated mouse hepatocytes for 1 h with or without the 

lysosomal inhibitors ammonium chloride and leupeptin to block autophagic cargo clearance. 

We then exposed the cells to GDNF (200 ng/ml) and palmitate (0.2–0.3 mM) for 4 h in the 

presence or absence of the inhibitors and then isolated protein to assess autophagic flow. 

Hepatocytes exposed to GDNF or to 0.2 mM palmitate in the presence of GDNF had 

significantly higher autophagic flow than cells exposed either to vehicle or palmitate alone 

(Fig. 2A and B). To verify that the observed GDNF effects were direct effects on autophagy 

we compared changes in autophagic flux between VEC RALA255–10G rat hepatocytes 

(control) which have an intact autophagy machinery and siAtg5 RALA255–10G hepatocytes 

which have impaired autophagy due to knockdown of Atg5 expression (Fig. 2C). Controls 

cells exposed to GDNF alone or palmitate in the presence of GDNF exhibited increased 

autophagic flow when compared to cells vehicle or palmitate alone (Fig. 2D and E). These 

effects of GDNF were, however, absent in siAtg5 RALA255–10G rat hepatocytes (Fig. 2D 

and E). The ability of GDNF to enhance autophagy flux was also evident in VEC 

RALA255–10G hepatocytes, but not siAtg5 RALA255–10G hepatocytes, exposed to 
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palmitate for 6 days (supplementary Fig. 3A and B). GDNF also significantly decreased 

p62/SQSTM1 levels in VEC cells exposed to palmitate for 6 days while lysosomal inhibitors 

induced similar increases as those seen in cells exposed to vehicle alone (Supplementary 

Fig. 3C) thus providing further support that GDNF can stimulate autophagy in response to a 

lipid challenge.

GDNF suppresses mTOR signaling in hepatocytes and enhances cellular respiration 
similar to the autophagy inducer rapamycin

Autophagy plays an important role in fat metabolism by breaking down lipid droplets into 

free fatty acids which are then transported to the mitochondria for β-oxidation to release 

energy (4). The mechanistic target of rapamycin (mTOR) signaling pathway regulates 

cellular anabolic processes, such as lipid synthesis, as well as catabolic processes, such as 

autophagy, breakdown of intracellular triglycerides, and fatty acid β-oxidation (26). 

Anabolic signals activate the mTOR complex 1 (mTORC1) through phosphorylation of its 

serine 2448 residue while catabolic signals inhibit this phosphorylation (27). To understand 

the role of GDNF in modulating the mTOR signaling pathway in response to saturated fatty 

acid challenge, we first compared the effects of GDNF on mTOR phosphorylation to those 

of the mTOR inhibitor rapamycin and the lipolysis-inducing β3-adrenergic receptor agonist 

CL316,243. HepG2 cells cultured for 48 h in medium supplemented with GDNF alone 

showed similar decreases in mTOR phosphorylation as cells exposed to rapamycin or 

CL316,243 alone during the last 24 h of culture (Supplementary Fig. 4A and B). In culture 

medium supplemented with palmitate, GDNF was also able to blunt palmitate-induced 

increase in mTOR phosphorylation (Supplementary Fig. 4 A and B). GDNF, however, had 

no additive effect on rapamycin-mediated mTOR phosphorylation (Supplementary Fig. 4A). 

We next performed experiments in rat hepatocytes and primary mouse hepatocytes to 

determine the effects of GDNF on downstream targets of mTOR and the possible link to the 

autophagic pathway. Exposure (48 h) of control rat hepatocytes (VEC) with an intact 

autophagic machinery to GDNF alone or GDNF in combination with palmitate decreased 

the phosphorylation of p70S6 kinase on threonine 389 significantly similar to rapamycin, 

and enhanced the phosphorylation of 4E-BP1 on serine 69 (Fig. 3A–C). However, in rat 

hepatocytes in which autophagy was impaired due to a knockdown of Atg5 (siAtg5), the 

phosphorylation of p70S6K was blocked completely while the phosphorylation of 4E-BP1 

was significantly decreased (Fig. 3A–C). Similarly, GDNF either alone or in the presence of 

palmitate (0.3 mM) significantly decreased p70S7K phosphorylation in primary mouse 

hepatocytes, but had no significant effects on 4E-BP1 phosphorylation (Fig. 3D–F). This 

suggested that p70S6K might be a critical link between the autophagic pathway and the 

mTOR signaling pathway.

The fact that GDNF promotes mTOR dephosphorylation similar to rapamycin suggests that 

GDNF could inactivate mTOR and promote catabolic processes that favor the breakdown of 

cellular fuels. To test if GDNF could activate mitochondrial respiration and fatty acid β-

oxidation in hepatocytes similar to the autophagy activator rapamycin (28, 29), we first 

cultured HepG2 cells for 6 days in medium supplemented with or without GDNF and 

rapamycin during the last 24 h. Mitochondrial respiration was then assessed by measuring 

oxygen consumption rates (OCR) before and after addition of the electron transport chain 
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inhibitors oligomycin, FCCP, rotenone and actinomycin A. GDNF significantly enhanced 

basal oxygen consumption rate and spare capacity similar to rapamycin (Supplementary Fig. 

5A and B), thus confirming its ability to enhance cellular respiration.

GDNF enhances mitochondrial fatty acid β-oxidation

We next assessed the ability of GDNF to enhance mitochondrial fatty acid β-oxidation in 

response to palmitate challenge. We first cultured HepG2 cells for 6 days in palmitate-free 

cell culture medium supplemented with or without GDNF and then exposed them to 

palmitate during the assay of mitochondrial respiration to assess the ability of GDNF to 

enhance mitochondrial respiration in response to acute exposure to a saturated fatty acid. 

HepG2 cells cultured in the presence of GDNF had higher basal and maximal mitochondrial 

respiration relative to controls and had even higher OCRs when exposed to exogenous 

palmitate (Fig. 4A–C). Cells cultured in the presence of GDNF also had higher ATP 

synthesis-linked basal respiration and higher proton leak and palmitate-induced 

mitochondrial uncoupling than cells cultured in the absence of GDNF (Fig. 4D–F). The β-

oxidation enhancing effects of GDNF were, however, lost when the cells were exposed to 

the β-adrenergic antagonist SR 50230A during the last 4 days of culture (Fig. 4B–E) 

suggesting that the β-adrenergic signaling pathway might be involved in GDNF-mediated 

fatty acid β-oxidation in hepatocytes. Overall these results suggest an ability of GDNF to 

enhance mitochondrial respiration to supply ATP during times of increased energy demand, 

and also to increase the uncoupling of respiration from ATP production during β-oxidation 

which could be protective against the release of toxic reactive oxygen species.

We next tested the effects of GDNF on mitochondrial respiration after prolonged exposure to 

palmitate. HepG2 cells were cultured for 6 days in cell culture medium containing palmitate 

(0.1 mM) with or without GDNF. We then assayed mitochondrial respiration in fatty acid 

oxidation assay medium supplemented with or without additional palmitate. Similar to cells 

cultured in culture medium without palmitate, cells cultured in the presence of GDNF in 

medium containing palmitate had higher basal and maximal mitochondrial respiration, 

higher basal and maximal respiration due to exogenous palmitate, higher ATP synthesis-

linked basal respiration, and higher proton leak and palmitate-induced mitochondrial 

uncoupling than controls (Fig. 5A–E). The ability to metabolize PA was, however, lower in 

cells chronically exposed to PA than in cells cultured in the absence of PA. Also, similar to 

cells cultured in culture medium without palmitate, the β-oxidation enhancing effects of 

GDNF in cells cultured in medium containing palmitate was lost when the cells were 

exposed to the β-adrenergic antagonist (Fig. 5A–E).

To establish the necessity of the autophagic pathway in GDNF’s ability to enhance 

mitochondrial fatty acid β-oxidation, we compared mitochondrial respiration in RALA255–

10G rat hepatocytes with (VEC) and without an intact autophagy machinery (siAtg5). 

RALA255–10G rat hepatocytes were cultured for 24h in medium supplemented with or 

without palmitate (0.2 mM) and mitochondrial respiration assayed without additional 

palmitate supplementation. Overall, cells with an intact autophagy machinery had higher 

mitochondrial respiration profiles including basal maximal spare respiratory capacity, proton 

leak and ATP production than autophagy knockout cells (siAtg5) (Fig. 6A–C). In the 
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presence of the higher dose of palmitate used (0.2 mM), there was, however, a reduction in 

mitochondrial respiration in both cells, and more so in siAtg5 cells than in VEC cells (Fig. 

6A–C). We also examined if GDNF had similar effects on mitochondrial respiration in VEC 

rat hepatocytes as it did in HepG2 cells, VEC hepatocytes cultured for 3 days in the presence 

of GDNF and then exposed to palmitate during the assay had significantly higher basal 

oxygen consumption rates than cells cultured in medium alone and assayed in the presence 

or absence of palmitate (Fig. 6D). We also investigated if the overexpression of GDNF in the 

liver from GDNF Tg mice enhances their hepatocytes mitochondrial respiration. 

Hepatocytes isolated from GDNF Tg mice fed a regular rodent diet (RD) or a HFD for 7 

days had significantly higher maximal respiration and spare respiratory capacity than control 

mice fed the HFD (Fig. 6 E and F).

GDNF is protective against palmitate-induced cytotoxicity

In light of the observed GDNF’s ability to enhance autophagy and β-oxidation in rat 

hepatocytes and HepG2 cells in response to palmitate challenge, we also assessed if GDNF 

could protect against palmitate-mediated lipotoxicity. GDNF enhanced cell survival in both 

HepG2 cells and VEC-infected RALA255 hepatocytes and protected against palmitate-

induced cell death in part by suppressing cleaved caspase-3 mediated apoptosis (Fig. 7A–C). 

The protective effects of GDNF against palmitate-induced hepatocyte cell death were, 

however, diminished in RALA255–10G cells with defective autophagy (Fig. 7B and C).

Discussion

In our previous study we demonstrated a new role for GDNF in hepatic lipid metabolism 

involving suppression of the transcription of proteins involved in hepatic lipid uptake and de 
novo lipogenesis (11). In this study we have uncovered a new mechanism involving 

increased autophagy and fatty acid β-oxidation by which GDNF can potentially protect 

hepatocytes against the harmful effects of a HFD and saturated fatty acids.

Autophagy plays an important role in hepatocyte lipid metabolism (4, 30). Defective hepatic 

autophagy characterized by increased p62/SQSTM1 levels and reduced Atg5, Atg7 and 

Beclin-1 levels similar to what we observed in HFD-fed control mice in this study and our 

previous study (11) has been reported in some rodent models of obesity and fatty liver 

disease as well as in some NAFLD patients (6, 10, 31). It is not known how much this 

impairment in autophagy contributes to the hepatic steatosis and the accompanying disease. 

It is, however, clear that defective autophagy has an impact on hepatic lipid metabolism 

since induction or restoration of autophagy is able to lower hepatocyte TG accumulation (7, 

10).

A general indicator of defective autophagy is increased LC3-II and p62/SQSTM1 cellular 

levels with decreased autophagic flux (15). In this study liver GDNF overexpression was 

associated with increased liver LC3A/B-II, Atg5, and Beclin-1 levels in HFD-fed male mice 

and prevented the decreases in liver Atg5, Atg7 and LC3-II levels seen in the liver of HFD-

fed female control mice. In vitro, GDNF treatment of palmitate-exposed primary mouse and 

rat hepatocytes resulted in greater reductions in LC3-II levels than that seen in vehicle-

treated cells. These reductions were, however, not due to impairment of autophagy, but to 
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increased autophagic clearance since treatment with lysosomal inhibitors indicated that 

GDNF-treated hepatocytes had higher autophagic flux than hepatocytes cultured in the 

absence of GDNF. The ability of GDNF to enhance autophagy was blocked in cells with 

defective autophagy due to a knockdown of the Atg5 gene. Acute exposure to palmitate 

results in increased LC3-II and p62/SQSTM1 accumulation in hepatocytes cells due to the 

initial induction of autophagy (32). In this study we adopted a cell treatment strategy that 

resembled chronic fatty acid exposure similar to that seen in obesity. Using this strategy we 

were able to assess change in flux rather than the initial induction of autophagy. Hence in 

our study treatment with palmitate induced autophagic flux which was highest in GDNF-

treated cells. These findings, thus, strongly point to an ability of GDNF to modulate the rate 

of autophagy in hepatocytes in response to excess lipid challenge.

The mTOR kinase plays an important role in lipid metabolism with its activity being 

regulated based on energy demands and nutrient supply. In this study we observed the ability 

of GDNF to reduce the phosphorylation of mTOR and its downstream target p70S6K. 

However, the phosphorylation of 4E-BP1, another downstream target of mTOR, was 

enhanced. The seemingly opposite effects of GDNF on the two mTOR targets was possibly 

due to their different roles in metabolism thus requiring differential regulation (33, 34). 

Indeed, there is evidence showing that these factors are differentially regulated to achieve 

metabolic homeostasis. Choo et, al. (35) have presented data showing differential inhibition 

of 4E-BP1 and p70S7K by rapamycin in several cell lines with p70S6K phosphorylation 

being inhibited during the entire 48 h period of treatment, and 4E-BP1 phosphorylation 

being inhibited only during the first 3 h of exposure and coming back to normal within 6 h to 

in order to maintain translation.

The phosphorylation of mTOR is associated with increased activity which favors anabolic 

cellular processes such as lipogenesis while its dephosphorylation can result in autophagy 

activation, increased lipolysis and β-oxidation (26). GDNF improved general hepatocyte 

cellular respiration and increased mitochondrial fatty acid β-oxidation. GDNF not only 

enhanced mitochondrial respiration coupled to ATP production in response to palmitate 

exposure, but also enhanced mitochondrial uncoupling which may serve to protect the cells 

against palmitate-induced oxidative stress (36). GDNF protected rat hepatocytes against 

palmitate-induced cell death. These effects of GDNF were, however, reduced in hepatocytes 

with defective autophagy thus reinforcing the interdependence between autophagy and 

mitochondrial respiration in hepatocyte fatty acid oxidation.

Impairment of hepatic mitochondrial activity with accompanying endoplasmic reticulum 

stress and cellular toxicity have been observed in obesity and NAFLD as well as following 

exposure to saturated long chain fatty acids such as palmitic acid. ER stress also occurs with 

impaired autophagy (22, 37–39). This effect has been linked to increased mitochondrial 

production of reactive oxygen species, excessive ER-mitochondrial coupling leading to 

mitochondrial calcium overload, and reductions in hepatic nicotinamide adenine 

dinucleotide (NAD) levels (40–42). Restoration of hepatic NAD levels has been shown to 

increase mitochondrial β-oxidation and prevent hepatic steatosis both in vitro and in vivo 
(41).
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In this study GDNF was protective against palmitate-induced hepatocyte cytoxicity and cell 

death partly through apoptosis. As summarized in Fig. 8 we have demonstrated that GDNF 

can protect against obesity-induced derangement of hepatic autophagy through its ability to 

enhance autophagic flux. We have also demonstrated that GDNF can enhance fatty acid β-

oxidation and protect against fatty acid-induced toxicity in hepatocytes. These findings open 

the possibility that GDNF or its agonist could be used to improve hepatic fatty acid 

metabolism in NAFLD patients.
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Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
GDNF prevents high fat diet-induced reduction in the levels of components of the 

autophagic pathway in mouse liver. Western blot analysis of (A) Beclin-1, Atg5, and 

LC3A/B levels in liver from male control (CNTRL) and GDNF transgenic (Tg) mice fed a 

RD or HFD for 12 weeks. β-actin was used as a loading control. Histogram shows fold 

change relative to RD-fed control mice of band intensities per β-actin band intensities. 

Plotted are means + SEM (***, P<0.001; *, P<0.05 relative to CNTRL RD; #, P<0.001; β, 

P<0.01 relative to CNTRL HFD. n = 4 mice in each group). (B) Western blot analysis of 
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Atg5 and LC3A/B protein levels in liver from female control (CNTRL) and GDNF 

transgenic (Tg) mice fed a RD or HFD for 12 weeks. Plotted are means + SEM (***, 

P<0.001 relative to CNTRL RD; #, P<0.001 relative to Tg HFD. n = 3 mice per group). (C) 

Western blot analysis of Atg7 protein levels in liver from female control (CNTRL) and 

GDNF transgenic (Tg) mice fed a RD or HFD for 12 weeks. Plotted are means + SEM (***, 

P<0.001 relative to CNTRL RD; #, P<0.001 relative to Tg HFD. n = 4 mice per group).
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FIG. 2. 
GDNF enhances autophagic flux in rat hepatocytes and primary mouse primary mouse 

hepatocytes in vitro (A) Western blot analysis of LC3 levels in VEC (empty vector-infected) 

and siAtg5 (Atg5 siRNA infected) RALA255–10G rat hepatocytes pre-cultured for 1 h in 

medium supplemented with or without the lysosomal inhibitors leupeptin and ammonium 

chloride followed by 4 h in medium supplemented with or without GDNF and palmitate 

(PA), and (B) plot of autophagic flow for GDNF and PA treated cells relative to cells treated 

with vehicle only. Plotted are means + SEM (***, P<0.001; *, P<0.05. n = 3). (C) Western 
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blot comparing Atg5 protein expression levels between VEC and siAtg5 RALA255–10G rat 

hepatocytes. Plotted are means + SEM (***, P<0.001. n= 4–5). (D) Western blot analysis of 

LC3 levels in primary mouse hepatocytes pre-cultured for 1h in medium supplemented with 

or without the lysosomal inhibitors leupeptin and ammonium chloride followed by 4h in 

medium supplemented with or without GDNF and palmitate (PA), and (E) plot of 

autophagic flow for GDNF and PA treated cells relative to cells treated with vehicle only. 

Plotted are means + SEM (***, P<0.001; *, P<0.05. n = 3).
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FIG. 3. 
GDNF blocks the phosphorylation of p70S6 kinase in hepatocytes. (A-C) Western blot 

analysis of phospho-p70S6K (Thr389) and phospho-4E-BP1 (ser69) levels in RALA255–

10G rat hepatocytes cultured for 48h in medium supplemented with or without GDNF (200 

ng/ml) and palmitate (0.2 mM) and during the last 24h with or without rapamycin (20 nM). 

Plotted are means + SEM (***, P<0.001; **, P<0.01. n = 3). (D-F) Western blot analysis of 

phospho-p70S6K (Thr389) and phospho-4E-BP1 (ser69 levels in primary mouse 

hepatocytes cultured for 48 h in medium supplemented with or without GDNF (200 ng/ml) 
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and palmitate (0.2 mM) and during the last 24 h with or without rapamycin (20 nM). Plotted 

are means + SEM (***, P<0.001; **, P<0.01. n = 3).
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FIG. 4. 
GDNF enhances mitochondrial β-oxidation cells after acute exposure to palmitate. 

Mitochondrial respiration in HepG2 cells cultured for 6 days in medium supplemented with 

or without GDNF with or without the β3-adrenergic receptor antagonist SR 59230A (10 µM) 

added during the last 4 days of culture and oxygen consumption rates (OCR) assayed in 

absence and presence of palmitate (PA). (A) Mitochondrial respiration profile, (B) basal and 

maximal mitochondrial respiration, (C) basal mitochondrial respiration due to exogenous 

palmitate, (D) ATP production-linked mitochondrial respiration, (E) proton leak, and (F) 

Mwangi et al. Page 20

Hepatology. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



palmitate-induced uncoupling after acute exposure to palmitate. Plotted are means + SEM 

(***, P<0.001; **, P<0.01. n = 5).

Mwangi et al. Page 21

Hepatology. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 5. 
GDNF prevents palmitate-induced suppression of mitochondrial β-oxidation. (A) 

Mitochondrial respiration profile, (B) basal and maximal mitochondrial respiration, (C) 

basal and maximal mitochondrial respiration due to exogenous palmitate, (D) ATP 

production-linked mitochondrial respiration, and (E) proton leak and palmitate-induced 

uncoupling in HepG2 cells cultured for 6 days in medium containing palmitate (0.1 mM) 

and supplemented with or without GDNF and during the last 4 days of culture with or 

without the β3-adrenergic receptor antagonist SR 59230A (10 µM). Oxygen consumption 
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rates (OCR) were assayed in buffer (Assay) with and without GDNF, palmitate and SR 

59230A. Plotted are means + SEM (***, P<0.001; **, P<0.01; *, P<0.05. n = 5).
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FIG. 6. 
GDNF enhances mitochondrial respiration in rat hepatocytes and primary mouse 

hepatocytes. Comparison of mitochondrial respiration between VEC RALA255–10G rat 

hepatocytes (with intact autophagy) and siAtg5 RALA255–10G hepatocytes with defective 

autophagy (A-C). Plotted are means + SEM. (D) Basal oxygen consumption rates (OCR) of 

VEC RALA255–10G rat hepatocytes cultured for 3 days in medium with or without GDNF 

and assayed in assay buffer with or without palmitate (Assay). Plotted are means + SEM 

(***, P<0.001; *, P<0.05. n = 3). (E and F) Mitochondrial respiration profiles of hepatocytes 
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isolated from control (CNTRL) and GDNF transgenic (Tg) that had been fed on a RD or 

HFD for 7 days. Plotted are means + SEM (**, P<0.01; *, P<0.05. n = 3).
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FIG. 7. 
GDNF protects against palmitate-induced cytotoxicity in HepG2 cells and RALA255 rat 

hepatocytes. (A) Assessment of cytotoxicity in HepG2 cell death cultured for 24 and 48 h in 

medium supplemented with or without GDNF (100 ng/ml) and palmitate (PA) (0.2 and 0.25 

mM). Plotted are means + SEM relative to vehicle (***, P<0.001. n = 5). (B) Assessment of 

cytotoxicity in VEC and siAtg5 Rala255–10G rat hepatocytes cultured for 48h of in the 

presence and absence of GDNF (100 ng/ml) and PA (0.2 and 0.25 mM). Plotted are means + 

SEM relative to vehicle (***, P<0.001 **, P<0.01; *, P<0.05. n = 4). (C) Western blot 
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analysis of cleaved caspase-3 levels in VEC and siAtg5 hepatocytes cultured for 24 h in the 

presence and absence of GDNF (100 ng/ml) and PA (0.2 and 0.3 mM). Plotted are means + 

SEM (***, P<0.001) **, P<0.01. n = 3).
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FIG. 8. 
Schematic representation of the proposed model of GDNF action in hepatocytes involving 

enhancement of lipophagy and fatty acid β-oxidation following lipid challenge. In response 

to increased triglyceride accumulation in the form of lipid droplets within the hepatocyte, 

GDNF enhances the formation of the autophagosome which grows to enclose the lipid 

droplet. Fusion of the autophagosome to lysosomes results in the release of lytic enzymes 

which breakdown the lipid droplet into free fatty acids. The autophagosome wall breaks 
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down to release the free fatty acids into the cytoplasm from where they enter mitochondria 

and undergo β-oxidation.
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