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Abstract 19 

Neutral lipases-mediated lipolysis and acid lipases-moderated lipophagy are two main 20 

processes for degradation of lipid droplets (LDs). However, the individual and 21 

interactive roles of these metabolic pathways are not well known across vertebrates. 22 

This study explored the roles of lipolysis and lipophagy from the aspect of neutral and 23 

acid lipases in zebrafish. We established zebrafish strains deficient in either adipose 24 

triglyceride lipase (atgl
-/-

; AKO fish) or lysosomal acid lipase (lal
-/-

; LKO fish) 25 

respectively, and then inhibited lipolysis in the LKO fish and lipophagy in the AKO 26 

fish by feeding diets supplemented with the corresponding inhibitors Atglistatin and 27 

3-Methyladenine, respectively. Both the AKO and LKO fish showed reduced growth, 28 

swimming activity, and oxygen consumption. The AKO fish did not show phenotypes 29 

in adipose tissue, but mainly accumulated triacylglycerol (TAG) in liver, also, they 30 

had large LDs in the hepatocytes, and did not stimulate lipophagy as a compensation 31 

response but maintained basal lipophagy. The LKO fish reduced total lipid 32 

accumulation in the body but had high cholesterol content in liver; also, they 33 

accumulated small LDs in the hepatocytes, and showed increased lipolysis, especially 34 

Atgl expression, as a compensatory mechanism. Simultaneous inhibition of lipolysis 35 

and lipophagy in zebrafish resulted in severe liver damage, with the potential to 36 

trigger mitophagy. Overall, our study illustrates that lipolysis and lipophagy perform 37 

individual and interactive roles in maintaining homeostasis of TAG and cholesterol 38 

metabolism. Furthermore, the interactive roles of lipolysis and lipophagy may be 39 

essential in regulating the functions and form of mitochondria. 40 

 41 

Keywords: 42 

Lipolysis; Lipophagy; Interaction; Lipid catabolism; Mitochondria; Zebrafish 43 
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1. Introduction 45 

Intracellular lipid droplets (LDs) are dynamic and complex organelles consisting of 46 

core neutral lipids, including triacylglycerol (TAG) and cholesterol esters (CE), 47 

encircled by a phospholipid monolayer [1,2]. LDs perform essential functions in 48 

energy metabolism by regulating lipid storage and release [3]. Lipolysis and 49 

lipophagy are currently recognized as the two main processes for LDs degradation in 50 

mammals [4]. The former works through an adipose triglyceride lipase (ATGL)–51 

hormone sensitive lipase (HSL)–monoacylglycerol lipase (MGL) cascade pathway to 52 

break down TAGs [5]. In this pathway, ATGL (also known as PNPLA2) is regarded as 53 

a key hydrolase, expressed in virtually all tissues [6] but particularly in adipose tissue 54 

[7]. Although adipose tissue is usually regarded as the main site of ATGL functions, 55 

specific knockout of ATGL caused hepatic steatosis, suggesting that ATGL might also 56 

play important roles in the liver [8]. Owing to its vital roles, individuals without 57 

functional ATGL developed neutral lipid storage disease with myopathy (NLSDM) 58 

[9-11], whereas ATGL-null mice had impaired release of fatty acids (FAs) and ectopic 59 

lipid accumulation [12]. Besides lipolysis, LDs can also become trapped in 60 

double-membrane vesicles and subsequently fuse with lysosomes for degradation 61 

during a process called lipophagy [13]. Lysosomal acid lipase (LAL) is the most 62 

important lipase in lysosomes and participates in lipophagy at a pH of 4 to 5 [14]. 63 

Some researchers regard lipophagy as an “acid lipolysis” owing to the suitable pH 64 

level, as opposed to neutral lipolysis achieved by using other lipases [15,16]. The loss 65 

of lipophagy or autophagy-related genes in mammals can result in severe health 66 

consequences. For instance, LAL deficiency in humans caused Wolman disease or 67 

cholesteryl ester storage disease [17,18]. In mice, knockdown of ATG5 (an 68 

autophagy-related gene) in liver cells, and liver­specific ATG7 deletion, both induced 69 

accumulation of hepatic TAGs [13]. Moreover, Lal
−/−

 mice developed severe 70 

hepatosplenomegaly and steatohepatitis [19,20]. Despite their important roles in 71 

degrading LDs, the individual contributions of lipolysis and lipophagy in total lipid 72 

metabolism, especially in vivo, have not yet been investigated.  73 

Recent studies indicate that lipolysis and lipophagy may interact in terms of 74 

certain functions [21,22], depending on the tissues, cell types or physiological 75 

conditions [23]. For example, cold-induced autophagy facilitated lipolysis via 76 

microtubule associated light chain 3 (LC3) coupled with ATGL in brown adipocytes 77 
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[21]. The PNPLA5, a member of the family of patatin-like phospholipase 78 

domain-containing proteins that mobilize neutral lipids, was required for optimal 79 

autophagy initiation in HeLa cells [24]. Furthermore, ATGL regulated autophagic flux 80 

in hepatocytes [22] and promoted SIRT1, which is a major driver of autophagy [25]. 81 

Some researchers have suggested that lipophagy, as a downstream factor, is 82 

responsible for a large portion of LDs breakdown rather than ATGL or related lipases 83 

[26]. Although interactions between the processed of lipolysis and lipophagy are still 84 

unclear, the release of fatty acids in starved mammalian hepatocytes with low neutral 85 

lipase activities through lipophagy may be notable [13]. Nevertheless, there remains 86 

inadequate scientific evidence of how lipolysis and lipophagy interact or work in 87 

tandem in systemic lipid metabolism, partly because the compensatory effects of 88 

lipolysis or lipophagy have not be thoroughly studied when either one of the 89 

processes is blocked.  90 

Zebrafish have become an important animal model for studies of metabolism. 91 

Fatty liver disease caused by a high-energy diet often occurs in fish, similarly as in 92 

mammals [27-29]. It has been confirmed that fish also possess the Atgl-Hsl-Mgl 93 

lipolytic cascade, and the genes encoding for Atgl are highly conserved between 94 

teleost and mammals [30-32]. Biochemical inhibition of Atgl by Atglistatin resulted in 95 

TAG accumulation and reduced fatty acid β-oxidation in zebrafish [33]. In addition, 96 

our earlier studies verified the existence of lipophagy in fish liver [34,35], while the 97 

inhibition of lipophagy retarded growth and caused inflammation [36,37]. 98 

Interestingly, some authors demonstrated that lipolysis-related genes, including atgl, 99 

are more highly expressed in fish liver than in adipose tissue [31,38], indicating that 100 

neutral lipases might be more active in fish liver. Therefore, fish is a good model to 101 

investigate the separate and interactive roles of lipolysis and lipophagy, especially in 102 

the liver where both processes exist. 103 

In the present work, we established atgl
-/- 

(AKO fish) and lal
-/-

 (LKO fish) 104 

mutant zebrafish using the CRISPR/Cas9 gene-editing tool, to compare the separate 105 

roles of lipolysis and lipophagy based on neutral and acid lipases perspectives. 106 

Furthermore, we inhibited autophagy and lipolysis by administering 3-Methyladenine 107 

(3MA) and Atglistatin (AI) to the AKO and LKO zebrafish, respectively, to further 108 

explore the metabolic responses in fish when the two processes are simultaneously 109 

inhibited. During the study, we measured the oxygen consumption, fish body 110 
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composition, lipid classes, tissue damage and mitochondrial indexes, as well as 111 

several genes and proteins related to lipolysis and lipophagy. The present study 112 

advances our understanding of the roles of lipolysis and lipophagy in systemic lipid 113 

metabolism across species.  114 

 115 

2. Materials and methods 116 

2.1 Animal ethics 117 

All animal experiments were conducted according to the Guide for the Care and Use 118 

of Laboratory Animals formulated by the Ministry of Science and Technology of 119 

China. This study was approved by the Committee on the Ethics of Animal 120 

Experiments of East China Normal University (Approval ID: F20190101). 121 

 122 

2.2 Animal source and maintenance 123 

All zebrafish (wild-type line: AB; CZRC Catalog ID: CZ1) were obtained from China 124 

Zebrafish Resource Center in Wuhan, China. Fish were maintained in a recirculating 125 

system, at 28 °C, with a light: dark cycle of 14 h: 10 h. Embryos were obtained 126 

through natural spawning and then kept in Petri dishes with static water at 28 °C. 127 

After 15 days post-fertilization, the fish larvae were transferred to a recirculating 128 

system and fed twice a day with freshly hatched Artemia salina. 129 

 130 

2.3 Establishment of atgl and lal
 
mutant zebrafish lines 131 

The pnpla2 mutant (atgl
-/-

, AKO) and lipf mutant (lal
-/-

, LKO) zebrafish were 132 

generated using the CRISPR/Cas9 tool, as described in our previous study [39]. 133 

Because the important functional domains of these two genes are located in the first 134 

few exons, the first exon was selected, and the target sites were designed using the 135 

ZiFiT Targeter software package (http://zifit.partners.org/ZiFiT). The mutation locus 136 

was then confirmed by genomic DNA sequencing. The resultant F3 AKO, LKO, and 137 

wild-type (WT) zebrafish were used for the experiment. However, we could not 138 

obtain the AKO-LKO double-mutant zebrafish yet, because they all died during the 139 

larval stage in our preliminary studies. 140 

 141 

2.4 Experimental design 142 

The experiment was done in two stages. First, to determine the general phenotype of 143 
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the AKO and LKO zebrafish, regardless of sex, 2-month-old juveniles of AKO, LKO, 144 

and their corresponding WT zebrafish (i.e. 4 groups), each with three replicates (i.e. 3 145 

tanks per group, 12 total tanks, and 20 fish of the same genotypes per tank), were first 146 

fed a formulated basal diet (see Supplementary Table 1) at 4% body weight per day 147 

for 7 weeks. Next, because the first stage clearly indicated significant TAG in the liver 148 

of AKO fish and cholesterol deposition in LKO fish, we devised a second-stage which 149 

focused on liver metabolism, using only male fish of a larger size (3-months-old) so 150 

as to collect sufficient samples of liver and to avoid the effect of sex. In this 4-week 151 

feeding trial, the AKO and LKO fish were fed the basal diet supplemented with or 152 

without the autophagy inhibitor (3-Methyladenine [3MA], HY-19312) or Atgl 153 

inhibitor (Atglistatin [AI], HY-15859), respectively, both of which were purchased 154 

from MedChemExpress. Thus, there were six groups (18 tanks in total: AKO, 155 

AKO+3MA, LKO, LKO+AI, and the corresponding WT of AKO and LKO fish; with 156 

3 tanks per group, and 30 fish of the same treatment in each tank) to investigate the 157 

outcome of simultaneous inhibition of lipolysis and lipophagy. The dose of AI (80 158 

mg/kg diet) was set according to our previous study [33], and that of 3MA (7.5 g/kg 159 

diet) was determined based on the preliminary study (see Supplementary Figure 1A).  160 

The AI or 3MA was added to small wheat-dough particles. To prepare these 161 

inhibitor-containing particles, AI or 3MA was first dissolved in dimethyl sulfoxide 162 

(DMSO) and the solution was mixed with an appropriate amount of wheat flour and 163 

water to make a wet dough. The wet dough was shaped into small pieces of a suitable 164 

size for feeding to zebrafish, and then dried in an oven at 60 °C. During the 4-week 165 

experiment, fish were fed three times per day (9:00, 14:30 and 18:30), with the daily 166 

rate of feed for all fish set at 4% body weight (1% wheat-dough particles + 3% basal 167 

diet) to achieve the same dose intake of inhibitors. The inhibitor-containing particles 168 

was given to fish fasted overnight before feeding with the basal diet each morning; 169 

typically, the zebrafish quickly ate the wheat-dough particles (within seconds) and 170 

consumed the basal diet entirely within ~20 minutes. During both stages of the 171 

experiment, the water temperature was 28 ± 1 ℃, dissolved oxygen in the range 6.5–172 

7.5 mg/L, pH 7.5 ± 0.5, and total ammonia nitrogen <0.02 mg/L. The weight of all 173 

fish in each tank was recorded every week, and the amount of feed was adjusted 174 

accordingly. 175 

 176 
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2.5 Swimming activity and oxygen consumption rate (OCR) 177 

Movement behavior was measured using automated live video tracking (ZebraLab 178 

software; ViewPoint Life Sciences, Lyon, France) of six randomly selected fish in 179 

each replicate tank, according to the method in our previous study [40]; swimming 180 

activity was calculated as the total distance traveled during the video recording period. 181 

The oxygen consumption rate (OCR) was determined with a dissolved oxygen 182 

respirometer (Strathkelvin 782 Oxygen System; North Lanarkshire, Scotland, UK): 30 183 

zebrafish of each genotype (AKO, LKO, and their WT siblings) were fasted overnight 184 

and then transferred to an oxygen-saturated water chamber; OCR was expressed as 185 

milligrams of O2 consumed per hour per body weight. 186 

 187 

2.6 Biochemical analyses  188 

The concentrations of triglyceride (TAG), total cholesterol (TC), low density 189 

lipoprotein cholesterol (LDL-C), and free fatty acid (FFA) in the liver of six fish from 190 

each treatment were assessed using commercial kits (Jiancheng Biotechnology Co., 191 

China). Phospholipid (PL) was measured from six fish in each treatment using an 192 

ELISA kit (Shanghai Jining Shiye Co., China). The Atgl, Hsl and Lal enzyme 193 

contents were likewise detected using ELISA kits (Shanghai Yifei Biotech Co., China). 194 

Whole fish protein from six fish in each treatment was determined with a Kjeltec 195 

2300 Analyzer Unit (FOSS Tecator, Hoganas, Sweden) after acid digestion. The total 196 

lipid of six whole fish in each treatment was extracted using chloroform/methanol 197 

(2:1, v/v) and the lipid classes were separated from total lipids by thin-layer 198 

chromatography. Six samples in each group for fatty acid (FA) assay were prepared 199 

using boron trifluoride in methanol (14%) solution for the fatty acid methyl esters 200 

(FAMEs) derivatization, as described previously [41]. The FAMEs samples were 201 

analyzed with a gas chromatograph (GC-2010, Shimadzu Corp., Japan) connected to a 202 

chromatography column (Restek column: 100-m length, 0.25-mm internal diameter, 203 

0.2-μm film thickness). The carrier gas was high-purity nitrogen at a flow rate of 7.8 204 

ml/min. The injector and detector temperatures were set at 250 °C and 260 °C, 205 

respectively. Fatty acids were identified by retention times from standard mixtures 206 

(Supelco CRM47885). The FA data were expressed as the area percentage of FAMEs. 207 

 208 

2.7 Histological, tissue immunofluorescence assays and transmission electron 209 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



8 

 

microscopy (TEM) analyses 210 

Six pieces of fish livers from each treatment were fixed in 4% paraformaldehyde 211 

solution and then embedded in paraffin. Sections of 5-μm thickness were stained with 212 

Harris’s hematoxylin–eosin mixture, as done in our previous study [42]. Another 213 

unstained six liver sections were used for immunofluorescence, as described in our 214 

earlier study [33]; the antibodies used in this experiment were anti-LAMP1 (Abcam 215 

catalog #ab24170), anti-LC3A/B (CST #4108) and anti-HSP60 (Affinity catalog 216 

#AF5374). Six liver samples from zebrafish were collected and immediately fixed 217 

with TEM fixative (G1102, Servicebio) for 2 to 4 h. The samples were then processed 218 

as described previously [39]. Images were obtained using a Hitachi HT7700 219 

Transmission Electron Microscope (Hitachi High-Tech Corp., Tokyo, Japan). 220 

 221 

2.8 Quantitative real-time PCR and mtDNA measurements 222 

The extraction of total RNA from liver samples of six fish, cDNA synthesis and 223 

quantitative real-time PCR were performed as described previously [33]. The 224 

house-keeping genes elongation factor 1 alpha (ef1α) and β-actin were used as the 225 

reference genes, which were expressed stably among treatments. The primers of genes 226 

for qPCR were designed to overlap introns (Supplementary Table 2). The method of 227 

2
−ΔΔCt

 was used for estimating the relative cDNA abundance. Total mitochondrial 228 

DNA (mtDNA) of liver was extracted using a TIANamp Marine Animals DNA Kit 229 

(Tiangen Biotech Co., China) following the manufacturer’s instructions. The relative 230 

copy number of mtDNA was measured by qRT-PCR. Details of the primers used for 231 

the mtDNA are provided in Supplementary Table 3. 232 

 233 

2.9 Western blotting 234 

Western blotting was performed using liver homogenates, following the method we 235 

previously reported [33]. The antibodies used in the present study were anti-Lc3A/B 236 

(1:800, #4108, CST), anti-Beclin1(1:800, 11306-1-AP, Proteintech), anti-P62 (1:800, 237 

#5114, CST), anti-Lal (1:500, Custom Antibody Services from HuaAn Biotech, 238 

China), anti-Atgl (1:500, Custom Antibody Services from HuaAn Biotech, China), 239 

anti-Hsl (1:800, #4107, CST), anti-p-Hsl (Ser552) (1:800, D151508, BBI), and 240 

anti-Gapdh (1:3000, AB0036, Abways). The Western blot images were obtained with 241 

an Odyssey CLx Imaging System (LI-COR, USA). 242 
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 243 

2.10 Transcriptomic analysis 244 

The RNA for sequencing was collected from six whole fish per treatment (WT/AKO 245 

and WT/LKO) in the first stage of the experiment, using TRIzol Reagent according to 246 

the manufacturer’s recommendations (Invitrogen, Carlsbad, CA, USA). After RNA 247 

extraction, purification and construction of the transcriptome library, paired-end (PE) 248 

reads were obtained by next-generation sequencing (NGS) using an Illumina HiSeq 249 

platform. After filtering out low quality reads, the remaining clean reads were aligned 250 

to the zebrafish reference genome (Database version: 96.11) using TopHat2. 251 

Differentially expressed genes (DEGs) were calculated according to the fragments per 252 

kilobase of exon per million mapped reads (FRKM) method. Using Blast2GO and 253 

KAAS software, functional-enrichment analysis, including Gene Ontology (GO) and 254 

Kyoto Encyclopedia of Genes and Genomes (KEGG), was performed to identify the 255 

DEGs that were significantly enriched in GO terms and in metabolic pathways, at 256 

Bonferroni-corrected p-value of ≤0.05, compared with the whole-transcriptome 257 

background. 258 

 259 

2.11 Statistical analyses 260 

All data are presented as mean ± standard error of the mean (SEM) and assessed by 261 

one-way ANOVA or using a Student’s t-test. When ANOVA showed significant 262 

differences, comparisons between means were determined by Tukey’s multiple range 263 

test (p ＜ 0.05). All analyses were conducted by using IBM SPSS Statistics 19 264 

software (SPSS, Michigan Avenue, Chicago, IL, USA). 265 

 266 

3. Results 267 

3.1 AKO zebrafish showed retarded growth, protein loss, and severe lipid 268 

deposition 269 

The pnpla2 encodes a protein comprising 486 amino acids, and the knockout line 270 

(atgl
-/-

/AKO) was generated by deleting 5 base pairs (bp) in its first exon. As expected, 271 

the putative translation product had a premature stop codon and it consisted of only 71 272 

amino acids (Figure 1A). In the 7-week feeding trial, the AKO zebrafish showed 273 

retarded growth (Figure 1B), weakened swimming activity (Figure 1C), and lower 274 
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respiration rate (Figure 1D) when compared with the WT fish. Furthermore, the AKO 275 

fish had significantly lower whole body protein content than the WT fish (Fig. 1E) but 276 

exhibited significant increases in total lipid content (Figure 1F) and viscera somatic 277 

index (VSI) (Figure 1G). Moreover, TAG content, but not phospholipid (PL) content, 278 

was markedly increased in the AKO fish (Figure 1H, I). Accordingly, the AKO fish 279 

contained higher percentages of TAG but less PE and PC in the total lipids than in the 280 

WT fish (Figure 1J). Additionally, the AKO zebrafish had higher percentages of C16:1, 281 

C18:1n-9, and C18:3n-6, but lower percentages of C24:1 and C22:6n-3 as compared 282 

with the WT fish (Figure 1K). The liver of AKO zebrafish was white, and its 283 

histological image showed many more vacuoles, indicating fat accumulation, than 284 

seen in the bright red liver of WT fish (Figure 1L). Together, these results reveal 285 

growth retardation, low metabolic rate and severe lipid (TAG) deposition in the AKO 286 

zebrafish. 287 

 288 

3.2 LKO zebrafish differed in their lipid profile and fatty acid composition 289 

The lipf at first encodes a protein comprised of 396 amino acids. The lal
-/-

/LKO 290 

zebrafish generated by the CRISPR/Cas9 tool lost 5 bp in the first exon. As expected, 291 

the putative translation product had a premature stop codon and consisted of only 30 292 

amino acids (Figure 2A). The LKO mutants likewise presented slower growth (Figure 293 

2B), less swimming ability (Figure 2C), and a lower OCR (Figure 2D) than the WT 294 

fish, together with an increased VSI (Figure 2E) and decreased protein content 295 

(Figure 2F). However, both the total lipid (Figure 2G) and TAG (Figure 2H) 296 

decreased significantly in LKO fish when compared with WT fish, but without 297 

affecting whole fish PL content (Figure 2I). Accordingly, the percentage of TAG 298 

decreased while the percentages of CE, PE, and PC increased in the total lipids of 299 

LKO fish (Figure 2J). Moreover, LKO fish had higher percentages of very long-chain 300 

polyunsaturated fatty acid (VLCPUFA), such as C20:5n-3 and C22:6n-3, but lower 301 

percentages of C16:0, C18:1n-9 and C18:2, as compared with the WT fish (Figure 302 

2K). Surprisingly, LKO zebrafish had yellow liver with small, dense vacuoles (Figure 303 

2L). To summarize, the Lal mutation appeared to reduce metabolic rate and body lipid 304 

content but increase the percentages of CE, PL, and VLCPUFA.  305 

 306 

3.3 The AKO and LKO zebrafish displayed different lipid metabolism patterns 307 
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To clearly understand the effects of Atgl and Lal deficiency on lipid metabolism, the 308 

AKO, LKO, and their corresponding WT fish were used to perform transcriptome 309 

analysis (Supplementary Figure 2A-B). The data showed that lipid metabolism was 310 

the most-influenced biological process (Supplementary Figure 2A-ⅳ, 2B-ⅳ), and thus 311 

we filtered the DEGs related to lipid metabolism (Supplementary Figure 2C-E), as 312 

summarized in Figure 3. The results indicated that the loss of Atgl hindered TAG 313 

metabolism, including the downregulation of TAG synthesis genes (dgat2 and 314 

mogat3a) and lipid catabolism genes (fads2, elovl2, acsbg1, ehhadh and acaa1/2), 315 

including the significant reduction of hepatic lipase gene, lipca. These findings 316 

correspond to the severe TAG accumulation in AKO zebrafish. Moreover, Atgl 317 

deletion decreased lanosterol synthase (lss), which is related to cholesterol synthesis, 318 

but enhanced cholesterol utilization genes (sult2st3, hsd3b and hsd17b12a). In 319 

addition, several genes involved in phospholipids, especially PE and PC synthesis 320 

(chpt1, pcyt1b, pmt, etnppl and etnk2), were down-regulated in the AKO fish 321 

compared with in the WT fish.  322 

The LKO and AKO fish showed different gene expression patterns. In LKO fish, 323 

other than the decreased expression of gpat2 (an enzyme acting on the first step 324 

during the synthesis of TAG and phosphoglycerides), genes related to TAG and PL 325 

syntheses were not much affected, while lipid catabolism-related genes, such as lipca, 326 

acsbg1 and cpt-1, were significantly up-regulated. Moreover, the expression of oxct1b 327 

in LKO fish was upregulated, a key gene that converts ketones to HMG-CoA, 328 

indicating increased cholesterol synthesis. However, hsd3b, cyp11a/c and cyp17a1 329 

were down-regulated in LKO fish, suggesting weakened synthesis of steroid 330 

hormones (derivatives of cholesterol). In short, the transcriptional data coincided with 331 

the decreased TAG and increased CE obtained in the LKO zebrafish. 332 

 333 

3.4 Autophagy inhibition exacerbated TAG accumulation in liver of AKO fish  334 

To further explore the functions of lipophagy in the absence of Atgl, an inhibitor of 335 

autophagy, 3MA, was fed to the AKO fish for 4 weeks. The AKO
 
and AKO+3MA 336 

zebrafish showed comparable effects through reduced growth and body protein 337 

content, and they accumulated more lipid in the body than occurred in the WT fish 338 

(Figure 4A-D). AKO fish had higher TAG content, but not TC, and lower FFA content 339 

in the liver than WT
 
fish (Figure 4E-G). However, the AKO+3MA fish had even 340 
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higher liver TAG content than AKO fish (Figure 4E). The hepatocytes of AKO and 341 

AKO+3MA fish showed LDs that were more numerous and much larger than seen in 342 

WT fish (Figure 4I, J), and it was difficult to clearly observe lipophagic process 343 

marked by the formation of autophagosomes (AP) and autophagolysosome (APL), 344 

which could be found in WT hepatocytes (Figure 4H). Together, these findings 345 

indicate that Atgl deficiency induced high fat accumulation, and the additional 346 

inhibition of autophagy exacerbated the symptom of fat accumulation in liver, 347 

suggesting that lipophagy still plays a role in maintaining physiological homeostasis 348 

when lipolysis is depressed in fish liver. 349 

 350 

3.5 The Atgl defect inhibited lipolysis without inducing lipophagy in liver 351 

Further assays indicated that the Atgl mutation down-regulated the mRNA and protein 352 

contents of pnpla2 (Atgl) (Figure 5A, C, D, F) as well as the mRNA of most other 353 

lipolysis-related genes, including lipea, lipeb, mgll, fabp10a and plin2. The 3MA 354 

supplementation did not alter the expression trend of these genes (Figure 5A). 355 

Similarly, the expressions of many autophagy-related genes were reduced in liver of 356 

AKO fish, especially ulk1b, beclin1, lc3, atg4a, atg7 and atg12. However, 3MA 357 

treatment had a compensatory effect by increasing the expressions of some 358 

autophagic genes, including ulk1b, beclin1, atg5 and atg12 (Figure 5B). Of note, the 359 

Hsl enzyme content (Figure 5E) and P-Hsl protein expression (Figure 5K) were 360 

increased in the AKO group compared with in the WT. However, the P-Hsl level was 361 

comparable between the AKO and AKO+3MA groups (Figure 5K). The 362 

immunofluorescence of Lc3 showed less red fluorescence in the liver of the AKO and 363 

AKO+3MA fish (Figure 5G, H). This tendency resembled the protein expression of 364 

Lc3-Ⅱ (Figure 5I), whereas no difference was found in P62 (Figure 5J). These data 365 

indicated that the Atgl defect impeded lipolysis and did not cause an obvious 366 

compensatory induction of lipophagy in fish liver. 367 

 368 

3.6 LKO accumulated TC and the added Atgl inhibition increased LD size in 369 

liver 370 

To test the function of lipolysis when lipophagy is blocked, the adult LKO fish were 371 

fed a diet with or without supplementation of AI (an Atgl inhibitor) for 4 weeks. 372 

Compared with the WT, the LKO and LKO+AI groups displayed similar changes, 373 
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with reduced growth, body protein and lipid, but increased visceral mass (Figure 374 

6A-D). In addition, liver TAG content was maintained in the LKO and LKO+AI 375 

groups (Figure 6E), while liver TC and LDL-C were increased (Figure 6F-G). 376 

Compared with the hepatocytes of WT fish, in which the lipophagy marked by 377 

degradation of LDs in lysosomes was easily identified (Figure 6I), hepatocytes of 378 

LKO fish had smaller LDs and exhibited far fewer lipophagic characteristics (Figure 379 

6J). However, the size of LDs in liver of LKO+AI fish was generally bigger than that 380 

in LKO fish (Figure 6K). Together, these data suggest that Lal was indispensable 381 

mainly in cholesterol homeostasis, and that the combined suppression of lipophagy 382 

and lipolysis did not affect accumulation of TAG and TC when compared with Lal 383 

deficiency.  384 

 385 

3.7 Lal deficiency stimulated Atgl expression, and additional Atgl inhibition 386 

induced Lal-independent autophagy in liver 387 

As expected, the expression of lipf (lal) was down-regulated in the LKO fish liver 388 

(Figure 7A), and the Lal enzyme content (Figure 7C) and protein expression (Figure 389 

7D, F) were also decreased when compared with the WT fish. Several 390 

autophagy-related genes (tfeb, ulk1b, beclin1, lc3, atg4 and atg7) had increased as a 391 

compensation response in the LKO and LKO+AI groups (Figure 7A), and most 392 

lipolysis genes were also up-regulated in liver of LKO fish (Figure 7B), but especially 393 

the Atgl content (Figure 7E, F, I). Compared with the WT fish, Lc3-Ⅱ protein 394 

decreased significantly in the liver of LKO fish (Fig. 7F, K), whereas most other 395 

autophagy marker proteins, including Beclin1 (Figure 7J) and P62 (Figure 7L), did 396 

not differ significantly. Of note, most of these autophagy-related proteins were all 397 

up-regulated in the LKO+AI group as compared with the LKO group alone, and the 398 

Lc3-IF images also indicated higher Lc3-related red fluorescence in the hepatocytes 399 

of the LKO+AI group than seen in cells of the LKO fish (Figure 7G, H). In short, Lal 400 

deletion stimulated the expression of Atgl in zebrafish liver, and the combined 401 

suppression of Lal and Atgl induced Lal-independent autophagy. 402 

 403 

3.8 Simultaneous suppression of lipolysis and lipophagy altered hepatic 404 

mitochondrial morphology and exacerbated liver damage 405 

When compared with the AKO fish, the mitochondria obviously increased in number 406 
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and size in hepatocytes of AKO+3MA fish (Figure 8A-C), accompanied by higher 407 

expressions of genomic mtDNA copy number (nd1 and atp6) and marker genes 408 

related to mtDNA proliferation (ssbp1) (Figure 8D, E). Moreover, compared with WT 409 

fish, genes related to liver damage, such as il6 and hspa5, were increased in the AKO 410 

group (Figure 8F) yet did not affect mtDNA (Figure 8D, E). In addition, the 411 

expression of genes related to inflammation (il6, il1β and tnfα) and to endoplasmic 412 

reticulum (ER) stress (hspa5, xbp1 and atf6) were further enhanced in liver of the 413 

AKO+3MA fish as compared with the AKO fish (Figure 8F). On the other hand, 414 

hepatocytes of specifically the LKO+AI group showed obvious mitochondrial 415 

swelling and characteristics of mitophagy, with the common appearance of 416 

mitochondria in autophagolysosomal cavities which contained many undegraded LDs 417 

(Figure 8G-I). Accordingly, the LKO+AI group had higher expression of lysosomal 418 

marker protein (Lamp1) and more obvious co-localization of Lamp1 and Hsp60 than 419 

was evident in the WT or LKO groups (Figure 8J, K), suggesting the occurrence of 420 

mitophagy. In addition, compared with the WT fish, the atp6 mtDNA copy number 421 

was significantly reduced in the LKO fish (Figure 8L), whereas one gene related to 422 

mitochondrial proliferation (tfam) was increased (Figure 8M). In contrast, the 423 

LKO+AI treatment showed a stronger effect than LKO to increase all three mtDNA 424 

copy number markers, and two mtDNA proliferation-related genes (tfam and ssbp1) 425 

(Figure 8L, M). Furthermore, nearly all genes related to liver damage, including DNA 426 

damage (ddit3, gadd45αa), apoptosis (casp3a, casp9), and inflammation (il6, il1β and 427 

tnfα), were increased in liver of the LKO and LKO+AI groups, and the LKO+AI 428 

group tended to show stronger effects than the LKO fish in the majority of these 429 

genes (Figure 8N). Overall, these data indicate that the combined suppression of 430 

lipophagy and lipolysis might trigger liver injury and the process of mitophagy. 431 

 432 

4. Discussion 433 

To the best of our knowledge, this is the first study to investigate the functions of 434 

lipolysis by using a model fish with Atgl deficiency. In the present work, the fish with 435 

Atgl deletion showed significant decline in growth, protein loss, OCR reduction and 436 

less swimming activity, accompanied by severe TAG accumulation in whole body. 437 

Notably, ATGL in mammals has been reported to express predominantly in white and 438 

brown adipose tissues, and to a lesser extent in the liver, muscle, heart and small 439 
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intestine [7,43], although a few studies indicated that hepatocyte-specific ATGL 440 

deletion or overexpression caused hepatic steatosis [8] or ameliorated steatosis [44], 441 

respectively. However, previous studies indicated that the atgl gene in fish is mainly 442 

expressed in the liver and muscle [31,38]. Our study further showed that the AKO fish 443 

mainly accumulated numerous, large-sized LDs and high TAG in liver, though no 444 

abnormal phenotype was observed in adipose tissue. These results demonstrate that 445 

hepatic Atgl is essential for TAG metabolism in zebrafish. This possibly provides an 446 

evolutionary reference to understand the roles of Atgl and lipolysis in systemic lipid 447 

metabolism. 448 

The TAG lipolysis system comprises of ATGL, HSL and MGL enzymes as a 449 

cascade. ATGL is specific for TAG hydrolysis, whereas HSL prefers DG and is able to 450 

hydrolyse TAG, MG and CE as well [45]. Therefore, ATGL and HSL are, in theory, 451 

complementary. However, the interacting roles of these enzymes during the process of 452 

lipolysis in mammals is still debated [6,46,47]. In the present work, the liver of AKO 453 

zebrafish down-regulated the expressions of lipea, lipeb and mgll as compared with 454 

WT fish. However, the Hsl activity and its phosphorylated protein expression (P-Hsl) 455 

were slightly elevated in AKO fish liver, suggesting the possibility of its 456 

post-transcriptional stimulation. However, the increase of Hsl activity seemed unable 457 

to counteract the Atgl deficiency-induced TAG accumulation in the fish. In addition, 458 

the increased expression of abhd5a (an ATGL co-activator) [48] and the 459 

down-regulation of plin2 (a type of perilipin, whereby its absence facilitates the 460 

access of ATGL to LDs) [49] might also be AKO-induced compensatory responses. 461 

Nevertheless, the AKO fish had higher expressions of ER stress, apoptosis, and 462 

inflammation genes than in the WT, revealing the existence of lipotoxicity [50]. These 463 

data emphasize the predominant and essential role of Atgl in lipolysis in zebrafish 464 

liver.  465 

The LAL enzyme was thought to be important for lysosomal clearance of LDs, 466 

with hydrolytic activities against TAG, CE, and retinyl ester (RE) [51,52]. However, 467 

the RE content was too low to be detected in the present study. Similar to mammals 468 

[53], Lal deficiency caused CE accumulation and increased cholesterol biosynthesis 469 

in zebrafish, suggesting the conserved functions of Lal in vertebrates. In addition to 470 

CE, Lal
−/−

 mice showed massive accumulation of TAGs in many tissues including 471 

liver, spleen, and the small intestine [54]. However, in the present study, surprisingly, 472 
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TAG content and total lipid were obviously reduced in the whole body, while hepatic 473 

TAG showed almost no difference between the WT and LKO groups of fish. A 474 

possible explanation is that, in zebrafish, Lal deletion may stimulate other lipases, 475 

such as atgl and lipca in liver, to maintain lipid homeostasis. In fact, it remains 476 

contentious whether LAL-deficient mice accumulate TAG in the liver. For example, 477 

in Liv-Lipa
-/- 

mice, TAG content was not affected after feeding with a standard chow 478 

diet, but when the mice were fed high-fat/high-cholesterol diets (HF/HCD), the 479 

accumulation of CE caused severe liver damage and eventually resulted in the 480 

reduction of TAG [55]. Moreover, a study noted the existence of a non-LAL acid 481 

lipase for TAG, but further identification is needed [56]. 482 

Decreased TAG may account for the increased percentages of PE and PC in LKO 483 

fish, in agreement with the results of fatty acid composition. Compared with the WT 484 

fish, the linoleic acid (n-6 PUFA) was decreased in LKO fish, accompanied by the 485 

increased EPA and DHA (n-3 PUFA), suggesting a PUFA remodelling system exists 486 

when lipophagy is blocked. Recently, a study using temporal deletion of Atg7 in mice 487 

showed that short-term inhibition of autophagy could counteract the decrease of n-3 488 

PUFA caused by feeding with HFD, which also highlighted the role of autophagy in 489 

affecting PUFA composition [57]. In the present study, the LKO fish showed 490 

aggravated DNA damage, apoptosis, and more severe inflammation compared with 491 

the AKO fish. The upregulation of ptgs2b and ggt1l2.2 in the LKO fish (Figure 3) 492 

possibly facilitated production of pro-inflammatory prostaglandins (PGs) and 493 

leukotriene D4(LTD4). Accordingly, LAL is regarded as a novel target for the 494 

treatment of immunometabolic diseases in mammalian studies [58]. Taken together, 495 

our data provide evidence that lipophagy plays a pivotal role in preventing liver 496 

damage and maintaining lipid homeostasis in fish.  497 

The relationship between lipolysis and lipophagy is still contested. Here, we found 498 

that lipophagy (mainly macrolipophagy) was impaired in the liver of AKO zebrafish, 499 

as characterized by the decreased expressions of autophagy-related genes and proteins. 500 

Analogously, recent studies in mammals showed that lipolysis and lipophagy partially 501 

intersect, wherein ATGL is a common enzyme for both processes [59]. For example, 502 

Marttez-Lopez et al. (2016) found that LC3, a well-known marker of the 503 

autophagosome, interacts with ATGL at the surface of LDs, and the excision of the 504 

LC3-interacting region (LIR) prevented the translocation of ATGL to LDs. In addition, 505 
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ATGL was reported to positively regulate autophagic flux and increase the 506 

interactions of lysosomes and LC3 with LDs in mammalian hepatocytes [22]. In the 507 

present study, lipophagy was not activated in the AKO fish, as evidenced by lower 508 

expressions of autophagy-related genes and fewer phagophore-enveloped LDs in the 509 

hepatocytes of the AKO fish as compared with in the WT fish. Nevertheless, because 510 

the TAG content was increased in the AKO+3MA fish liver when compared with only 511 

the AKO liver, we suspect that lipophagy still takes on fundamental roles in degrading 512 

TAG when Atgl is blocked. Therefore, it could be concluded that lipophagy might not 513 

be activated to compensate for Atgl deletion. 514 

Our results showed the LKO fish stimulated lipolysis, as characterized by 515 

decreased body lipid content (mainly pointed to TAG) and high expression of Atgl in 516 

the liver. Similarly, the loss of adipose tissue was also found in LAL-deficient mice 517 

[19]; nevertheless, the mice lacking LAL in hepatocytes did not stimulate the mRNA 518 

expressions of lipolysis-related genes [56]. Although the mechanisms by which 519 

lipophagy affects lipolysis are not yet well proven in mammals, our study of zebrafish 520 

at least suggests that Atgl-mediated lipolysis can efficiently compensate the deficient 521 

effects of Lal on lipid catabolism. However, up-regulated lipolysis cannot compensate 522 

for the Lal deficiency-causing liver damage, characterized by highly expressed genes 523 

related to DNA damage, apoptosis, and inflammation in the liver of LKO fish. A 524 

recent study using primary rat hepatocytes found that ATGL preferentially operates on 525 

large LDs, whereas the lipophagic machinery mainly targets the small-sized 526 

cytoplasmic LDs [60]. Similarly, in the present study, TEM images showed large LDs 527 

in the hepatocytes of the AKO fish, and accumulation of small LDs in the hepatocytes 528 

of the LKO fish. Our data further indicate that the small hepatic LDs in the LKO fish 529 

mainly contained CE instead of TAG, verifying that the function of Lal in cholesterol 530 

breakdown is conserved across vertebrates. These data illustrate that lipolysis and 531 

lipophagy have different roles in regulating TAG and cholesterol metabolism, 532 

respectively. In addition, our study also confirms that the size and lipid composition 533 

of LDs may reflect different pathological processes, which would require targeted 534 

therapeutic strategies, either in fish or mammals. 535 

Mitochondria are extremely important organelles for cells [61]. However, the 536 

morphological and functional changes of mitochondria during the inhibition of 537 

lipolysis and/or lipophagy have not been well explored. In the present study, the 538 
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morphological characteristics of mitochondria in the hepatocytes of AKO fish were 539 

comparable to those of WT fish, as well as the mtDNA copy number and associated 540 

gene expression. However, Atgl
-/-

 mice accumulated LDs in the liver with intact 541 

mitochondria surrounded by rough ER [62]. The Lal deficiency in the present study 542 

caused more severe mitochondrial damage as compared with outcomes for the AKO 543 

fish. This was verified by decreased expression of mt-atp6 and weaker green 544 

fluorescence of Hsp60. Of note, mice with Niemann–Pick type C (NPC) mutant 545 

characterized by high cholesterol accumulation in endosomes and lysosomes, 546 

particularly in mitochondrial membranes, showed markedly decreased mitochondrial 547 

membrane potential (MMP) and diminished ATP production [63]. This indicates a 548 

possible correlation between cellular cholesterol accumulation and mitochondrial 549 

damage. Therefore, Lal deficiency might impair the integrity of mitochondrial 550 

membrane structures by changing the cellular lipid profile, consequently causing 551 

mitochondrial dysfunction. 552 

So far, little is known about changes in mitochondria when lipolysis and 553 

lipophagy are simultaneously suppressed. Our data suggest that when the AKO fish 554 

were treated with additional 3MA, mitochondrial swelling increased, and the 555 

mitochondria were obviously surrounded by rough ER. This phenomenon was 556 

supported by the up-regulation of genes related to ER-stress (hspa5, xbp1 and atf6), 557 

mtDNA synthesis (ssbp1), and mtDNA copy number (mt-nd1 and mt-atp6). 558 

Mitochondrial damage seemed to be more severe when AI was administered to the 559 

LKO fish as compared with the AKO+3MA fish, because of the potential occurrence 560 

of mitophagy, including the formation of mitochondria-containing autophagosomes, 561 

their fusion to lysosomes, and the digestion of dysfunctional mitochondria. In addition, 562 

the immunofluorescence co-localization of Lamp1 and Hsp60 as well as high 563 

expressions of autophagy related proteins (Lc3, Beclin1 and P62) also suggested 564 

mitophagy in the livers of LKO+AI fish. Importantly, AI is a specific inhibitor of Atgl, 565 

while 3MA mainly depresses autophagy through inhibition of class III PI3K [64], but 566 

not Lal. Therefore, 3MA might also inhibit mitophagy, which would explain why the 567 

AKO+3MA treatment was less effective in inducing potential mitophagy than the 568 

LKO+AI treatment.  569 

In short, our data show that when the two intracellular LD degrading pathways 570 

are blocked synchronously, the removal of damaged mitochondria through mitophagy 571 
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may be a protective cellular strategy to prevent cell death. On the other hand, when 572 

lipolysis and lipophagy are both blocked, the increased mitophagy may also be an 573 

alternative process to supply energy. This interaction among cellular organelles under 574 

lipid-sourced energy exhaustion merits further investigation. 575 

 576 

5. Conclusions 577 

The results of the present study suggest that lipolysis and lipophagy are each 578 

important to maintain lipid metabolism homeostasis across vertebrates. The absence 579 

of Atgl or Lal in zebrafish caused retard growth, sluggish movement, and reduced 580 

OCR. As summarized in Figure 9, Atgl-mediated lipolysis showed a stronger potential 581 

to degrade large-sized LDs enriched with TAG, and lipolysis dysfunction did not 582 

stimulate lipophagy to counteract the TAG accumulation. Lipophagy broke down 583 

mainly small LDs, which contained high cholesterol esters, and Lal deficiency 584 

induced compensatory lipolysis but caused severe cellular damage. The simultaneous 585 

suppression of lipolysis and lipophagy may possibly trigger mitophagy. Overall, the 586 

present study provides a reference for better understanding both the separate and 587 

interactive roles of lipolysis and lipophagy from the aspect of neutral and acidic 588 

lipases in zebrafish. Finally, this study provides insights for interpreting lipid 589 

homeostasis from an evolutionary or comparative physiological point of view. 590 
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 773 

 774 

Figure 1. The general phenotypes of atgl
-/-

 (AKO) zebrafish. (A) the zebrafish 775 

pnpla2 (atgl) target site, the deduced peptide length of WT, pnpla2
-/-

 and the DNA 776 

sequencing results of homozygous mutant; (B) growth curve of juvenile fish; (C) 777 

locomotor activity (n = 6); (D) oxygen consumption rate (OCR) of WT and atgl
-/- 

fish 778 

(n = 30), OCR = [ΔO2 concentration (mg /L) × water volume (L)] / [body weight (g) 779 

× time (h)]; (E) whole fish protein (n = 6); (F) whole fish total lipid (n = 6); (G) 780 

viscera somatic index (VSI) = visceral mass × 100%/fish weight (n = 6); (H) TAG 781 

content in whole fish (n = 6); (I) phospholipid (PL) content in whole fish (n = 6); (J) 782 

lipid class measured by TLC (average value, n = 4); (K) fatty acid composition 783 

detected by GC (n = 4); (L) visceral anatomy of WT, atgl
-/-

 fish; H & E staining of 784 

liver from WT, atgl
-/-

fish, scale bars, 50 μm. Data represent mean ± SEM. Statistical 785 

significance was determined by two-tailed independent t-test (p ＜ 0.05). 786 

 787 

Figure 2. The general phenotypes of lal
-/-

 (LKO) zebrafish. (A) the zebrafish lipf 788 

(lal) target site, the deduced peptide length of WT, lipf
-/-

 and the DNA sequencing 789 

results of homozygous mutant; (B) growth curve of juvenile fish; (C) locomotor 790 

activity (n = 6); (D) OCR of WT and lal
-/-

 fish (n = 30); (E) VSI (n = 6); (F) whole 791 

fish protein (n = 6); (G) whole fish total lipid (n = 6); (H) TAG content in whole fish 792 

(n = 6); (I) phospholipid (PL) content in whole fish (n = 6); (J) lipid class measured 793 
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by TLC (average value, n = 4); (K) fatty acid composition detected by GC (n = 4); (L) 794 

visceral anatomy of WT, lal
-/-

 fish; H&E staining of liver from WT, lal
-/- 

fish, scale 795 

bars, 50 μm. Data represent mean ± SEM. Statistical significance was determined by 796 

two-tailed independent t-test (p ＜ 0.05). 797 

 798 

Figure 3. Transcriptional regulation of AKO and LKO in lipid metabolism. gpat2, 799 

glycerol-3-phosphate acyltransferase 2, mitochondrial; dgat2, diacylglycerol 800 

O-acyltransferase 2; lipca, lipase, hepatic a; mogat3a, monoacylglycerol 801 

O-acyltransferase 3a; fads2, fatty acid desaturase 2; elovl2, ELOVL fatty acid 802 

elongase 2; elovl7b, ELOVL fatty acid elongase 7b; acsl3a, acyl-CoA synthetase long 803 

chain family member 3a; acsbg1, acyl-CoA synthetase bubblegum family member 1; 804 

ehhadh, enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase; acaa1/2, 805 

acetyl-CoA acyltransferase 1/2; cpt-1(Gene ID: 100333227), carnitine 806 

O-palmitoyltransferase 1, liver isoform-like; oxct1b, 3-oxoacid CoA transferase 1b; 807 

lss, lanosterol synthase (2,3-oxidosqualene-lanosterolcyclase); lipg, lipase, endothelial; 808 

sult2st3, sulfotransferase family 2, cytosolicsulfotransferase 3; cyp7a1, cytochrome 809 

P450, family 7, subfamily A, polypeptide1; hsd3b, hydroxy-delta-5-steroid 810 

dehydrogenase, 3 beta-andsteroid delta-isomerase; hsd17b12a, hydroxysteroid 811 

(17-beta) dehydrogenase 12a; cyp11a/c, cytochrome P450, family 11, subfamily A/C, 812 

polypeptide 1; cyp17a1, cytochrome P450, family 17, subfamily A, polypeptide 1; 813 

enpp6, ectonucleotide pyrophosphatase/phosphodiesterase 6; pla2g, phospholipase A2, 814 

group XIIB/XIIA /III; ptgs2b, prostaglandin-endoperoxide synthase 2b; ptgdsb.1, 815 

prostaglandin D2 synthase b, tandem duplicate 1; lta4h, leukotriene A4 hydrolase; 816 

ggt1l2.2, gamma-glutamyltransferase 1 like 2.2; chpt1, choline phosphotransferase 1; 817 

pcyt1b, phosphate cytidylyltransferase 1, choline, beta b; pmt, phosphoethanolamine 818 

methyltransferase; etnppl, ethanolamine-phosphate phospho-lyase; etnk2, 819 

ethanolamine kinase 2; phospho1, phosphatase, orphan 1; acer1, alkaline ceramidase 820 

1; sphk1, sphingosine kinase 1. The summary table about TAG/Chol/PE directionality 821 

is based on the qualitative impressions of pathway analysis, which can help to 822 

interpret the diagram drew above. 823 

 824 

Figure 4. The lipid deposition in the liver of AKO zebrafish with or without 3MA 825 

treatment. (A-D) data from WT, atgl
-/-

 and atgl
-/-

+3MA three groups, (A) growth 826 

curve; (B) VSI; (C) whole fish protein; (D) whole fish total lipid; (E) triacylglycerols 827 

(TAG) content in the liver (n = 6); (F) total cholesterol including cholesteryl ester and 828 

free cholesterol in liver (n = 6); (G) free fatty acid in liver (n = 6); (H-J) transmission 829 

electron microscope (TEM) images of the liver from WT, atgl
-/-

 and atgl
-/- 

+ 3MA 830 

group respectively, LDs: lipid droplets, M: mitochondria, N: nucleus, L: lysosome, 831 

ER: endoplasmic reticulum, AP: autophagosome, APL: autophagolysosomes. 832 

Statistical significance was determined by one-way ANOVA (p ＜ 0.05). 833 

 834 

Figure 5. The lipolysis and autophagy related indexes in the liver of AKO 835 

zebrafish with or without 3MA treatment. (A) the expression of lipolysis related 836 

genes in fish liver (n = 6); (B) the expression of autophagy related genes in fish liver 837 
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(n = 6); (C) the content of Atgl enzyme in fish liver measured by ELISA kit (n = 6); 838 

(D) densitometry quantification of the Atgl immunoblots (n = 3); (E) the content of 839 

Hsl enzyme in fish liver measured by ELISA kit (n = 6); (F) western blot analysis of 840 

lipolysis and autophagy related proteins in liver; (G) the immunofluorescence (IF) of 841 

Lc3 in liver sections, scale bars, 50 μm; (H) quantification of the tissue IF (n = 3); 842 

(I-L) densitometry quantification of the immunoblots (n = 3). Data represent mean ± 843 

SEM. Statistical significance was determined by one-way ANOVA (p ＜ 0.05). 844 

 845 

Figure 6. The lipid deposition in the liver of LKO zebrafish with or without AI 846 

treatment. (A-D) data from WT, lal
-/-

 and lal
-/-

+AI three groups, (A) growth curve; (B) 847 

VSI; (C) whole fish protein; (D) whole fish total lipid; (E) TAG content in liver (n = 848 

6); (F) total cholesterol in liver (n = 6); (G) low density lipoprotein cholesterol 849 

(LDL-C) in liver (n = 6); (H) free fatty acid in liver (n = 6); (I-K) TEM photographs 850 

of the liver from WT, lal
-/-

 and lal
-/- 

+ AI group respectively, LDs: lipid droplets, M: 851 

mitochondria, N: nucleus, L: lysosome, ER: endoplasmic reticulum, AP: 852 

autophagosome, APL: autophagolysosomes. Statistical significance was determined 853 

by one-way ANOVA (p ＜ 0.05). 854 

 855 

Figure 7. The autophagy and lipolysis related indexes measured in liver of LKO 856 

zebrafish with or without AI treatment. (A) the expression of autophagy related 857 

genes in fish liver (n = 6); (B) the expression of lipolysis related genes in fish liver (n 858 

= 6); (C) the content of Lal enzyme in fish liver measured by ELISA kit (n = 6); (D) 859 

densitometry quantification of the Lal immunoblots (n = 3); (E) the content of Atgl 860 

enzyme in liver measured by ELISA kit (n = 6); (F) western blot analysis of lipolysis 861 

and autophagy related proteins in liver (n = 3); (G) the immunofluorescence (IF) of 862 

Lc3 in liver sections, scale bars, 50 μm; (H) quantification of the tissue IF (n = 3); 863 

(I-L) densitometry quantification of the immunoblots (n = 3). Data represent mean ± 864 

SEM. Statistical significance was determined by one-way ANOVA (p ＜ 0.05). 865 

 866 

Figure 8. The mitochondrial characteristics and cell damages in the liver of 867 

zebrafish with simultaneously deficient lipolysis and lipophagy. (A) TEM 868 

photographs of liver from atgl
-/- 

+ 3MA group; (B) mitochondria number per hepatic 869 

cell from WT, atgl
-/-

 and atgl
-/-

+3MA groups (n=6); (C) distribution of mitochondrial 870 

length (the longest diameter) for all mitochondria (＞135) in every group; (D) 871 

quantification of liver mtDNA copy number by qPCR analysis (n = 6); (E) the 872 

expression of mtDNA synthesis related genes in the liver (n = 6); (F) the expression of 873 

liver damage related genes (n = 6); (G) TEM photographs of liver from lal
-/- 

+ AI 874 

group; (H) mitochondria number per hepatic cell from WT, lal
-/-

 and lal
-/-

+AI groups 875 

(n=6); (I) distribution of mitochondrial length (the longest diameter) for all 876 

mitochondria (＞135) in every group; (J) the IF- colocalization of Lamp1 (red) and 877 

Hsp60 (green) in liver sections, scale bars, 50 μm; (K) quantification of the average 878 

fluorescent intensity (n = 3); (L) quantification of liver mtDNA copy number by 879 

qPCR analysis (n = 6); (M) the expression of mtDNA synthesis related genes in liver 880 

(n = 6); (N) the expression of liver damage related genes (n = 6). Statistical 881 
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significance was determined by one-way ANOVA (p ＜ 0.05). 882 

 883 

Figure 9. The proposed individual and interactive roles of lipolysis and lipophagy 884 

in zebrafish. Atgl-mediated lipolysis has a stronger effect to degrade large LDs 885 

enriched with TAG and lipolysis dysfunction fail to stimulate lipophagy. However, 886 

lipophagy mainly breaks down small LDs, which contain high cholesterol esters and 887 

Lal deficiency induces compensatory lipolysis but causes severe cellular damage. The 888 

simultaneous suppression of lipolysis and lipophagy may trigger mitophagy to supply 889 

energy. 890 

  891 
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Highlights 892 

 Atgl or Lal mutation causes different lipid metabolism patterns; 893 

 Lipolysis and lipophagy have different preferences for substrate 894 

selection; 895 

 Lipolysis and lipophagy are not necessarily substitutional in fish liver; 896 

 Mitochondrial form is changed when lipolysis and lipophagy are both 897 

suppressed. 898 
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