
This item is the archived peer-reviewed author-version of:

Hepatocellular autophagy modulates the unfolded protein response and fasting-
induced steatosis in mice

Reference:
Kwanten Wilhelmus, Vandewynckel Yves-Paul, Martinet Wim, De Winter Benedicte, Michielsen Peter, Van Hoof Viviane,
Driessen Ann, Timmermans Jean-Pierre, Bedossa Pierre, Van Vlierberghe Hans, ....- Hepatocellular autophagy modulates
the unfolded protein response and fasting-induced steatosis in mice
American journal of physiology: gastrointestinal and liver physiology / American Physiological Society - ISSN 0193-1857 -
311:4(2016), p. G599-G609 
Full text (Publisher's DOI): http://dx.doi.org/doi:10.1152/AJPGI.00418.2015 
To cite this reference: http://hdl.handle.net/10067/1354060151162165141

Institutional repository IRUA

http://anet.uantwerpen.be/irua


Page 1 / 47 

TITLE  1 

Hepatocellular autophagy modulates the unfolded protein response and 2 

fasting-induced steatosis in mice 3 

 4 

RUNNING HEAD 5 

Autophagy modulates the UPR and fasting-induced steatosis 6 

 7 

AUTHORS  8 

Wilhelmus J. Kwanten1, Yves-Paul Vandewynckel2, Wim Martinet3, Benedicte Y. De 9 

Winter1, Peter P. Michielsen1,4, Viviane O. Van Hoof5, Ann Driessen6, Jean-Pierre 10 

Timmermans7, Pierre Bedossa8, Hans Van Vlierberghe2, Sven M. Francque1,4  11 

 12 

1 Laboratory of Experimental Medicine and Pediatrics (LEMP), University of Antwerp, 13 

Antwerp, Belgium 14 

2 Department of Hepatology and Gastroenterology, Ghent University, Ghent, Belgium 15 

3 Laboratory of Physiopharmacology, University of Antwerp, Antwerp, Belgium 16 

4 Department of Gastroenterology and Hepatology, Antwerp University Hospital, 17 

Edegem (Antwerp), Belgium 18 

5 Department of Clinical Chemistry, Antwerp University Hospital, Edegem (Antwerp), 19 

Belgium 20 

6 Department of Pathology, Antwerp University Hospital/University of Antwerp, 21 

Edegem (Antwerp), Belgium 22 

7 Laboratory of Cell Biology and Histology, University of Antwerp, Antwerp, Belgium. 23 

8 Department of Pathology, Beaujon Hospital, Assistance Publique-Hôpitaux de 24 

Paris, Paris University-Denis Diderot, Clichy, France 25 



Page 2 / 47 

 26 

CORRESPONDING AUTHOR  27 

Wilhelmus J. Kwanten, MD  28 

University of Antwerp; Laboratory of Experimental Medicine and Pediatrics – 29 

Gastroenterology & Hepatology 30 

Universiteitsplein 1, B-2610 Wilrijk, Belgium  31 

E-mail: wilhelmus.kwanten@uantwerpen.be 32 

Telephone : +32 3 265 26 89 33 

Fax : +32 3 265 25 67 34 

  35 

WORD COUNT, NUMBER OF FIGURES AND TABLES  36 

- Title: 102 characters 37 

- Short title: 57 characters 38 

- Total word count: 8309 (incl. abstract, new&noteworthy, references, tables legends, 39 

figure legends) 40 

 - of which abstract word count: 215/250 41 

- Figures: 5x 42 

- Tables: 3x 43 

- Supporting material:  44 

Contains 1 figure  45 

 46 

CONFLICT OF INTEREST 47 

None to declare  48 

 49 

FINANCIAL SUPPORT 50 



Page 3 / 47 

WK and SF received funding from the Fund for Scientific Research (FWO) Flanders 51 

(11J9513N, 1802154N). HVV is senior clinical investigator of the Research 52 

Foundation Flanders. YV is sponsored by a grant from the Special Research Fund 53 

(01D20012), Ghent University. The funders had no role in study design, data 54 

collection and analysis, decision to publish, or preparation of the manuscript. 55 

 56 

AUTHOR CONTRIBUTIONS 57 

WK; study concept and design, acquisition of data, analysis and interpretation of 58 

data, statistical analysis, drafting of the manuscript  59 

YV; acquisition of data, analysis and interpretation of data 60 

WM; study concept and design, critical review of the intellectual content 61 

BDW; material support, critical review of the intellectual content 62 

PM; funding, critical review of the intellectual content 63 

VVH; material and technical support, critical review of the intellectual content  64 

AD; interpretation of data  65 

JT; material and technical support, critical review of the intellectual content  66 

PB; interpretation of data  67 

HVV; critical review of the intellectual content 68 

SF; study concept and design, funding, critical review of the intellectual content, 69 

supervising of the study  70 

71 



Page 4 / 47 

ABSTRACT  72 

BACKGROUND & AIMS 73 

Autophagy and the unfolded protein response (UPR) are key cellular homeostatic 74 

mechanisms and are both involved in liver diseases, including non-alcoholic fatty 75 

liver disease (NAFLD). Although increasing but conflicting results link these 76 

mechanisms to lipid metabolism, their role and potential crosstalk herein has been 77 

poorly investigated. Therefore, we assessed the effects of hepatocyte-specific 78 

autophagy-deficiency on liver parenchyma, the UPR and lipid metabolism. 79 

METHODS 80 

Adult hepatocellular-specific autophagy-deficient mice (Atg7F/FAlb-Cre+) were 81 

compared with their autophagy-competent littermates (Atg7+/+Alb-Cre+). Livers were 82 

analysed by electron microscopy, histology, real-time qPCR and Western blotting. 83 

RESULTS 84 

Atg7F/FAlb-Cre+ mice developed hepatomegaly with significant parenchymal injury as 85 

evidenced by inflammatory infiltrates, hepatocellular apoptosis, pericellular fibrosis 86 

and a pronounced ductular reaction. Surprisingly, the UPR exhibited a pathway-87 

selective pattern upon autophagy-deficiency. The activity of the adaptive ATF6 88 

pathway was abolished, whereas the pro-apoptotic PERK pathway was increased 89 

compared to Atg7+/+Alb-Cre+ mice. The IRE1α signal was unaltered. Fasting-induced 90 

steatosis was absent in Atg7F/FAlb-Cre+ mice. Remarkably, some isolated islands of 91 

fat-containing and autophagy-competent cells were observed in these livers.  92 

CONCLUSIONS 93 
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Hepatocellular autophagy is essential for parenchymal integrity in mice. Moreover, in 94 

case of autophagy-deficiency, the three different UPR branches are pathway-95 

selectively modulated. Attenuation of the ATF6 pathway might explain the observed 96 

impairment of fasting-induced steatosis. Finally, autophagy and lipid droplets are 97 

directly linked to each other. 98 

 99 

NEW AND NOTEWORTHY 100 

This study demonstrates that hepatocellular-specific knock-out of autophagy in mice 101 

strongly affects the unfolded protein response (UPR), another essential cellular 102 

homeostatic mechanism. Surprisingly these alterations were in a specific pattern, 103 

leaving the IRE1α pathway unaltered, while the PERK and ATF6 pathway were 104 

respectively induced and reduced. The loss of fasting-induced steatosis in 105 

autophagy-deficient mice, might in part be explained by the alterations of the ATF6 106 

pathway.  107 

 108 

KEYWORDS  109 

Non-alcoholic fatty liver (NAFLD) 110 

Steatosis 111 

Autophagy 112 

ER stress 113 

Unfolded protein response (UPR) 114 

 115 

ABBREVIATIONS (order of appearance) 116 

ATG7 autophagy-related gene 7  117 

UPR unfolded protein response 118 

ER endoplasmic reticulum 119 
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ATF6 activating transcription factor 6 120 

PERK  protein kinase RNA-like endoplasmic reticulum (ER) kinase 121 

IRE1α  inositol-requiring enzyme-1 α 122 

NAFLD non-alcoholic fatty liver disease  123 

NASH non-alcoholic steatohepatitis 124 

GFP-LC3 green fluorescent protein – light chain 3 125 

TEM transmission electron microscopy 126 

αSMA alpha smooth muscle actin 127 

ALT alanine transaminase 128 

AST aspartate transaminase 129 

ALP alkaline phosphatase 130 

GGT gamma-glutamyl transferase 131 

ORO Oil-Red-O 132 

SBB Sudan black B 133 

HE haematoxylin-eosin 134 

SREBP-1 sterol regulatory element binding protein 1 135 

JNK  JUN N-terminal kinase 136 
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INTRODUCTION 137 

 138 

Autophagy is a cellular process involved in the breakdown of cytoplasmic contents 139 

via a lysosomal pathway. It is constitutively active but can be upregulated by several 140 

stressors including metabolic stress (7). Of the three forms of autophagy (macro-, 141 

micro- and chaperone-mediated autophagy), macro-autophagy (henceforth 142 

autophagy) is considered to be the most important one. During autophagy 143 

autophagosomes are formed out of isolation membranes and fuse with lysosomes to 144 

enable degradation of their content. Autophagy-related genes (Atg) are responsible 145 

for the strict control of the autophagic process, with Atg7 as an essential mediator for 146 

the maturation of autophagosomes (40). Although autophagy was initially regarded 147 

as a non-selective process, meanwhile targeted (organelle- or protein-selective) 148 

autophagy has also been described (4).  149 

 150 

The unfolded protein response (UPR) is another key cellular homeostatic mechanism 151 

activated in response to the accumulation of unfolded proteins in the endoplasmic 152 

reticulum (ER) (ER stress) (20). ER stress results from perturbation of the normal 153 

protein folding capacity of the ER and induces inflammation and oxidative stress (8). 154 

The UPR encompasses three major adaptive mechanisms to restore protein 155 

homeostasis, named after the respective ER stress sensor: activating transcription 156 

factor 6 (ATF6), protein kinase RNA-like ER kinase (PERK) and inositol-requiring 157 

enzyme-1α (IRE1α) (20). 158 

 159 
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Non-alcoholic fatty liver disease (NAFLD), characterized by the accumulation of fat in 160 

hepatocytes, has become a leading cause of chronic liver disease in Western 161 

countries, with a prevalence of up to 30% (51). When steatosis is accompanied by 162 

inflammation and hepatocellular damage, it is called non-alcoholic steatohepatitis 163 

(NASH), an entity associated with increased liver- and non-liver-related morbidity and 164 

mortality (51). However, the exact mechanisms underlying the development of NASH 165 

are incompletely understood (50). 166 

 167 

Both autophagy and the UPR are associated with the pathophysiology of NAFLD, 168 

amongst other liver diseases (7, 8). Nevertheless, the exact role of autophagy in 169 

NAFLD remains controversial (31) and the role of the individual UPR mediators in 170 

NAFLD needs to be investigated (16, 56). The UPR is known to promote autophagic 171 

flux, however there is increasing evidence of an important crosstalk between 172 

autophagy and the UPR (43). Interestingly, impaired autophagy is linked to increased 173 

ER stress in steatosis (17, 55). Despite its known involvement in steatosis (6, 42), 174 

ATF6-signaling has not yet been investigated in relation to autophagy.  175 

 176 

In this study, we investigated the effects of hepatocellular autophagy on the three 177 

different branches of the UPR and found important hepatic injury with a significant 178 

pathway-selective modulation in autophagy-deficient mice. The occurrence of lipid 179 

droplets was directly linked to autophagy, since fasting-induced steatosis was absent 180 

in autophagy-deficient mice. 181 
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MATERIALS AND METHODS 182 

 183 

Animal model 184 

Hepatocellular autophagy-deficient C57Bl/6J mice were developed by crossbreeding 185 

homozygous Atg7Flox mice (Atg7F/F) (28) with mice expressing Cre-recombinase 186 

under control of the albumin-promoter as previously described (33). These mice, 187 

hereafter denoted as Atg7F/FAlb-Cre+, were compared to autophagy-competent 188 

littermates that lacked the LoxP vector but expressed the Alb-Cre (Atg7+/+Alb-Cre+). 189 

To allow in situ detection of the autophagy marker LC3, all mice were crossbred with 190 

GFP-LC3 transgenic mice (36). Genotyping of the offspring was performed by PCR 191 

as described (30, 33). 192 

All mice were kept in a 12:12h light-dark cycle with controlled temperature and 193 

humidity and had free access to standard chow (Pavan Service bvba, Oud-Turnhout, 194 

Belgium) and water ad libitum. Mice were housed in enriched cages and in 195 

accordance with international guidelines. 196 

Adult mice (11-12 weeks of age) were fasted overnight, after which they were 197 

weighed and anesthetized with Nembutal® (60 mg/kg i.p.) (Sanofi, Brussels, 198 

Belgium). Whole blood samples were obtained by intracardiac puncture. Next, liver 199 

and kidneys were removed, random liver samples were fixed in 4% neutral buffered 200 

formalin for 24h and dehydrated overnight in 60% isopropanol prior to paraffin 201 

embedding. Alternatively, liver tissue was immediately embedded in Richard-Allan 202 

Scientific Neg-50 Frozen Section Medium (Thermo Scientific, 6502, Runcorn, UK) 203 

using liquid nitrogen and kept at -80ºC. Liver tissue of three animals per group was 204 

further processed for transmission electron microscopy, as previously described (34). 205 

The remaining liver and kidneys were stored at -80ºC until further processing.  206 
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All experiments were approved by the Ethical Committee on Animal Experimentation 207 

of the University of Antwerp (ECD 2012/40). 208 

 209 

Histology and immunohistochemistry 210 

Sections of paraffin-embedded tissues (5 μm thick) were stained with haematoxylin-211 

eosin (HE), Trichrome-Masson and Picrosirius red according to standard laboratory 212 

techniques. Immunohistochemistry was applied using the following primary 213 

antibodies (Table 1): anti-alpha smooth muscle actin (αSMA), anti-pan-cytokeratin, 214 

anti-ATG7, anti-LC3B and anti-SQSTM1/p62. Secondary antibodies were species-215 

appropriate horseradish peroxidase-conjugates (Vectastain ABC, Vector 216 

Laboratories, Burlingame, USA) or in case of LC3B the Envision+ system (K4002, 217 

DAKO). 218 

Oil-red-O and Sudan black B staining (O0625 resp. S0395; Sigma-Aldrich) were 219 

performed on NEG-50-embedded frozen tissue sections (6 μm thick) according to 220 

standard laboratory techniques. Slides were counterstained with Carazzi’s 221 

haematoxylin. 222 

All samples were blindly assessed by an experienced pathologist (AD) with a detailed 223 

recording of all features. The presence of αSMA positive cells is presented as the 224 

sum of a semi-quantitative score of each acinar liver zone as follows: 0 = no staining, 225 

1 = staining of some sinusoidal lining cells, occupying <1% of a particular zone, 2 = 226 

1-10%, 3 = 10-30% and 4 = >30% positive sinusoidal lining cells (5). Morphometric 227 

measurements of the Picrosirius red and Oil-red-O positive areas were performed 228 

using ImageJ software (version 1.46r, NIH) (53). All images were acquired with 229 

Universal Grab 6.1 (DCI Labs, Keerbergen, Belgium) using an Olympus BX40 230 

microscope (Tokyo, Japan) and Power HAD Sony 3CCD camera.  231 



Page 11 / 47 

 232 

Biochemical analysis 233 

Whole blood samples were centrifuged for 15 minutes at 3000 rpm. Plasma was 234 

snap frozen in liquid nitrogen and stored at -80ºC. Samples were analysed with an 235 

automated Vista 1500 System (Siemens Healthcare Diagnostics, Deerfield, USA) for 236 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl 237 

transferase (GGT), alkaline phosphatase (ALP), high-density lipoprotein (HDL), low-238 

density lipoprotein (LDL), triglycerides (TG) and glucose. Insulin was determined with 239 

an ELISA kit (EZRMI-13K; Millipore, Billerica, USA) according to the manufacturer’s 240 

instructions. When values were below or above the detection limit for a certain 241 

parameter, this value was artificially set to this detection limit.  242 

 243 

Western blot and ELISA 244 

Protein samples of the liver were run on a SDS-polyacrylamide gel (Nupage Bis-Tris 245 

4-12%; Life Technologies, Carlsbad, USA) and transferred to a PVDF membrane. 246 

Membranes were subsequently blocked in Tris-buffered saline containing 0.05% 247 

Tween and 5% non-fat dry milk. Membranes were probed overnight at 4˚C with 248 

primary antibody solution with the following antibodies (Table 1): anti-ATG7, anti-249 

SQSTM1/p62, anti-ATF6, anti-CHOP, anti-EIF2α, anti-phospho-eIF2α, anti-GADD34, 250 

anti-GRP78, anti-phospho-IRE1α, anti-PDIA4, anti-phospho-PERK, anti-beta-actin 251 

and anti-GAPDH. In case of Western Blotting for anti-SREBP-1, the nuclear fraction 252 

was extracted (78833; Thermo Scientific, Waltham, USA) and separately loaded on a 253 

gel to detect the cleaved protein (loading control for this fraction was performed by 254 

imaging of total protein, not shown). After incubation with appropriate horseradish 255 

peroxidase secondary antibodies, chemiluminescent signals were obtained with 256 
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SuperSignal West Pico (34080; Thermo Scientific) or, in case of anti-LC3B, 257 

SuperSignal West Femto Maximum Sensitivity Substrate (34096, Thermo Scientific) 258 

using a Lumi-Imager (Roche, Mannheim, Germany). Each lane was loaded with 20-259 

50µg protein and quantitative densitometry values were normalized against beta-260 

actin (LC3B, ATG7, p62) or GAPDH (eIF2α, P-eIF2α). The densitometric analysis 261 

was performed using ImageJ. UPR-related antibodies were validated using 262 

tunicamycin. 263 

The level of P-JNK was assessed via ELISA (DYC1387B-5; R&D systems Europe 264 

Ltd, Abingdon, UK) according to manufacturer’s instructions. 265 

 266 

In vivo caspase-3 activity 267 

The enzymatic activation of effector caspase-3 was evaluated in liver lysates using 268 

the Caspase-3-Glo assay (Promega) following the manufacturer’s instructions. 269 

Experiments were performed in quadruplicate. 270 

 271 

Real-time PCR  272 

Total RNA was extracted from all samples using the RNeasy Mini Kit (Qiagen, 273 

Westburg BV, The Netherlands) with on-column DNAse treatment (Qiagen). Needle 274 

homogenization was performed. The purity and quantity of total RNA was assessed 275 

using spectrophotometry (Nanodrop; Thermo Scientific, Wilmington, USA); samples 276 

with a 260:280 ratio between 1.8 and 2.0 were accepted. 277 

One microgram of total RNA was converted to single strand cDNA by reverse 278 

transcription (iScript, BioRad, California, USA) with oligo (dT) and random priming. 279 

The cDNA was diluted 1/10 and used for real-time quantification using SYBR Green 280 

(Sensimix, Bioline Reagents Ltd, London, UK) and 250 nM of each primer. A two-281 
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step program was run on a LightCyclerR 480 (Roche). Cycling conditions were 95°C 282 

for 10 minutes and 45 cycles of 95°C for 10 seconds followed by 60°C for 1 minute. 283 

Melting curve analysis confirmed primer specificities. All reactions were performed in 284 

duplicate. Fold-change expression was calculated using the ΔΔCT method as 285 

instructed by Applied Biosystems. The PCR-efficiency of each primer pair was 286 

calculated using a standard curve of reference cDNA. Amplification efficiency was 287 

determined using the formula 10-1/slope. The primer set sequences are listed in table 288 

2. 289 

 290 

Statistics 291 

All data were analysed by SPSS (version 22, IBM SPSS Statistics software, Armonk 292 

NY, USA). Parametric variables were compared using the Student’s-t-test, or one-293 

way ANOVA with post-hoc Bonferroni correction whenever appropriate. Non-294 

parametric variables were compared using the Mann-Whitney U test. Figures were 295 

created with GraphPad Prism (version 5, GraphPad Software, San Diego CA, USA). 296 

Two-tailed probabilities were calculated; p-values <0.05 were considered statistically 297 

significant. Data are presented as mean ± SEM. 298 
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RESULTS 299 

 300 

Autophagy is defective in livers of Atg7F/FAlb-Cre+ mice  301 

The excision of the essential autophagy gene Atg7 in the livers of Atg7+/+Alb-Cre+ 302 

mice (n=16) was demonstrated by western blot showing the elimination of ATG7 and 303 

the accumulation of SQSTM1/p62, which is a typical feature of impaired autophagy 304 

(data not shown). The opposite was observed in the autophagy-competent mice 305 

(Atg7F/FAlb-Cre+, n=11). Kidneys, used as control for tissue-specificity, expressed 306 

comparable ATG7 levels in all mice. 307 

 308 

Subsequent immunohistochemical analysis of liver sections reconfirmed the 309 

accumulation of p62 positive aggregates in Atg7F/FAlb-Cre+ mice, as well as a lack of 310 

fine LC3B positive punctae representative of autophagosomes (data not shown). 311 

However, Atg7F/FAlb-Cre+ mice showed large LC3B-positive globular structures, not 312 

punctae, predominantly in the pericentral regions. These observations represent the 313 

staining of the unconjugated GFP-bound LC3-I protein, which can be incorporated in 314 

protein aggregates in an autophagy-independent way (29, 33, 41).  315 

 316 

Finally, transmission electron microscopy (TEM) demonstrated absence of 317 

autophagic vacuoles in the vast majority of the hepatocytes of Atg7F/FAlb-Cre+ mice, 318 

whilst still present in the hepatocytes of Atg7+/+Alb-Cre+ mice. Furthermore, we 319 

observed accumulation of deformed mitochondria (Fig. 1A-B). Of note, autophagy 320 

was rarely seen in some cells of Atg7F/FAlb-Cre+ mice, as discussed in detail below. 321 

 322 

Al together, these data validate hepatocyte-specific deficiency of autophagy in the 323 
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Atg7F/FAlb-Cre+ mice.  324 

 325 

Hepatocellular autophagy-deficiency causes severe hepatomegaly and 326 

pronounced parenchymal damage  327 

Although body weight of Atg7F/FAlb-Cre+ mice and Atg7+/+Alb-Cre+ controls was 328 

comparable (Fig. 2A), Atg7F/FAlb-Cre+ mice displayed severe hepatomegaly as 329 

reflected by a five-fold increase in the liver-to-body weight ratio (p<0.001) compared 330 

to Atg7+/+Alb-Cre+ mice (Fig. 2B-C). Macroscopically, these enlarged livers exhibited 331 

an intense red-brownish colour and had a more solid consistency compared to the 332 

livers of Atg7+/+Alb-Cre+ mice. Yet the general well-being of Atg7+/+Alb-Cre+ mice did 333 

not seem to be hampered by their hepatomegaly. Macroscopic abnormalities (e.g. 334 

tumours) could not be observed in the Atg7F/FAlb-Cre+ mice and spontaneous deaths 335 

did not occur. 336 

 337 

Microscopically, the liver architecture of Atg7F/FAlb-Cre+ mice was severely damaged 338 

(Fig. 3A). The hepatocytes were hypertrophic, presented ballooning and frequently 339 

displayed a more dense eosinophilic cytoplasm compatible with a pre-apoptotic state, 340 

which is in line with the sporadic presence of apoptotic bodies. These findings are 341 

indicative of severe hepatocellular injury. Reticulin staining demonstrated the 342 

disruption of liver trabeculae (Fig. 3A). Moreover, Atg7F/FAlb-Cre+ livers had fine 343 

pericellular collagen deposits, as shown by Picrosirius red stain. Morphometrical 344 

measurements of the Picrosirius red-positive area showed a significantly higher 345 

collagen content in Atg7F/FAlb-Cre+ mice than in Atg7+/+Alb-Cre+ mice (p<0,01, Fig. 346 

3B), although septa or bridging fibrosis could not be observed. Since activated 347 

hepatic stellate cells are considered to be the main source of collagen production 348 
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(14), an αSMA staining was performed (Fig. 3C). The αSMA score was significantly 349 

increased in all acinar zones in Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ 350 

mice (Fig. 3D). Furthermore, the cellularity prominently increased in Atg7F/F Alb-Cre+ 351 

mice. These cells were organized in a string pattern with sometimes tubular-like 352 

structures (Fig. 3E). This pattern is consistent with a pronounced ductular reaction 353 

(i.e. the proliferation of hepatic progenitor cells) as confirmed by a pan-cytokeratin 354 

stain (27). The increased cellularity was also partly due to inflammation with the 355 

infiltration of lymphoid cells, as demonstrated by CD3 staining (Fig. 3F). 356 

 357 

In line with the microscopic findings, transaminases (ALT, AST) and canalicular tests 358 

(ALP, GGT) were significantly increased in Atg7F/FAlb-Cre+ mice, both endorsing the 359 

hepatocellular injury (Table 3).  360 

 361 

Together, autophagy-deficiency appears to be detrimental to the liver, as shown by 362 

significant parenchymal injury, pericellular fibrosis and a ductular reaction.  363 

 364 

Hepatocellular autophagy-deficiency triggers pathway-selective UPR 365 

modulation with a pro-apoptotic pattern 366 

Because autophagy-deficiency could lead to ER stress due to the accumulation of 367 

misfolded proteins and impairment of ER turnover (43), different UPR pathways were 368 

investigated. Tunicamycin-treated cells, which successfully develop ER stress by 369 

inhibition of the N-linked glycosylation of proteins (38), served as a positive control in 370 

the analyses of UPR (data not shown).  371 

 372 
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The glucose-regulated protein, 78kDa (GRP78, also known as BiP) acts as a major 373 

sensor of unfolded proteins in the ER. Uncoupling of GRP78 of ATF6, PERK or 374 

IRE1α leads to subsequent activation of the respective pathways (20). Both mRNA 375 

and protein levels of GRP78 were decreased in Atg7F/FAlb-Cre+ (Fig. 4A, 4E).  376 

 377 

The transcription of the chaperones Pdia4, Herpud1, Grp78, Grp94 and calreticulin, 378 

predominantly regulated by the ATF6-pathway (45), was reduced in Atg7F/FAlb-Cre+ 379 

mice, whilst the expression of Atf6 mRNA itself was unaltered (Fig. 4A). Decreased 380 

expression of Pdia4 was confirmed at the protein level by Western blot (Fig. 4E). 381 

Interestingly, the levels of the active (i.e. cleaved) form of ATF6 were robustly 382 

decreased in Atg7F/FAlb-Cre+ mice as compared to Atg7+/+Alb-Cre+ mice (Fig. 4E), 383 

further confirming the diminished activation of the cytoprotective ATF6 pathway upon 384 

autophagy-deficiency. Both ATF6 and the sterol response element binding proteins 385 

(SREPB) depend on COPII-transporter vesicles for transport to the Golgi, where 386 

cleavage takes place (15, 54). The demonstration of cleaved SREBP-1 in Atg7+/+Alb-387 

Cre+ mice would support the possibility of an interrupted COPII-mediated transporting 388 

in Atg7F/FAlb-Cre+ mice. While the levels of uncleaved SREBP-1 were similar, 389 

remnants of cleaved SREBP-1, as these levels rapidly decrease when fasted, could 390 

not be detected in the nuclear fraction (Fig. 4E-F). 391 

 392 

In contrast with ATF6, there was a strong activation of the pro-apoptotic PERK 393 

pathway as shown by increased phosphorylation of eIF2α (4E, 4G) and increased 394 

mRNA and protein levels of CHOP (Fig. 4B, 4E). Even though it is known that eIF2α 395 

can be phosphorylated by other kinases as well, each related to a specific stimulus 396 

(12), direct detection of phosphorylated PERK can be troublesome (48) and was 397 
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unsuccesful (results not shown). The mRNA and protein levels of Gadd34, providing 398 

a negative feedback to limit the translational break mediated by p-eIF2α, were 399 

unaltered (Fig. 4B, 4E). Because CHOP is a central effector of UPR-mediated 400 

apoptosis and increased cell apoptosis was suspected on liver histology (Fig. 3A), 401 

hepatic executioner caspase-3 activity was determined and shown to be significantly 402 

elevated in Atg7F/FAlb-Cre+ mice (p<0.01, Fig. 4C).  403 

 404 

Finally, the mRNA expression of IRE1α, the phosphorylation of IRE1α and the 405 

IRE1α-mediated splicing of XBP1 mRNA were unaltered in Atg7F/FAlb-Cre+ mice (Fig. 406 

4D). In line with these findings, also the other downstream targets of the IRE1α-XBP1 407 

pathways (Erdj4, Calnexin) were unaltered in Atg7F/FAlb-Cre+ mice compared to their 408 

controls (Fig. 4D). Besides XBP1-splicing, IRE1α is also able to activate the ‘alarm 409 

stress’ JUN N-terminal kinase (JNK) pathway (19). Hence, the activation of JNK was 410 

assessed by ELISA, and found to be lower in Atg7F/FAlb-Cre+ compared to 411 

Atg7+/+Alb-Cre+ mice (0.59±0.07 resp. 1.38±0.26 ng/mg protein; p<0.01), supporting 412 

that IRE1α is not activated upon autophagy-deficiency.  413 

 414 

These results demonstrate that the UPR pathways in the liver were selectively 415 

modified by autophagy-deficiency, as evidenced by a diminished ATF6 pathway and 416 

an enhanced pro-apoptotic PERK pathway. 417 

 418 

Hepatocellular autophagy-deficiency leads to absence of fasting-induced 419 

steatosis, an improved plasma lipid profile and reduced glycemia 420 

In case of chronic ER stress, loss of ATF6 prevents the development of fatty liver (6). 421 

Hence, considering the observed reduction in the ATF6 signalling and given the 422 
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debated role of autophagy in steatosis (31), the effects on fasting-induced steatosis 423 

were investigated. 424 

 425 

Fasting-induced steatosis is a well-known phenomenon caused by the accumulation 426 

of large amounts of triglycerides in hepatocytes after fasting for 6-24h (18). This form 427 

of steatosis was demonstrated in Atg7+/+Alb-Cre+ mice as shown via Oil-red-O (ORO) 428 

staining, whereas Atg7F/FAlb-Cre+ mice had a significantly lower ORO positivity in 429 

their liver parenchyma (p<0.001, Fig. 5A, 5B). The absence of the typical fasting-430 

induced steatosis in Atg7F/FAlb-Cre+ mice was subsequently verified with a Sudan-431 

black-B stain (SBB) (Fig. 5A). On TEM images, lipid droplets were easily recognized 432 

in Atg7+/+Alb-Cre+ livers (Fig. 2A). Occasionally, we also observed lipophagy (i.e. the 433 

inclusion of lipid droplets in the autophagosomes) in Atg7+/+Alb-Cre+ mice. In 434 

contrast, lipid droplets or autophagic vacuoles were lacking in the vast majority of 435 

Atg7F/FAlb-Cre+ hepatocytes (Fig. 2B). 436 

 437 

Not only hepatocellular lipid content was altered, also the plasma lipids 438 

concentrations were markedly changed. Atg7F/FAlb-Cre+ mice demonstrated a 439 

significant increase in total cholesterol, which can be attributed to a doubling of both 440 

plasma HDL and LDL cholesterol levels (Table 3). In absolute values the amount of 441 

HDL was substantially higher than that of LDL in Atg7F/FAlb-Cre+ mice. Still, the 442 

LDL/HDL ratio was unaltered compared to Atg7+/+Alb-Cre+ mice. Plasma triglyceride 443 

levels were significantly lower in Atg7F/FAlb-Cre+ mice (p<0.001, table 3). 444 

Additionally, fasting glycemia was lower in Atg7F/FAlb-Cre+ mice, while fasting 445 

insulinemia was unaltered.  446 

 447 
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In summary, autophagy-deficiency hampers fasting-induced steatosis in the liver, 448 

increases plasma cholesterol levels with a conserved LDL/HDL-ratio, and reduces 449 

plasma triglycerides and glycemia.  450 

 451 

Lipid-containing and autophagy-competent hepatocytes may occur in 452 

Atg7F/FAlb-Cre+ mice 453 

Remarkably, a number of atypical ORO-positive areas were observed in the livers of 454 

Atg7F/FAlb-Cre+ mice in the absence of fasting-induced steatosis, which could be 455 

confirmed in a SBB stain (Fig 5C). These mixed micro- and macrovesicular fat-456 

positive cell groups did not have a particular zonal distribution and were not observed 457 

in Atg7+/+Alb-Cre+ mice. Moreover, the presence of these areas on consecutive 458 

sections and on two different fat stainings, argued against an artefact. 459 

  460 

Because these cells might potentially represent autophagy-competent cells of 461 

unknown origin, an additional stain for ATG7 was performed (Fig. 5D), confirming the 462 

effective knock-out of Atg7 in the hepatocytes of Atg7F/FAlb-Cre+ mice. Remark that 463 

the ductular reaction stains as well negative, as it originates out of hepatic progenitor 464 

cells (which already expressed albumin), whereas the other non-hepatic cells are 465 

positive (Fig. 5D). There were no ATG7 positive cells mimicking the fat-positive cell 466 

groups. Cells with a darker appearance tended to correspond to (pro-)apoptotic cells 467 

upon HE-staining and are likely the result of condensation of the cytoplasm. Neither 468 

LC3B nor p62 stains revealed cells similar to the fat-positive groups.  469 

  470 

Intriguingly, our TEM results also revealed sparse fat-containing hepatocytes in 471 

Atg7F/FAlb-Cre+ mice. These cells not only contained lipid droplets, but also showed 472 
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signs of autophagy, in contrast to the majority of the hepatocytes in which neither 473 

autophagy nor lipid droplets were observed. These TEM findings are in line with the 474 

occurrence of autophagy-competent hepatocytes in the livers of Atg7F/FAlb-Cre+ mice 475 

and underline the close connections of lipid droplets and autophagy.  476 
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DISCUSSION 477 

In this study, we demonstrate the deleterious consequences of hepatocyte-specific 478 

autophagy-deficiency in relation to the different UPR pathways and the concomitant 479 

effects on hepatic and serum lipids.  480 

 481 

Hepatocyte-specific knock-out of autophagy causes a severe hepatomegaly and 482 

hepatic injury as already partially reported in other studies (22, 25, 28, 32, 37, 47, 483 

49). This injury encompasses distortion of the liver architecture, increased apoptosis, 484 

general inflammation, activation of hepatic stellate cells, corresponding pericellular 485 

fibrosis and a prominent ductular reaction. The latter was also mentioned in a study 486 

with Atg5 knock-out mice (37), but was not specifically confirmed using 487 

immunohistochemistry. We assume that this ductular reaction can be interpreted as a 488 

type 3 ductular reaction (9), i.e. the proliferation of hepatic progenitor cells as an 489 

adaptive response to the loss of parenchymal cells and their function. It also implies 490 

that the liver is still capable of an adequate compensatory regeneration reaction in 491 

case of hepatocyte-specific autophagy-deficiency. However, as albumin is co-492 

expressed in these cells, autophagy will be knocked-out already (Fig. 5D) and hence 493 

the injured parenchymal cells will not be replaced by autophagy-competent 494 

hepatocytes from this source.  495 

 496 

Although the ER stress-activated UPR is known to induce autophagy, the knowledge 497 

of the impact of autophagy on the UPR is currently limited (43). Our study 498 

demonstrates a significant alteration of the hepatic UPR pattern in conditions of 499 

autophagy-deficiency. Moreover, autophagy-deficiency apparently did not lead to a 500 

general induction of the UPR, but rather had a selective effect on the distinct UPR 501 



Page 23 / 47 

pathways: the IRE1α pathway was unaltered, the ATF6 pathway was attenuated, and 502 

the PERK pathway was strongly activated upon autophagy-deficiency. In line with our 503 

results, Ni et al. (37) did not observe any changes in the IRE1α pathway, but in 504 

contrast to our findings and those of Yang et al. (55), they did not observe an 505 

activation of the PERK pathway either. Since PERK is known to mediate the 506 

transcription of many autophagy-related genes and activates autophagic flux (43), its 507 

activation may be a compensatory attempt to restore autophagy. The synchronous 508 

activation of the PERK-CHOP axis, resulting in enhanced cell apoptosis, is an 509 

important but deleterious side effect of this activation. IRE1α is able to stimulate 510 

additional cell signalling pathways, amongst them the JNK pathway. This ‘alarm 511 

stress’ pathway is able to induce apoptosis and may stimulate autophagy as well (19, 512 

52). In line with the unstimulated XBP1-splicing, phosphorylation of JNK was reduced 513 

in Atg7F/FAlbCre+ mice as well. Although seemingly contradictory with the results of 514 

the PERK-pathway and the observed apoptosis, the mechanism of actions in the 515 

paradigm of adaptive vs. apoptotic phases of these alternative pathways of the UPR 516 

remain not well understood (20). Moreover, the overall findings of the UPR pathways 517 

might rather point towards ‘exhaustion’ of the proteins and adaptive capacities of the 518 

UPR, thus the transition towards UPR-induced cell death.  519 

 520 

To the best of our knowledge, the present study is the first to report effects of 521 

autophagy on the ATF6 pathway in mice. ATF6 is a transmembrane protein localized 522 

in the ER that has to be transported to the Golgi-complex, where it is cleaved to form 523 

an active transcription factor, which in turn regulates genes responsible for protein 524 

folding, proteasomal degradation of misfolded proteins (ERAD) and genes supporting 525 

the XBP1 pathway (20). How exactly autophagy inhibits the ATF6 pathway remains 526 
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unclear, yet the COPII complex might be involved as our results showed that cleaved 527 

ATF6 but not total ATF6 was diminished in the liver of Atg7F/FAlb-Cre+ mice. Levels 528 

of SREBP-1 were not supportive for this hypothesis as cleaved nuclear SREBP-1 529 

becomes already undetectable after 6h fasting (21). Accordingly, potential 530 

differences in the cleavage of SREBP-1 could not be detected. The COPII complex 531 

not only transports ATF6 to the Golgi complex, but is also involved in the ER-Golgi 532 

intermediate compartment and in LC3-lipidation (15). Hence, interruption of the 533 

formation of LC3-II in order to abolish autophagy might interfere with these 534 

complexes and prevent ATF6 transport to the Golgi apparatus, hence its activation.  535 

 536 

Interestingly, autophagy-deficiency not only had detrimental effects on the liver, but 537 

also caused notable effects on the lipid metabolism. Autophagy appears to be 538 

necessary for the development of the physiological fasting-induced steatosis, which 539 

is no longer present in autophagy-deficient mice. These results are in contrast with 540 

augmented steatosis after fasting as reported by Singh et al. (46). However, even 541 

with the observation of lipophagy, our results are in line with earlier observations (25, 542 

32, 33, 44), conflicting results about the exact role of autophagy in lipid metabolism 543 

have also been reported for other models of fatty liver (26, 31) and might be 544 

explained by minor differences in experimental protocols, the context-dependent 545 

behaviour of autophagy and the interaction with other important metabolic body 546 

compartments like visceral fat or muscle tissue (26, 31). 547 

 548 

The question arises whether the observed effects on the lipid metabolism in 549 

autophagy-deficient mice are causally related to the observed UPR pattern. Acute 550 

ER stress has been shown to stimulate liver steatosis rather than alleviating it. 551 



Page 25 / 47 

However, genetic ablation of the different UPR pathways does not prevent steatosis, 552 

indicating that the combined action of UPR pathways, rather than a single isolated 553 

pathway, is responsible for fat accumulation (42). Autophagy-deficiency causes a 554 

sustained interruption of cellular homeostasis, pointing to chronic rather than acute 555 

ER stress. Ablation of ATF6 in case of chronic, but not acute, ER stress has been 556 

shown to prevent fatty liver (6). This effect of ATF6 in chronic conditions might at 557 

least partially explain the observed loss of fasting-induced steatosis.  558 

 559 

The importance of autophagy in cellular lipid metabolism is underlined by the finding 560 

of fat-containing cells in livers of Atg7F/FAlb-Cre+ mice (Fig. 5C) in a pattern that is 561 

clearly distinct from fasting-induced steatosis. These cells were more evident after 562 

staining with SBB, which is known to stain a broader spectrum of fats (2), suggesting 563 

that these vacuoles may contain another type of fat (i.e. glycolipids or cholesterol). 564 

However, glycolipids are unlikely given a negative Periodic Acid-Schiff reaction (data 565 

not shown). Intriguingly, TEM revealed the co-occurrence of lipid droplets and 566 

autophagic vacuoles in some hepatocytes of Atg7F/FAlb-Cre+ mice, similar to 567 

Atg7+/+Alb-Cre+ mice. This finding is indicative of the existence of autophagy-568 

competent hepatocytes in Atg7F/FAlb-Cre+ mice.  569 

 570 

Potential explanations for the presence of rare clusters of autophagy-competent cells 571 

in Atg7F/FAlb-Cre+ mice include the escape of ablation by Cre-recombinase (10) or 572 

repopulation of the liver by newly developed autophagy-competent hepatocytes that 573 

have not expressed albumin yet and are therefore still autophagy-competent (10, 23). 574 

The latter explanation is more likely, since albumin has been found to be expressed 575 

in hepatocytes early during embryogenesis and hepatic progenitor cells already 576 
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express albumin (24, 35). Despite the occasional presence of fat droplets and 577 

autophagosomes on TEM in Atg7F/FAlb-Cre+ mice, these atypical cells are negative 578 

for the ATG7 stain, and their fat content does not seem to be identical to that of 579 

Atg7+/+Alb-Cre+ hepatocytes. We hypothesize that albumin (thus also Cre-580 

recombinase) becomes expressed during the maturation of these albumin-naive pre-581 

hepatocytes to adult hepatocytes. This gradual change will ultimately lead to the 582 

knock-out of Atg7. The current and unusual appearance of the lipid droplets in these 583 

cells might be a simple consequence of this transformation. Previously formed lipid 584 

droplets could be in a weaning state, while the absence of autophagy hinders the 585 

maintenance or de novo formation of lipid droplets by as yet unclarified mechanisms.  586 

 587 

Autophagy-deficiency not only affected the lipid content of the hepatocytes, but also 588 

had a clear impact on serum lipids with reduced triglycerides levels and increased 589 

levels of HDL and LDL cholesterol. Although, the latter was a balanced increase 590 

without affecting their relative proportions. Ma et al. (32) also reported that serum 591 

triglycerides were decreased in control fed conditions, but not in high fat diet 592 

conditions. However, they did not report on other serum lipids. Additional reports on 593 

serum lipids in relation to hepatocyte-specific autophagy-deficiency are lacking. 594 

Lower triglyceride production (25) and VLDL production (32) upon autophagy knock-595 

out have been reported, which might explain the lower plasma triglycerides, but not 596 

the higher HDL and LDL levels observed in present study. Furthermore, neither of 597 

these findings explains the absence of hepatocellular fat. The absence of both 598 

hepatocellular and serum triglycerides in hepatocellular autophagy-deficiency might 599 

point to an increased oxidation of fatty acids and/or the inability to incorporate them 600 

in triglycerides. Mitochondria play a central role in cellular homeostasis, and are 601 
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removed by non-selective autophagy or selectively by so-called ‘mitophagy’ (11). The 602 

observed accumulation of misformed mitochondria implies mitochondrial dysfunction 603 

that has previously been linked to impaired steatosis in autophagy-deficient mice via 604 

the production of FGF21, leading to increased oxidation outside the liver, despite a 605 

reduced oxidative phosphorylation (25). Autophagy also prevents the activation of 606 

caspase-8 and the mitochondrial death pathway (1), as well is defective mitophagy 607 

involved in cell injury (11). Further, in depth analysis of the mitochondrial dysfunction, 608 

given its central role in the pathophysiology of NAFLD (3), related to autophagy-609 

deficiency would be of specific interest for further study.    610 

 611 

In conclusion, this study shows that the parenchymal integrity of the liver depends on 612 

hepatocellular autophagy, since autophagy-deficiency results in injury, inflammation 613 

and apoptosis. The reciprocal but pathway-selective effects of autophagy on ER 614 

stress and the UPR at least partially explain the observed effects. More specifically, 615 

the ATF6 pathway might account for the observed impairment of fasting-induced 616 

steatosis, in addition to the direct linkage between autophagy and lipid droplets. 617 

Hence, autophagy and pathway-selective UPR modulation may become relevant 618 

targets in the treatment of NAFLD. 619 
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FIGURES - LEGENDS 799 

 800 

Fig. 1. Transmission electron microscopy (TEM) of the livers of Atg7+/+Alb-Cre+ 801 

and Atg7F/FAlb-Cre+ mice  802 

(A) Early and late autophagic vacuoles (arrows) and lipid droplets (*) are 803 

demonstrated in Atg7+/+Alb-Cre+ mice. In one of the autophagosomes there was also 804 

the inclusion of a lipid droplet (arrowhead). Scale bars 5µm (left), 1µm (right) 805 

(B) In livers of Atg7F/FAlb-Cre+ mice, autophagic vacuoles are lacking and 806 

(sometimes deformed) mitochondria (blank arrows) accumulated. Scale bar, 1µm 807 

 808 

Fig. 2. Severe hepatomegaly in Atg7F/FAlb-Cre+ mice, but not in Atg7+/+Alb-Cre+ 809 

mice  810 

 (A) The body weight of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice was not 811 

significantly different (p=0.098). 812 

(B) Macroscopic view of an Atg7+/+Alb-Cre+ (left) and Atg7F/FAlb-Cre+ (right) mouse 813 

illustrating the prominent hepatomegaly in Atg7F/FAlb-Cre+ mice.  814 

(C) The hepatomegaly is also reflected by a significantly higher liver-to-body weight 815 

ratio in Atg7F/FAlb-Cre+ mice (***p<0.001). 816 

 817 

Fig. 3. Hepatic microscopic alterations in Atg7F/FAlb-Cre+ mice 818 
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(A) Representative photographs of an HE-stain (left panels), reticulin stain (middle 819 

panels) and Picrosirius red stain (right panels) of Atg7+/+Alb-Cre+ (upper panels) and 820 

Atg7F/FAlb-Cre+ mouse liver sections (lower panels), illustrating the severely 821 

disturbed architecture of the liver cell plates with hepatocellular hypertrophy, 822 

increased fibrosis, thickened trabeculae and a disrupted arrangement of the 823 

trabeculae in Atg7F/FAlb-Cre+ mice. The arrow indicates an apoptotic body. Scale 824 

bars, 100 μm. 825 

(B) Morphometric analysis of the Picrosirius red positive area. Atg7F/FAlb-Cre+ mice 826 

had a significantly larger positive area (Student’s-t-test, **p<0.01). 827 

(C) Atg7F/FAlb-Cre+ mice showed an increased number of α-SMA positive cells lining 828 

the sinusoids, indicative of hepatic stellate cell activation, whereas in Atg7+/+Alb-Cre+ 829 

mice solely the perivascular structures are positive. Scale bars, 100 μm. 830 

(D) Alpha smooth muscle actin (αSMA) score. Atg7F/FAlb-Cre+ mice had a 831 

significantly higher total score (Mann-Whitney U test, ***p<0.001). 832 

(E) Pronounced ductular reaction in Atg7F/FAlb-Cre+ mouse liver with neoductular 833 

formation (HE-stain, upper panels). The ductular reaction was confirmed by a pan-834 

cytokeratin stain (lower panels) whilst in Atg7+/+Alb-Cre+ mice only bile ducts were 835 

stained (lower left panel). Detailed photographs of the two encircled regions of the 836 

middle panels are shown (right panels). Scale bars, 100 µm; detailed images, 50 µm. 837 

(F) Atg7F/FAlb-Cre+ livers showed infiltration of lymphoid cells as demonstrated by a 838 

CD3-stain. Arrows indicate CD3-positive cells. Scale bars, 100 μm. 839 

 840 

Fig. 4. Autophagy-deficiency differentially disturbs the UPR pathways 841 
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(A) RT-qPCR of Atf6 and the chaperones involved in the ATF6 pathway. Relative 842 

mRNA expression was compared to Atg7+/+Alb-Cre+. Although Atf6 expression itself 843 

was unaltered in Atg7F/FAlb-Cre+ mice, its associated chaperones were significantly 844 

decreased. (*p<0.05, **p<0.01) 845 

(B) RT-qPCR of the downstream effectors of the PERK pathway Chop and Gadd34. 846 

Chop is responsible for the induction of ER stress induced apoptosis and was 847 

significantly upregulated in Atg7F/FAlb-Cre+ mice, while Gadd34 was unaltered. 848 

(***p<0.001) 849 

(C). Caspase-3 activity was significantly elevated in Atg7F/FAlb-Cre+ mice. (**p<0.01) 850 

(D) RT-qPCR of Ire1 and the chaperones involved in the IRE1α pathway. Relative 851 

mRNA expression was compared to Atg7+/+Alb-Cre+ mice. Neither Ire1a and its major 852 

effector XBP1u, nor activation of XBP1u to XBP1s was significantly altered in 853 

Atg7F/FAlb-Cre+ mice compared to controls. (***p<0.001) 854 

(E) Western blot of several chaperones involved in the UPR. GAPDH was used as a 855 

loading control. Protein levels changed in line with the mRNA levels. Although the 856 

expression of Atf6 was not significantly decreased, its phosphorylation was strongly 857 

attenuated in Atg7F/FAlb-Cre+ mice.  858 

(F) Western blotting for SREBP-1 on whole cell and nuclear fractions. 859 

(G) Densitometry analysis of the ratio of phosphorylated eIF2α to total eIF2α bands 860 

normalized to GAPDH and relative to control. (*p<0.05) 861 

 862 
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Fig. 5. Liver fat stains, ATG7 stain and transmission electron microscopy of 863 

Atg7F/FAlb-Cre+ mice 864 

(A) Oil-red-O (ORO) and Sudan Black B (SBB) stain demonstrated a fasting-induced 865 

steatosis in Atg7+/+Alb-Cre+ mice (upper panels), whereas lipids were virtually absent 866 

in Atg7F/FAlb-Cre+ mice (lower panels). 867 

(B) Morphometric measurement of the ORO positive area confirmed the virtual 868 

absence of ORO-positive lipids in the Atg7F/FAlb-Cre+ mice (Student’s-t-test, *** 869 

p<0.001). 870 

(C) Representative photographs of ORO and SBB positive grouped cells in 871 

Atg7F/FAlb-Cre+ mice, which could be focally detected in the liver. These cells are 872 

mostly grouped around a larger droplet/vesicle, and contain a mixture of larger and 873 

smaller lipid droplets seemingly arranged around the nuclei and plasma membranes.  874 

(D) Immunohistochemical staining with ATG7 confirms the knock-out of Atg7 in 875 

Atg7F/FAlb-Cre+ mice, with absent cytoplasmic staining in the hepatocytes compared 876 

to Atg7+/+Alb-Cre+. The darker cells in Atg7F/FAlb-Cre+ mice compared to the 877 

surrounding cells, appear to correspond to the cells with (condensed cytoplasm) pro-878 

apoptotic features on the HE-stain (see Fig 3A). Larger magnifications demonstrate 879 

the positivity on the non-hepatocytes (arrows), while the ductular reaction is negative 880 

as well (as these cells also express albumin; arrowheads). Scale bars, 100µm and 881 

50µm. 882 

(E) Transmission electron microscopy (TEM) of the livers of Atg7F/FAlb-Cre+ mice. 883 

Some lipid containing cells could be detected. These cells not only contained lipid 884 

droplets, but also autophagic vacuoles, whilst lipid droplets and/or autophagosomes 885 

were not observed in the other hepatocytes. Arrows indicate autophagic vacuoles, 886 

asterisks (*) indicate lipid droplets. Scale bars, 1µm. 887 
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TABLES 888 

 889 

Table 1. Characteristics of the antibodies used in the study.  890 

Antigen Antibody isotype, clone Company Cat no. 

aSMA 
Mouse monoclonal IgG,  
1A4 

Sigma-
Aldrich 

F3777 

ATF6 
Mouse monoclonal IgG1,  
70B1413 

Abcam ab11909 

ATG7 Rabbit polyclonal IgG 
Sigma-
Aldrich 

A2856 

ATG7 Rabbit polyclonal IgG 
Santa 
Cruz 

sc-
33211 

Beta-
actin 

Rabbit monoclonal IgG 
Cell 
Signaling 

#4970 

CHOP 
Mouse monoclonal IgG2a, 
L63F7 

Cell 
Signaling 

2895 

eIF2α Rabbit polyclonal IgG 
Cell 
Signaling 

9721 

Phospho-
eIF2α 

Rabbit monoclonal IgG1,  
119A11 

Cell 
Signaling 

3597 

GADD34 
Rabbit polyclonal IgG,  
H193 

Santa 
Cruz 

sc-8327 

GAPDH Rabbit polyclonal IgG Abcam ab9485 

GRP78 
Rabbit monoclonal IgG,  
C50B12 

Cell 
Signaling 

3177 

Phospho-
IRE1α 

Rabbit polyclonal IgG 
Novus 
Biological 

nb100-
2323 

LC3B 
Rabbit monoclonal IgG,  
D11 

Cell 
Signaling 

#3868 

SQSTM1
/p62 

Rabbit polyclonal IgG 
Sigma-
Aldrich 

P0067 

pan-CK Rabbit polyclonal IgG DAKO Z0622 

PDIA4 Rabbit polyclonal IgG 
Cell 
Signaling 

2798 

SREBP-1 
Rabbit polyclonal IgG,  
C-20 

Santa 
Cruz 

Sc-366 

 891 

The specificity, isotype, clone number, and catalog number of the antibodies are 892 

indicated if provided by the manufacturer. In case of ATG7, one antibody was used 893 

for Western blotting (Sigma-Aldrich), while the other antibody was used for 894 

immunohistochemistry (Santa Cruz).  895 
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Table 2. Primers used for real time PCR experiments.  896 

 897 

Gene 

symbol 

Reference 

sequence 

Forward primer (5’-3’) Reverse primer (5’-3’) Effici

ency 

R
2
 

Atf6 NM_001081304.1 GGGCAGGGCCATTCTTGCTGA AGCCCCCGGGACAAACAGGT 98.6 0.99 

Calnexin NM_001110499.1 CAACAGGGGAGGTTTATTTTGCT TCCCACTTTCCATCATATTTGGC 101 0,99 

Calreticulin NM_007591.3 GGTGGCCGCGTCCGTCAATA AGCAGGAGCGGCACCGAAAG 95.08 0.98 

Chop NM_007837.3 AGCGCAACATGACAGTGAAG GTGTAATTCCAGGGGGAGGT 101.2 0.99 

Dnajc3 NM_008929.3 GCTGAGTGTGGAGTAAATGCG CGGCTGCGAGTAATTTCTTCC 103 0.99 

Edem1 NM_138677.2 CTTGAGGGACCCCGACGGCT TCTCAAGCCGCCCCTCCGTT 104 0.98 

Erdj4 NM_013760.4 CGCCCTGTGGCCCTGACTTG AGCTTTCAGGGGCAAACAGCCA 98.1 0.98 

Gapdh NM_008084.2 GCCGGCTCAGTGAGACAAG TGGCACCTTCAGCAACAATG 95.1 0.99 

Grp78 NM_001163434.1 TGCCGAGCTAAATTACACATTG CCTTGTGGAGGGATGTACAGA 107.3 0.99 

Grp94 NM_011631.1 GAGGCGGCTCCTGAGACCGAA GGACCCTCATGGTGCGTGGC 101.2 0.99 

Herpud1 NM_022331.1 ACGCCAAGTGTCGTTGTGTGGTC GCTCGACTGCGCTCAGGGATG 92.8 0.99 

Ire1 NM_023913.2 GCCCAACGCACATGGCAGGA TACCCCTGAACGGCGGCTGA 98,6 0.99 

Pdia3 NM_007952.2 GCAGGCCTAGGGGGTTGGGA GAGGGCCGGGACCGGAGAAA 107.1 0.99 

Pdia4 NM_009787.2 ACGAGACCCCGGCGTTCGGA TGGCACTTTGAGGAGGTGAGCC 90.6 0.99 

Xbp1s NM_013842.2 TCTCAAGCCGCCCCTCCGTT CGGGGTTGCTGGTGTGCCAT 97.6 0.98 

Xbp1u NM_013842.2 TCTCAAGCCGCCCCTCCGTT GTGGCTGGCGTGCAAGGGAT 107.3 0.97 

 898 

The references and primer sequences of the analyzed genes. The PCR-efficiency of 899 

each primer pair was calculated using a standard curve of reference cDNA. 900 

Amplification efficiency R² was determined using the formula 10-1/slope. 901 
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Table 3. Biochemical plasma analyses 902 

 903 

 Atg7+/+Alb-Cre+ Atg7F/FAlb-Cre+  

 n 
Mean ± 
SEM 

Range  
(min-max) 

n Mean ± SEM 
Range  
(min-max) 

p-
value 

AST (U/L) 15 175.1 ± 22.4 60.2 – 360.7 10 1855.1 ± 279.9  770.0 – 3636.0 *** 

ALT (U/L) 15 20.1 ± 2.6  8.0 – 42.3 10 737.7 ± 146.2  168.3 – 1682.0 *** 

ALP (U/L) 15 127.6 ± 8.2 78.3 – 203.4 10 335.7 ± 12.5  283.8 – 383.2 *** 

GGT (U/L) 15 5.6 ± 0.2  5.0 – 6.6 10 14.4 ± 0.7  12.0 – 18.7 *** 

Total cholesterol 
(mg/dL) 

15 73.5 ± 4.1  50.0 – 97.4 10 140.8 ± 8.2  96.5 – 171.9 *** 

HDL cholesterol 
(mg/dL) 

15 63.5 ± 5.2 6.6 – 87.8 9 129.3 ± 7.6 88.5 – 150.0 *** 

LDL cholesterol 
(mg/dL) 

15 6.6 ± 0.8 2.9 – 16.0 10 12.8 ± 2.1 1.0 – 19.8 * 

LDL/HDL ratio 15 0.2 ± 0.2 0.03 – 2.42 9 0.1 ± 0.0 0.01 – 0.15 0.46 

Triglycerides (mg/dL) 15 67.9 ± 7.7 40.2 – 121.6 10 15.1 ± 3.8 3.0 – 39.1 *** 

Glucose (mg/dL) 15 106.9 ± 5.7  80.7 – 144.7 10 87.4 ± 6.4  54.8 – 115.1 * 

Insulin (ng/mL) 16 0.3 ± 0.0 0.2 – 0.7 11 0.3 ± 0.0 0.2 – 0.4 0.54 

 904 

Main characteristics of autophagy-competent (Atg7+/+Alb-Cre+) and autophagy-905 

deficient (Atg7F/FAlb-Cre+) mice. Sample size (n) varies depending on the plasma 906 

volume available for each mouse.  907 

AST, aspartate transaminase; ALT, alanine transaminase; GGT, gamma-glutamyl 908 

transferase; ALP, alkaline phosphatase 909 
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Figure S1. Validation of hepatocyte-specific autophagy-deficiency by Western blot 926 

and immunohistochemistry of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice. 927 

 928 

 929 

Liver Kidney 930 

 931 
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 936 

(A) Western blot of the liver and kidneys of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice. 937 

The autophagy gene Atg7, indispensible for the initiation of autophagy, was 938 

successfully deleted in the liver of Atg7F/FAlb-Cre+ mice, but not in kidney. The 939 

protein SQSMT1/p62, which is degraded by autophagy, accumulates 940 

correspondingly in the livers of Atg7F/FAlb-Cre+ mice.  941 

942 
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 943 

(B) Immunohistochemical analysis of livers sections of Atg7+/+Alb-Cre+ (upper 944 

panels) and Atg7F/FAlb-Cre+ mice (lower panels). Atg7F/FAlb-Cre+ mice show 945 

accumulation of p62 positive aggregates, whereas this is not the case in autophagy-946 

competent Atg7+/+Alb-Cre+ mice. An LC3B-stain reveals sparsely fine positive 947 

punctae in Atg7+/+Alb-Cre+ mice, representing autophagosomes. Autophagy-deficient 948 

Atg7F/FAlb-Cre+ mice lack these fine punctae. However, they show cytoplasmic 949 

positivity and large positive globular structures (arrowheads) predominantly in the 950 

pericentral regions, representing staining of the unconjugated GFP-bound LC3-I 951 

protein, which can be incorporated in protein aggregates autophagy-independently. 952 

Detailed photographs of the encircled regions are shown in the right panels.  953 
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