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Abstract

Neutral lipases-mediated lipolysis and acid lipases-moderated lipophagy are two main
processes for degradation of lipid droplets (LDs). However, the individual and
interactive roles of these metabolic pathways are not well known across vertebrates.
This study explored the roles of lipolysis and lipophagy from the aspect of neutral and
acid lipases in zebrafish. We established zebrafish strains deficient in either adipose
triglyceride lipase (atgl”; AKO fish) or lysosomal acid lipase (lal”; LKO fish)
respectively, and then inhibited lipolysis in the LKO fish and lipophagy in the AKO
fish by feeding diets supplemented with the corresponding inhibitors Atglistatin and
3-Methyladenine, respectively. Both the AKO and LKO fisn s"owed reduced growth,
swimming activity, and oxygen consumption. The AKO t.~h r.id not show phenotypes
in adipose tissue, but mainly accumulated triacylglyc~ro! (TAG) in liver, also, they
had large LDs in the hepatocytes, and did not sti~...'awc lipophagy as a compensation
response but maintained basal lipophagy. The LKO fish reduced total lipid
accumulation in the body but had high cro!ssterol content in liver; also, they
accumulated small LDs in the hepatoc\#es, and showed increased lipolysis, especially
Atgl expression, as a compensatory , *_hanism. Simultaneous inhibition of lipolysis
and lipophagy in zebrafish resund in severe liver damage, with the potential to
trigger mitophagy. Overall, our stuc, illustrates that lipolysis and lipophagy perform
individual and interactive re es > maintaining homeostasis of TAG and cholesterol
metabolism. Furthermore. e Interactive roles of lipolysis and lipophagy may be

essential in regulating ti.o fuctions and form of mitochondria.

Keywords:
Lipolysis; Lipophagy; Interaction; Lipid catabolism; Mitochondria; Zebrafish



45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

1. Introduction
Intracellular lipid droplets (LDs) are dynamic and complex organelles consisting of
core neutral lipids, including triacylglycerol (TAG) and cholesterol esters (CE),
encircled by a phospholipid monolayer [1,2]. LDs perform essential functions in
energy metabolism by regulating lipid storage and release [3]. Lipolysis and
lipophagy are currently recognized as the two main processes for LDs degradation in
mammals [4]. The former works through an adipose triglyceride lipase (ATGL)-
hormone sensitive lipase (HSL)—monoacylglycerol lipase (MGL) cascade pathway to
break down TAGs [5]. In this pathway, ATGL (also known as PNPLAZ2) is regarded as
a key hydrolase, expressed in virtually all tissues [6] but partictilarly in adipose tissue
[7]. Although adipose tissue is usually regarded as the n.in site of ATGL functions,
specific knockout of ATGL caused hepatic steatosis, su1aesting that ATGL might also
play important roles in the liver [8]. Owing to ..~ vital roles, individuals without
functional ATGL developed neutral lipid storage .*sease with myopathy (NLSDM)
[9-11], whereas ATGL-null mice had impair:d release of fatty acids (FAs) and ectopic
lipid accumulation [12]. Besides lirniy~is, LDs can also become trapped in
double-membrane vesicles and subs~ouently fuse with lysosomes for degradation
during a process called lipophag, [13]. Lysosomal acid lipase (LAL) is the most
important lipase in lysosomes ¢ nvi .articipates in lipophagy at a pH of 4 to 5 [14].
Some researchers regard lip.phagy as an “acid lipolysis” owing to the suitable pH
level, as opposed to neutrai {inolysis achieved by using other lipases [15,16]. The loss
of lipophagy or autopi.cav -related genes in mammals can result in severe health
consequences. Fcr ivstarce, LAL deficiency in humans caused Wolman disease or
cholesteryl ester sto-age disease [17,18]. In mice, knockdown of ATG5 (an
autophagy-related gene) in liver cells, and liver-specific ATG7 deletion, both induced
accumulation of hepatic TAGs [13]. Moreover, Lal”" mice developed severe
hepatosplenomegaly and steatohepatitis [19,20]. Despite their important roles in
degrading LDs, the individual contributions of lipolysis and lipophagy in total lipid
metabolism, especially in vivo, have not yet been investigated.

Recent studies indicate that lipolysis and lipophagy may interact in terms of
certain functions [21,22], depending on the tissues, cell types or physiological
conditions [23]. For example, cold-induced autophagy facilitated lipolysis via

microtubule associated light chain 3 (LC3) coupled with ATGL in brown adipocytes
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[21]. The PNPLA5, a member of the family of patatin-like phospholipase
domain-containing proteins that mobilize neutral lipids, was required for optimal
autophagy initiation in HeLa cells [24]. Furthermore, ATGL regulated autophagic flux
in hepatocytes [22] and promoted SIRT1, which is a major driver of autophagy [25].
Some researchers have suggested that lipophagy, as a downstream factor, is
responsible for a large portion of LDs breakdown rather than ATGL or related lipases
[26]. Although interactions between the processed of lipolysis and lipophagy are still
unclear, the release of fatty acids in starved mammalian hepatocytes with low neutral
lipase activities through lipophagy may be notable [13]. Nevertheless, there remains
inadequate scientific evidence of how lipolysis and lipogi.2ay interact or work in
tandem in systemic lipid metabolism, partly because i1e compensatory effects of
lipolysis or lipophagy have not be thoroughly studiec when either one of the
processes is blocked.

Zebrafish have become an important anima, ~odel for studies of metabolism.
Fatty liver disease caused by a high-energy o et often occurs in fish, similarly as in
mammals [27-29]. It has been confirme! that fish also possess the Atgl-Hsl-Mgl
lipolytic cascade, and the genes er.~oc.ng for Atgl are highly conserved between
teleost and mammals [30-32]. Bic ~hemical inhibition of Atgl by Atglistatin resulted in
TAG accumulation and reduced t7..'v acid B-oxidation in zebrafish [33]. In addition,
our earlier studies verified tre . istence of lipophagy in fish liver [34,35], while the
inhibition of lipophagy retaided growth and caused inflammation [36,37].
Interestingly, some auti>ars uemonstrated that lipolysis-related genes, including atgl,
are more highly exp esse in fish liver than in adipose tissue [31,38], indicating that
neutral lipases might “e more active in fish liver. Therefore, fish is a good model to
investigate the separate and interactive roles of lipolysis and lipophagy, especially in
the liver where both processes exist.

In the present work, we established atgl” (AKO fish) and lal” (LKO fish)
mutant zebrafish using the CRISPR/Cas9 gene-editing tool, to compare the separate
roles of lipolysis and lipophagy based on neutral and acid lipases perspectives.
Furthermore, we inhibited autophagy and lipolysis by administering 3-Methyladenine
(3MA) and Atglistatin (Al) to the AKO and LKO zebrafish, respectively, to further
explore the metabolic responses in fish when the two processes are simultaneously

inhibited. During the study, we measured the oxygen consumption, fish body
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composition, lipid classes, tissue damage and mitochondrial indexes, as well as
several genes and proteins related to lipolysis and lipophagy. The present study
advances our understanding of the roles of lipolysis and lipophagy in systemic lipid

metabolism across species.

2. Materials and methods

2.1 Animal ethics

All animal experiments were conducted according to the Guide for the Care and Use
of Laboratory Animals formulated by the Ministry of S‘iznce and Technology of
China. This study was approved by the Committee u.. e Ethics of Animal
Experiments of East China Normal University (Approva 'U. £20190101).

2.2 Animal source and maintenance

All zebrafish (wild-type line: AB; CZRC Catalor, ID. CZ1) were obtained from China
Zebrafish Resource Center in Wuhan, Chinc  Fish were maintained in a recirculating
system, at 28 °C, with a light: dark cyzle of 14 h: 10 h. Embryos were obtained
through natural spawning and then ket in Petri dishes with static water at 28 °C.
After 15 days post-fertilization, the fish larvae were transferred to a recirculating

system and fed twice a day with fi2s1ly hatched Artemia salina.

2.3 Establishment of atg: ~nu lal mutant zebrafish lines

The pnpla2 mutant {otgi”, AKO) and lipf mutant (lal”, LKO) zebrafish were
generated using u.~ CISPR/Cas9 tool, as described in our previous study [39].
Because the importc:« functional domains of these two genes are located in the first
few exons, the first exon was selected, and the target sites were designed using the
ZiFiT Targeter software package (http://zifit.partners.org/ZiFiT). The mutation locus
was then confirmed by genomic DNA sequencing. The resultant F3 AKO, LKO, and
wild-type (WT) zebrafish were used for the experiment. However, we could not
obtain the AKO-LKO double-mutant zebrafish yet, because they all died during the

larval stage in our preliminary studies.

2.4 Experimental design

The experiment was done in two stages. First, to determine the general phenotype of
5
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the AKO and LKO zebrafish, regardless of sex, 2-month-old juveniles of AKO, LKO,
and their corresponding WT zebrafish (i.e. 4 groups), each with three replicates (i.e. 3
tanks per group, 12 total tanks, and 20 fish of the same genotypes per tank), were first
fed a formulated basal diet (see Supplementary Table 1) at 4% body weight per day
for 7 weeks. Next, because the first stage clearly indicated significant TAG in the liver
of AKO fish and cholesterol deposition in LKO fish, we devised a second-stage which
focused on liver metabolism, using only male fish of a larger size (3-months-old) so
as to collect sufficient samples of liver and to avoid the effect of sex. In this 4-week
feeding trial, the AKO and LKO fish were fed the basal diet supplemented with or
without the autophagy inhibitor (3-Methyladenine [3M.s1 HY-19312) or Atgl
inhibitor (Atglistatin [Al], HY-15859), respectively, bot~ ot which were purchased
from MedChemExpress. Thus, there were six gro.'os (18 tanks in total: AKO,
AKO+3MA, LKO, LKO+AI, and the correspondira /T of AKO and LKO fish; with
3 tanks per group, and 30 fish of the same treatn.>nt in each tank) to investigate the
outcome of simultaneous inhibition of lipo'ys:s and lipophagy. The dose of Al (80
mg/kg diet) was set according to our pre.ious study [33], and that of 3MA (7.5 g/kg
diet) was determined based on the pr linnary study (see Supplementary Figure 1A).
The Al or 3MA was adde. to small wheat-dough particles. To prepare these
inhibitor-containing particles, A1 .- 3SMA was first dissolved in dimethyl sulfoxide
(DMSO) and the solution wes 1.>ixed with an appropriate amount of wheat flour and
water to make a wet dougl.. The wet dough was shaped into small pieces of a suitable
size for feeding to zebi ~fist, and then dried in an oven at 60 °C. During the 4-week
experiment, fish wer 2 fed three times per day (9:00, 14:30 and 18:30), with the daily
rate of feed for all fis set at 4% body weight (1% wheat-dough particles + 3% basal
diet) to achieve the same dose intake of inhibitors. The inhibitor-containing particles
was given to fish fasted overnight before feeding with the basal diet each morning;
typically, the zebrafish quickly ate the wheat-dough particles (within seconds) and
consumed the basal diet entirely within ~20 minutes. During both stages of the
experiment, the water temperature was 28 + 1 °C, dissolved oxygen in the range 6.5—
7.5 mg/L, pH 7.5 £ 0.5, and total ammonia nitrogen <0.02 mg/L. The weight of all
fish in each tank was recorded every week, and the amount of feed was adjusted

accordingly.
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2.5 Swimming activity and oxygen consumption rate (OCR)

Movement behavior was measured using automated live video tracking (ZebralLab
software; ViewPoint Life Sciences, Lyon, France) of six randomly selected fish in
each replicate tank, according to the method in our previous study [40]; swimming
activity was calculated as the total distance traveled during the video recording period.
The oxygen consumption rate (OCR) was determined with a dissolved oxygen
respirometer (Strathkelvin 782 Oxygen System; North Lanarkshire, Scotland, UK): 30
zebrafish of each genotype (AKO, LKO, and their WT siblings) were fasted overnight
and then transferred to an oxygen-saturated water chamber; OCR was expressed as
milligrams of O, consumed per hour per body weight.

2.6 Biochemical analyses

The concentrations of triglyceride (TAG), tot=! (holesterol (TC), low density
lipoprotein cholesterol (LDL-C), and free fatty aci' £i-FA) in the liver of six fish from
each treatment were assessed using commec al kits (Jiancheng Biotechnology Co.,
China). Phospholipid (PL) was measure. from six fish in each treatment using an
ELISA kit (Shanghai Jining Shiye Cr., China). The Atgl, Hsl and Lal enzyme
contents were likewise detected ucing EL1SA Kits (Shanghai Yifei Biotech Co., China).
Whole fish protein from six ficn .~ each treatment was determined with a Kjeltec
2300 Analyzer Unit (FOSS Tecu*ar, Hoganas, Sweden) after acid digestion. The total
lipid of six whole fish in »ach treatment was extracted using chloroform/methanol
(2:1, viv) and the lipid ciasses were separated from total lipids by thin-layer
chromatography. Six san ples in each group for fatty acid (FA) assay were prepared
using boron trifluoric2 in methanol (14%) solution for the fatty acid methyl esters
(FAMEs) derivatization, as described previously [41]. The FAMEs samples were
analyzed with a gas chromatograph (GC-2010, Shimadzu Corp., Japan) connected to a
chromatography column (Restek column: 100-m length, 0.25-mm internal diameter,
0.2-um film thickness). The carrier gas was high-purity nitrogen at a flow rate of 7.8
ml/min. The injector and detector temperatures were set at 250 °C and 260 °C,
respectively. Fatty acids were identified by retention times from standard mixtures
(Supelco CRM47885). The FA data were expressed as the area percentage of FAMEs.

2.7 Histological, tissue immunofluorescence assays and transmission electron
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microscopy (TEM) analyses

Six pieces of fish livers from each treatment were fixed in 4% paraformaldehyde
solution and then embedded in paraffin. Sections of 5-um thickness were stained with
Harris’s hematoxylin—eosin mixture, as done in our previous study [42]. Another
unstained six liver sections were used for immunofluorescence, as described in our
earlier study [33]; the antibodies used in this experiment were anti-LAMP1 (Abcam
catalog #ab24170), anti-LC3A/B (CST #4108) and anti-HSP60 (Affinity catalog
#AF5374). Six liver samples from zebrafish were collected and immediately fixed
with TEM fixative (G1102, Servicebio) for 2 to 4 h. The samples were then processed
as described previously [39]. Images were obtained using a Hitachi HT7700
Transmission Electron Microscope (Hitachi High-Tech Ccrp., Tokyo, Japan).

2.8 Quantitative real-time PCR and mtDNA me~su,ments

The extraction of total RNA from liver samples < six fish, cDNA synthesis and
quantitative real-time PCR were performec as described previously [33]. The
house-keeping genes elongation factor 1 alpna (ef7a) and f-actin were used as the
reference genes, which were express. 1 s’ ably among treatments. The primers of genes
for gPCR were designed to overion introns (Supplementary Table 2). The method of
2742 was used for estimating tr. relative cDNA abundance. Total mitochondrial
DNA (mtDNA) of liver was ex.-acted using a TIANamp Marine Animals DNA Kit
(Tiangen Biotech Co., Chu ) tfollowing the manufacturer’s instructions. The relative

copy number of mtDN," wass measured by gRT-PCR. Details of the primers used for

the mtDNA are prov.1ed 'n Supplementary Table 3.

2.9 Western blotting

Western blotting was performed using liver homogenates, following the method we
previously reported [33]. The antibodies used in the present study were anti-Lc3A/B
(1:800, #4108, CST), anti-Beclin1(1:800, 11306-1-AP, Proteintech), anti-P62 (1:800,
#5114, CST), anti-Lal (1:500, Custom Antibody Services from HuaAn Biotech,
China), anti-Atgl (1:500, Custom Antibody Services from HuaAn Biotech, China),
anti-Hsl (1:800, #4107, CST), anti-p-Hsl (Ser552) (1:800, D151508, BBI), and
anti-Gapdh (1:3000, AB0036, Abways). The Western blot images were obtained with
an Odyssey CLx Imaging System (LI-COR, USA).

8
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2.10 Transcriptomic analysis

The RNA for sequencing was collected from six whole fish per treatment (WT/AKO
and WT/LKO) in the first stage of the experiment, using TRIzol Reagent according to
the manufacturer’s recommendations (Invitrogen, Carlsbad, CA, USA). After RNA
extraction, purification and construction of the transcriptome library, paired-end (PE)
reads were obtained by next-generation sequencing (NGS) using an Illumina HiSeq
platform. After filtering out low quality reads, the remaining clean reads were aligned
to the zebrafish reference genome (Database version: 96.11) using TopHat2.
Differentially expressed genes (DEGs) were calculated accciing to the fragments per
kilobase of exon per million mapped reads (FRKM) mthol. Using Blast2GO and
KAAS software, functional-enrichment analysis, incltdin¢ Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KE=(5,, was performed to identify the
DEGs that were significantly enriched in GO te,™s and in metabolic pathways, at
Bonferroni-corrected p-value of <0.05, cor.pared with the whole-transcriptome

background.

2.11 Statistical analyses

All data are presented as mean + .*andard error of the mean (SEM) and assessed by
one-way ANOVA or using a s‘udent’s t-test. When ANOVA showed significant
differences, comparisons bc ween means were determined by Tukey’s multiple range
test (p < 0.05). All a~ahses were conducted by using IBM SPSS Statistics 19
software (SPSS, "1ic. 2.1 Avenue, Chicago, IL, USA).

3. Results

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

The pnpla2 encodes a protein comprising 486 amino acids, and the knockout line
(atgl”/AKO) was generated by deleting 5 base pairs (bp) in its first exon. As expected,
the putative translation product had a premature stop codon and it consisted of only 71
amino acids (Figure 1A). In the 7-week feeding trial, the AKO zebrafish showed
retarded growth (Figure 1B), weakened swimming activity (Figure 1C), and lower

9



275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307

respiration rate (Figure 1D) when compared with the WT fish. Furthermore, the AKO
fish had significantly lower whole body protein content than the WT fish (Fig. 1E) but
exhibited significant increases in total lipid content (Figure 1F) and viscera somatic
index (VSI) (Figure 1G). Moreover, TAG content, but not phospholipid (PL) content,
was markedly increased in the AKO fish (Figure 1H, 1). Accordingly, the AKO fish
contained higher percentages of TAG but less PE and PC in the total lipids than in the
WT fish (Figure 1J). Additionally, the AKO zebrafish had higher percentages of C16:1,
C18:1n-9, and C18:3n-6, but lower percentages of C24:1 and C22:6n-3 as compared
with the WT fish (Figure 1K). The liver of AKO zebrafish was white, and its
histological image showed many more vacuoles, indicatiiy, fat accumulation, than
seen in the bright red liver of WT fish (Figure 1L). T.qet er, these results reveal
growth retardation, low metabolic rate and severe lipi.! (T,\G) deposition in the AKO
zebrafish.

3.2 LKO zebrafish differed in their lipid proile and fatty acid composition

The lipf at first encodes a protein comgriseu of 396 amino acids. The lal’/LKO
zebrafish generated by the CRISPR/Cas® tool lost 5 bp in the first exon. As expected,
the putative translation product hod a premature stop codon and consisted of only 30
amino acids (Figure 2A). The L'<(. mutants likewise presented slower growth (Figure
2B), less swimming ability ("-1y.re 2C), and a lower OCR (Figure 2D) than the WT
fish, together with an in.eased VSI (Figure 2E) and decreased protein content
(Figure 2F). However, boi the total lipid (Figure 2G) and TAG (Figure 2H)
decreased significar'ly n LKO fish when compared with WT fish, but without
affecting whole fish ”L content (Figure 2I). Accordingly, the percentage of TAG
decreased while the percentages of CE, PE, and PC increased in the total lipids of
LKO fish (Figure 2J). Moreover, LKO fish had higher percentages of very long-chain
polyunsaturated fatty acid (VLCPUFA), such as C20:5n-3 and C22:6n-3, but lower
percentages of C16:0, C18:1n-9 and C18:2, as compared with the WT fish (Figure
2K). Surprisingly, LKO zebrafish had yellow liver with small, dense vacuoles (Figure
2L). To summarize, the Lal mutation appeared to reduce metabolic rate and body lipid
content but increase the percentages of CE, PL, and VLCPUFA.

3.3 The AKO and LKO zebrafish displayed different lipid metabolism patterns

10
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To clearly understand the effects of Atgl and Lal deficiency on lipid metabolism, the
AKO, LKO, and their corresponding WT fish were used to perform transcriptome
analysis (Supplementary Figure 2A-B). The data showed that lipid metabolism was
the most-influenced biological process (Supplementary Figure 2A-iv, 2B-iv), and thus
we filtered the DEGs related to lipid metabolism (Supplementary Figure 2C-E), as
summarized in Figure 3. The results indicated that the loss of Atgl hindered TAG
metabolism, including the downregulation of TAG synthesis genes (dgat2 and
mogat3a) and lipid catabolism genes (fads2, elovl2, acsbgl, ehhadh and acaal/2),
including the significant reduction of hepatic lipase gene, lipca. These findings
correspond to the severe TAG accumulation in AKO zcorafish. Moreover, Atgl
deletion decreased lanosterol synthase (lss), which is relcted .0 cholesterol synthesis,
but enhanced cholesterol utilization genes (sult2st?, hsd3b and hsd17bl2a). In
addition, several genes involved in phospholipide ecnecially PE and PC synthesis
(chptl, pcytlb, pmt, etnppl and etnk2), were J~own-regulated in the AKO fish
compared with in the WT fish.

The LKO and AKO fish showed diff:renm gene expression patterns. In LKO fish,
other than the decreased expressio: of gpat2 (an enzyme acting on the first step
during the synthesis of TAG anu nhosphoglycerides), genes related to TAG and PL
syntheses were not much affected, . *bile lipid catabolism-related genes, such as lipca,
acsbgl and cpt-1, were significa. tly up-regulated. Moreover, the expression of oxctlb
in LKO fish was upregu.~tea, a key gene that converts ketones to HMG-CoA,
indicating increased cl.~lesicrol synthesis. However, hsd3b, cyplla/c and cypl7al
were down-regulated n LKO fish, suggesting weakened synthesis of steroid
hormones (derivative: of cholesterol). In short, the transcriptional data coincided with
the decreased TAG and increased CE obtained in the LKO zebrafish.

3.4 Autophagy inhibition exacerbated TAG accumulation in liver of AKO fish

To further explore the functions of lipophagy in the absence of Atgl, an inhibitor of
autophagy, 3MA, was fed to the AKO fish for 4 weeks. The AKO and AKO+3MA
zebrafish showed comparable effects through reduced growth and body protein
content, and they accumulated more lipid in the body than occurred in the WT fish
(Figure 4A-D). AKO fish had higher TAG content, but not TC, and lower FFA content
in the liver than WT fish (Figure 4E-G). However, the AKO+3MA fish had even

11
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higher liver TAG content than AKO fish (Figure 4E). The hepatocytes of AKO and
AKO+3MA fish showed LDs that were more numerous and much larger than seen in
WT fish (Figure 41, J), and it was difficult to clearly observe lipophagic process
marked by the formation of autophagosomes (AP) and autophagolysosome (APL),
which could be found in WT hepatocytes (Figure 4H). Together, these findings
indicate that Atgl deficiency induced high fat accumulation, and the additional
inhibition of autophagy exacerbated the symptom of fat accumulation in liver,
suggesting that lipophagy still plays a role in maintaining physiological homeostasis
when lipolysis is depressed in fish liver.

3.5 The Atgl defect inhibited lipolysis without inducing lipc phagy in liver

Further assays indicated that the Atgl mutation down-1>qul ited the mRNA and protein
contents of pnpla2 (Atgl) (Figure 5A, C, D, F) a< w2l as the mRNA of most other
lipolysis-related genes, including lipea, lipeb, n.o!", fabplOa and plin2. The 3MA
supplementation did not alter the exprescio« trend of these genes (Figure 5A).
Similarly, the expressions of many autop. agy-related genes were reduced in liver of
AKO fish, especially ulklb, beclir: 1.3, atgda, atg7 and atgl2. However, 3MA
treatment had a compensatory effect by increasing the expressions of some
autophagic genes, including ulk’b, “eclinl, atg5 and atgl2 (Figure 5B). Of note, the
Hsl enzyme content (Figure b2\ and P-Hsl protein expression (Figure 5K) were
increased in the AKO grou,» coinpared with in the WT. However, the P-Hsl level was
comparable between the AKO and AKO+3MA groups (Figure 5K). The
immunofluorescence of L ¢3 showed less red fluorescence in the liver of the AKO and
AKO+3MA fish (Fig.'re 5G, H). This tendency resembled the protein expression of
Lc3-1I (Figure 51), whereas no difference was found in P62 (Figure 5J). These data
indicated that the Atgl defect impeded lipolysis and did not cause an obvious

compensatory induction of lipophagy in fish liver.

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

To test the function of lipolysis when lipophagy is blocked, the adult LKO fish were
fed a diet with or without supplementation of Al (an Atgl inhibitor) for 4 weeks.

Compared with the WT, the LKO and LKO+AI groups displayed similar changes,
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with reduced growth, body protein and lipid, but increased visceral mass (Figure
6A-D). In addition, liver TAG content was maintained in the LKO and LKO+Al
groups (Figure 6E), while liver TC and LDL-C were increased (Figure 6F-G).
Compared with the hepatocytes of WT fish, in which the lipophagy marked by
degradation of LDs in lysosomes was easily identified (Figure 61), hepatocytes of
LKO fish had smaller LDs and exhibited far fewer lipophagic characteristics (Figure
6J). However, the size of LDs in liver of LKO+AI fish was generally bigger than that
in LKO fish (Figure 6K). Together, these data suggest that Lal was indispensable
mainly in cholesterol homeostasis, and that the combined suppression of lipophagy
and lipolysis did not affect accumulation of TAG and TC v hen compared with Lal
deficiency.

3.7 Lal deficiency stimulated Atgl expressior, a.~d additional Atgl inhibition
induced Lal-independent autophagy in liver

As expected, the expression of lipf (lal) was down-regulated in the LKO fish liver
(Figure 7A), and the Lal enzyme content ‘Figure 7C) and protein expression (Figure
7D, F) were also decreased wen compared with the WT fish. Several
autophagy-related genes (tfeb, ul.:1b, beclinl, Ic3, atg4 and atg7) had increased as a
compensation response in the ¥.? and LKO+AI groups (Figure 7A), and most
lipolysis genes were also up-tegu'ated in liver of LKO fish (Figure 7B), but especially
the Atgl content (Figure “E, r 1). Compared with the WT fish, Lc3-II protein
decreased significantly in t.e liver of LKO fish (Fig. 7F, K), whereas most other
autophagy marker p otens, including Beclinl (Figure 7J) and P62 (Figure 7L), did
not differ significant /. Of note, most of these autophagy-related proteins were all
up-regulated in the LKO+AI group as compared with the LKO group alone, and the
Lc3-1F images also indicated higher Lc3-related red fluorescence in the hepatocytes
of the LKO+AI group than seen in cells of the LKO fish (Figure 7G, H). In short, Lal
deletion stimulated the expression of Atgl in zebrafish liver, and the combined

suppression of Lal and Atgl induced Lal-independent autophagy.

3.8 Simultaneous suppression of lipolysis and lipophagy altered hepatic
mitochondrial morphology and exacerbated liver damage

When compared with the AKO fish, the mitochondria obviously increased in number
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and size in hepatocytes of AKO+3MA fish (Figure 8A-C), accompanied by higher
expressions of genomic mtDNA copy number (ndl and atp6) and marker genes
related to mtDNA proliferation (ssbpl) (Figure 8D, E). Moreover, compared with WT
fish, genes related to liver damage, such as il6 and hspab, were increased in the AKO
group (Figure 8F) yet did not affect mtDNA (Figure 8D, E). In addition, the
expression of genes related to inflammation (il6, i// and tnfa) and to endoplasmic
reticulum (ER) stress (hspab, xbpl and atf6) were further enhanced in liver of the
AKO+3MA fish as compared with the AKO fish (Figure 8F). On the other hand,
hepatocytes of specifically the LKO+AIl group showed obvious mitochondrial
swelling and characteristics of mitophagy, with the .>mmon appearance of
mitochondria in autophagolysosomal cavities which cont.inec many undegraded LDs
(Figure 8G-1). Accordingly, the LKO+AI group had nighr expression of lysosomal
marker protein (Lampl) and more obvious co-loc=!izction of Lampl and Hsp60 than
was evident in the WT or LKO groups (Figure b’ !\), suggesting the occurrence of
mitophagy. In addition, compared with the vwT fish, the atp6 mtDNA copy number
was significantly reduced in the LKO fich (Figure 8L), whereas one gene related to
mitochondrial proliferation (tfam) ‘wa, increased (Figure 8M). In contrast, the
LKO+AI treatment showed a strcnger etfect than LKO to increase all three mtDNA
copy number markers, and two m.2NA proliferation-related genes (tfam and ssbpl)
(Figure 8L, M). Furthermore, necriy all genes related to liver damage, including DNA
damage (ddit3, gadd45aa), “noptosis (casp3a, casp9), and inflammation (il6, i//p and
tnfa), were increased i liver of the LKO and LKO+AI groups, and the LKO+AI
group tended to shcw sironger effects than the LKO fish in the majority of these
genes (Figure 8N). Overall, these data indicate that the combined suppression of

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

4. Discussion

To the best of our knowledge, this is the first study to investigate the functions of
lipolysis by using a model fish with Atgl deficiency. In the present work, the fish with
Atgl deletion showed significant decline in growth, protein loss, OCR reduction and
less swimming activity, accompanied by severe TAG accumulation in whole body.
Notably, ATGL in mammals has been reported to express predominantly in white and

brown adipose tissues, and to a lesser extent in the liver, muscle, heart and small
14
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intestine [7,43], although a few studies indicated that hepatocyte-specific ATGL
deletion or overexpression caused hepatic steatosis [8] or ameliorated steatosis [44],
respectively. However, previous studies indicated that the atgl gene in fish is mainly
expressed in the liver and muscle [31,38]. Our study further showed that the AKO fish
mainly accumulated numerous, large-sized LDs and high TAG in liver, though no
abnormal phenotype was observed in adipose tissue. These results demonstrate that
hepatic Atgl is essential for TAG metabolism in zebrafish. This possibly provides an
evolutionary reference to understand the roles of Atgl and lipolysis in systemic lipid
metabolism.

The TAG lipolysis system comprises of ATGL, HSL cnd MGL enzymes as a
cascade. ATGL is specific for TAG hydrolysis, whereas RSL f refers DG and is able to
hydrolyse TAG, MG and CE as well [45]. Therefore, ATt;L and HSL are, in theory,
complementary. However, the interacting roles of thesc enzymes during the process of
lipolysis in mammals is still debated [6,46,47]. In * present work, the liver of AKO
zebrafish down-regulated the expressions o7 1 pea, lipeb and mgll as compared with
WT fish. However, the Hsl activity and it: ohosphorylated protein expression (P-Hsl)
were slightly elevated in AKO fisk. liver, suggesting the possibility of its
post-transcriptional stimulation. t !2wever, the increase of Hsl activity seemed unable
to counteract the Atgl deficienc/-».."1iced TAG accumulation in the fish. In addition,
the increased expression )T aphd5a (an ATGL co-activator) [48] and the
down-regulation of plin2 a type of perilipin, whereby its absence facilitates the
access of ATGL to L2\ [4v] might also be AKO-induced compensatory responses.
Nevertheless, the AKO fish had higher expressions of ER stress, apoptosis, and
inflammation genes ti an in the WT, revealing the existence of lipotoxicity [50]. These
data emphasize the predominant and essential role of Atgl in lipolysis in zebrafish
liver.

The LAL enzyme was thought to be important for lysosomal clearance of LDs,
with hydrolytic activities against TAG, CE, and retinyl ester (RE) [51,52]. However,
the RE content was too low to be detected in the present study. Similar to mammals
[53], Lal deficiency caused CE accumulation and increased cholesterol biosynthesis
in zebrafish, suggesting the conserved functions of Lal in vertebrates. In addition to
CE, Lal”" mice showed massive accumulation of TAGs in many tissues including

liver, spleen, and the small intestine [54]. However, in the present study, surprisingly,
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TAG content and total lipid were obviously reduced in the whole body, while hepatic
TAG showed almost no difference between the WT and LKO groups of fish. A
possible explanation is that, in zebrafish, Lal deletion may stimulate other lipases,
such as atgl and lipca in liver, to maintain lipid homeostasis. In fact, it remains
contentious whether LAL-deficient mice accumulate TAG in the liver. For example,
in Liv-Lipa” mice, TAG content was not affected after feeding with a standard chow
diet, but when the mice were fed high-fat/high-cholesterol diets (HF/HCD), the
accumulation of CE caused severe liver damage and eventually resulted in the
reduction of TAG [55]. Moreover, a study noted the existence of a non-LAL acid
lipase for TAG, but further identification is needed [56].

Decreased TAG may account for the increased percet tage; of PE and PC in LKO
fish, in agreement with the results of fatty acid comousitic n. Compared with the WT
fish, the linoleic acid (n-6 PUFA) was decreased in ! KO fish, accompanied by the
increased EPA and DHA (n-3 PUFA), suggesting ~ “UFA remodelling system exists
when lipophagy is blocked. Recently, a study, 1 sing temporal deletion of Atg7 in mice
showed that short-term inhibition of autc;*hagy could counteract the decrease of n-3
PUFA caused by feeding with HFD, wkb.ch also highlighted the role of autophagy in
affecting PUFA composition [S71. In the present study, the LKO fish showed
aggravated DNA damage, apor.0+.~ and more severe inflammation compared with
the AKO fish. The upregula’io. ot ptgs2b and ggtll2.2 in the LKO fish (Figure 3)
possibly facilitated prod.tionn of pro-inflammatory prostaglandins (PGs) and
leukotriene D4(LTDg4). Accurdingly, LAL is regarded as a novel target for the
treatment of immuncmerabolic diseases in mammalian studies [58]. Taken together,
our data provide ewvilence that lipophagy plays a pivotal role in preventing liver
damage and maintaining lipid homeostasis in fish.

The relationship between lipolysis and lipophagy is still contested. Here, we found
that lipophagy (mainly macrolipophagy) was impaired in the liver of AKO zebrafish,
as characterized by the decreased expressions of autophagy-related genes and proteins.
Analogously, recent studies in mammals showed that lipolysis and lipophagy partially
intersect, wherein ATGL is a common enzyme for both processes [59]. For example,
Marttez-Lopez et al. (2016) found that LC3, a well-known marker of the
autophagosome, interacts with ATGL at the surface of LDs, and the excision of the

LC3-interacting region (LIR) prevented the translocation of ATGL to LDs. In addition,
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ATGL was reported to positively regulate autophagic flux and increase the
interactions of lysosomes and LC3 with LDs in mammalian hepatocytes [22]. In the
present study, lipophagy was not activated in the AKO fish, as evidenced by lower
expressions of autophagy-related genes and fewer phagophore-enveloped LDs in the
hepatocytes of the AKO fish as compared with in the WT fish. Nevertheless, because
the TAG content was increased in the AKO+3MA fish liver when compared with only
the AKO liver, we suspect that lipophagy still takes on fundamental roles in degrading
TAG when Atgl is blocked. Therefore, it could be concluded that lipophagy might not
be activated to compensate for Atgl deletion.

Our results showed the LKO fish stimulated lipoly.is, as characterized by
decreased body lipid content (mainly pointed to TAG) ar.1 hiijh expression of Atgl in
the liver. Similarly, the loss of adipose tissue was alsh fo ind in LAL-deficient mice
[19]; nevertheless, the mice lacking LAL in hepat~cy.~s did not stimulate the mMRNA
expressions of lipolysis-related genes [56]. An-~~ugh the mechanisms by which
lipophagy affects lipolysis are not yet well p.o> en in mammals, our study of zebrafish
at least suggests that Atgl-mediated lipol,:is can efficiently compensate the deficient
effects of Lal on lipid catabolism. H weer, up-regulated lipolysis cannot compensate
for the Lal deficiency-causing livor damage, characterized by highly expressed genes
related to DNA damage, apoptss'. and inflammation in the liver of LKO fish. A
recent study using primary ra’ hehatocytes found that ATGL preferentially operates on
large LDs, whereas the lipophagic machinery mainly targets the small-sized
cytoplasmic LDs [60]. Cimnarly, in the present study, TEM images showed large LDs
in the hepatocytes of the AKO fish, and accumulation of small LDs in the hepatocytes
of the LKO fish. Our Jata further indicate that the small hepatic LDs in the LKO fish
mainly contained CE instead of TAG, verifying that the function of Lal in cholesterol
breakdown is conserved across vertebrates. These data illustrate that lipolysis and
lipophagy have different roles in regulating TAG and cholesterol metabolism,
respectively. In addition, our study also confirms that the size and lipid composition
of LDs may reflect different pathological processes, which would require targeted
therapeutic strategies, either in fish or mammals.

Mitochondria are extremely important organelles for cells [61]. However, the
morphological and functional changes of mitochondria during the inhibition of

lipolysis and/or lipophagy have not been well explored. In the present study, the
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morphological characteristics of mitochondria in the hepatocytes of AKO fish were
comparable to those of WT fish, as well as the mtDNA copy number and associated
gene expression. However, Atgl” mice accumulated LDs in the liver with intact
mitochondria surrounded by rough ER [62]. The Lal deficiency in the present study
caused more severe mitochondrial damage as compared with outcomes for the AKO
fish. This was verified by decreased expression of mt-atp6 and weaker green
fluorescence of Hsp60. Of note, mice with Niemann—Pick type C (NPC) mutant
characterized by high cholesterol accumulation in endosomes and lysosomes,
particularly in mitochondrial membranes, showed markedly decreased mitochondrial
membrane potential (MMP) and diminished ATP product.. [63]. This indicates a
possible correlation between cellular cholesterol accuiula.ion and mitochondrial
damage. Therefore, Lal deficiency might impair ‘he ntegrity of mitochondrial
membrane structures by changing the cellular ' orofile, consequently causing
mitochondrial dysfunction.

So far, little is known about changzs in mitochondria when lipolysis and
lipophagy are simultaneously suppressea. Our data suggest that when the AKO fish
were treated with additional 3M.: raitochondrial swelling increased, and the
mitochondria were obviously scrrounded by rough ER. This phenomenon was
supported by the up-regulation )t ¢=nes related to ER-stress (hspa5, xbpl and atf6),
mtDNA synthesis (ssbpl), a.? mtDNA copy number (mt-ndl and mt-atp6).
Mitochondrial damage see.ned (0 be more severe when Al was administered to the
LKO fish as compared vith the AKO+3MA fish, because of the potential occurrence
of mitophagy, inclucing the formation of mitochondria-containing autophagosomes,
their fusion to lysosoi 1es, and the digestion of dysfunctional mitochondria. In addition,
the immunofluorescence co-localization of Lampl and Hsp60 as well as high
expressions of autophagy related proteins (Lc3, Beclinl and P62) also suggested
mitophagy in the livers of LKO+AI fish. Importantly, Al is a specific inhibitor of Atgl,
while 3MA mainly depresses autophagy through inhibition of class 111 PI3K [64], but
not Lal. Therefore, 3MA might also inhibit mitophagy, which would explain why the
AKO+3MA treatment was less effective in inducing potential mitophagy than the
LKO+AI treatment.

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

are blocked synchronously, the removal of damaged mitochondria through mitophagy
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may be a protective cellular strategy to prevent cell death. On the other hand, when
lipolysis and lipophagy are both blocked, the increased mitophagy may also be an
alternative process to supply energy. This interaction among cellular organelles under

lipid-sourced energy exhaustion merits further investigation.

5. Conclusions

The results of the present study suggest that lipolysis and lipophagy are each
important to maintain lipid metabolism homeostasis across vertebrates. The absence
of Atgl or Lal in zebrafish caused retard growth, sluggish movement, and reduced
OCR. As summarized in Figure 9, Atgl-mediated lipolysis snu */ed a stronger potential
to degrade large-sized LDs enriched with TAG, and li.nlvsis dysfunction did not
stimulate lipophagy to counteract the TAG accumu.~tio. Lipophagy broke down
mainly small LDs, which contained high cho'.teicl esters, and Lal deficiency
induced compensatory lipolysis but caused severa «:(lular damage. The simultaneous
suppression of lipolysis and lipophagy may rossibly trigger mitophagy. Overall, the
present study provides a reference for uotter understanding both the separate and
interactive roles of lipolysis and li.~roagy from the aspect of neutral and acidic
lipases in zebrafish. Finally, tn.> study provides insights for interpreting lipid

homeostasis from an evolutionaiy o1 comparative physiological point of view.
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Figure 1. The general pher..*vpcs of atgl” (AKO) zebrafish. (A) the zebrafish
pnpla2 (atgl) target site, tr2 Jeduced peptide length of WT, pnpla2” and the DNA
sequencing results of hcmo.ovgous mutant; (B) growth curve of juvenile fish; (C)
locomotor activity (n = ?); () oxygen consumption rate (OCR) of WT and atgl™ fish
(n =30), OCR = [A(2 ¢ ncentration (mg /L) x water volume (L)] / [body weight (g)
x time (h)]; (E) w. e rish protein (n = 6); (F) whole fish total lipid (n = 6); (G)
viscera somatic indev. (VSI) = visceral mass x 100%/fish weight (n = 6); (H) TAG
content in whole fish (n = 6); (1) phospholipid (PL) content in whole fish (n = 6); (J)
lipid class measured by TLC (average value, n = 4); (K) fatty acid composition
detected by GC (n = 4); (L) visceral anatomy of WT, atgl” fish; H & E staining of
liver from WT, atgl'/'fish, scale bars, 50 um. Data represent mean = SEM. Statistical
significance was determined by two-tailed independent t-test (p << 0.05).

Figure 2. The general phenotypes of lal” (LKO) zebrafish. (A) the zebrafish lipf
(lal) target site, the deduced peptide length of WT, lipf” and the DNA sequencing
results of homozygous mutant; (B) growth curve of juvenile fish; (C) locomotor
activity (n = 6); (D) OCR of WT and lal” fish (n = 30); (E) VSI (n = 6); (F) whole
fish protein (n = 6); (G) whole fish total lipid (n = 6); (H) TAG content in whole fish
(n = 6); (I) phospholipid (PL) content in whole fish (n = 6); (J) lipid class measured
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by TLC (average value, n = 4); (K) fatty acid composition detected by GC (n = 4); (L)
visceral anatomy of WT, lal” fish; H&E staining of liver from WT, lal’ fish, scale
bars, 50 um. Data represent mean + SEM. Statistical significance was determined by
two-tailed independent t-test (p << 0.05).

Figure 3. Transcriptional regulation of AKO and LKO in lipid metabolism. gpat2,
glycerol-3-phosphate  acyltransferase 2, mitochondrial; dgat2, diacylglycerol
O-acyltransferase 2; lipca, lipase, hepatic a; mogat3a, monoacylglycerol
O-acyltransferase 3a; fads2, fatty acid desaturase 2; elovl2, ELOVL fatty acid
elongase 2; elovl7b, ELOVL fatty acid elongase 7b; acsl3a, acyl-CoA synthetase long
chain family member 3a; acsbgl, acyl-CoA synthetase bubblegum family member 1;
ehhadh, enoyl-CoA, hydratase/3-hydroxyacyl CoA dJehydrogenase; acaal/2,
acetyl-CoA  acyltransferase  1/2;  cpt-1(Gene ID:  00333227), carnitine
O-palmitoyltransferase 1, liver isoform-like; oxctlb, 3-c¢ xoa id CoA transferase 1b;
Iss, lanosterol synthase (2,3-oxidosqualene-lanosterolcycicse); lipg, lipase, endothelial,
sult2st3, sulfotransferase family 2, cytosolicsulfotruns™rase 3; cyp7al, cytochrome
P450, family 7, subfamily A, polypeptide®; 1.:d3b, hydroxy-delta-5-steroid
dehydrogenase, 3 beta-andsteroid delta-isomc-as.; hsd17bl2a, hydroxysteroid
(17-beta) dehydrogenase 12a; cypllalc, cytochrume +450, family 11, subfamily A/C,
polypeptide 1; cypl7al, cytochrome P450, fanily 17, subfamily A, polypeptide 1;
enpp6, ectonucleotide pyrophosphatase/ni.csphodiesterase 6; pla2g, phospholipase A2,
group XIIB/XHA /lI; ptgs2b, pro-tag'andin-endoperoxide synthase 2b; ptgdsb.1,
prostaglandin D2 synthase b, tandem u 'plicate 1; Itadh, leukotriene A4 hydrolase;
gotll2.2, gamma-glutamyltransferas> 1 like 2.2; chptl, choline phosphotransferase 1;
pcytlb, phosphate cytidylyltran: ferece 1, choline, beta b; pmt, phosphoethanolamine
methyltransferase;  etnppl,  eu@anolamine-phosphate  phospho-lyase;  etnk2,
ethanolamine kinase 2; phcspi.n1, phosphatase, orphan 1; acerl, alkaline ceramidase
1; sphk1, sphingosine kincse 2. The summary table about TAG/Chol/PE directionality
is based on the qualii.*ive impressions of pathway analysis, which can help to
interpret the diagram dre\/ above.

Figure 4. The lipid ~eposition in the liver of AKO zebrafish with or without 3aMA
treatment. (A-D) data from WT, atgl” and atgl”+3MA three groups, (A) growth
curve; (B) VSI; (C) whole fish protein; (D) whole fish total lipid; (E) triacylglycerols
(TAG) content in the liver (n = 6); (F) total cholesterol including cholesteryl ester and
free cholesterol in liver (n = 6); (G) free fatty acid in liver (n = 6); (H-J) transmission
electron microscope (TEM) images of the liver from WT, atgl” and atgl” + 3MA
group respectively, LDs: lipid droplets, M: mitochondria, N: nucleus, L: lysosome,
ER: endoplasmic reticulum, AP: autophagosome, APL: autophagolysosomes.
Statistical significance was determined by one-way ANOVA (p < 0.05).

Figure 5. The lipolysis and autophagy related indexes in the liver of AKO
zebrafish with or without 3MA treatment. (A) the expression of lipolysis related
genes in fish liver (n = 6); (B) the expression of autophagy related genes in fish liver
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(n =6); (C) the content of Atgl enzyme in fish liver measured by ELISA kit (n = 6);
(D) densitometry quantification of the Atgl immunoblots (n = 3); (E) the content of
Hsl enzyme in fish liver measured by ELISA kit (n = 6); (F) western blot analysis of
lipolysis and autophagy related proteins in liver; (G) the immunofluorescence (IF) of
Lc3 in liver sections, scale bars, 50 um; (H) quantification of the tissue IF (n = 3);
(I-L) densitometry quantification of the immunoblots (n = 3). Data represent mean *
SEM. Statistical significance was determined by one-way ANOVA (p < 0.05).

Figure 6. The lipid deposition in the liver of LKO zebrafish with or without Al
treatment. (A-D) data from WT, lal” and lal”+Al three groups, (A) growth curve; (B)
VSI; (C) whole fish protein; (D) whole fish total lipid; (E) TAG content in liver (n =
6); (F) total cholesterol in liver (n = 6); (G) low densitv lipoprotein cholesterol
(LDL-C) in liver (n = 6); (H) free fatty acid in liver (n = 61; {'-K) TEM photographs
of the liver from WT, lal” and lal” + Al group respecti ely, LDs: lipid droplets, M:
mitochondria, N: nucleus, L: lysosome, ER: cnoplasmic reticulum, AP:
autophagosome, APL: autophagolysosomes. Statist’ca. <ignificance was determined
by one-way ANOVA (p < 0.05).

Figure 7. The autophagy and lipolysis relatec indexes measured in liver of LKO
zebrafish with or without Al treatment. (1) the expression of autophagy related
genes in fish liver (n = 6); (B) the express.>n of lipolysis related genes in fish liver (n
= 6); (C) the content of Lal enzyme «n f'sh liver measured by ELISA kit (n = 6); (D)
densitometry quantification of the Lal . »munoblots (n = 3); (E) the content of Atgl
enzyme in liver measured by ELIS/< kit (n = 6); (F) western blot analysis of lipolysis
and autophagy related proteins 'n n.er (n = 3); (G) the immunofluorescence (IF) of
Lc3 in liver sections, scale tai. >u pum; (H) quantification of the tissue IF (n = 3);
(I-L) densitometry quantifi .a.on of the immunoblots (n = 3). Data represent mean +
SEM. Statistical significa. ~e .’as determined by one-way ANOVA (p < 0.05).

Figure 8. The mitchcndrial characteristics and cell damages in the liver of
zebrafish with simuicaneously deficient lipolysis and lipophagy. (A) TEM
photographs of liver “rom atgl” + 3MA group; (B) mitochondria number per hepatic
cell from WT, atgl” and atgl”+3MA groups (n=6); (C) distribution of mitochondrial
length (the longest diameter) for all mitochondria (>135) in every group; (D)
quantification of liver mtDNA copy number by gPCR analysis (n = 6); (E) the
expression of mtDNA synthesis related genes in the liver (n = 6); (F) the expression of
liver damage related genes (n = 6); (G) TEM photographs of liver from lal” + Al
group; (H) mitochondria number per hepatic cell from WT, lal”~ and lal”+Al groups
(n=6); (I) distribution of mitochondrial length (the longest diameter) for all
mitochondria (>135) in every group; (J) the IF- colocalization of Lampl (red) and
Hsp60 (green) in liver sections, scale bars, 50 um; (K) quantification of the average
fluorescent intensity (n = 3); (L) quantification of liver mtDNA copy number by
gPCR analysis (n = 6); (M) the expression of mtDNA synthesis related genes in liver
(n = 6); (N) the expression of liver damage related genes (n = 6). Statistical
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significance was determined by one-way ANOVA (p << 0.05).

Figure 9. The proposed individual and interactive roles of lipolysis and lipophagy
in zebrafish. Atgl-mediated lipolysis has a stronger effect to degrade large LDs
enriched with TAG and lipolysis dysfunction fail to stimulate lipophagy. However,
lipophagy mainly breaks down small LDs, which contain high cholesterol esters and
Lal deficiency induces compensatory lipolysis but causes severe cellular damage. The
simultaneous suppression of lipolysis and lipophagy may trigger mitophagy to supply
energy.
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892  Highlights

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

894 o Lipolysis and lipophagy have different preferences for substrate

895 selection;

896 o Lipolysis and lipophagy are not necessarily substitutional in fish liver;
897 e Mitochondrial form is changed when lipolysis and lipophagy are both

898 suppressed.

31



~

Relative content (%)

rca®croacclear®roar

Start codon
exon1

pnpla2 /R, —
(atgl)
( -5 bp) 24aa
wT GGTTTTCTGGGTATTTATCACATCGGAGTGGCCAGCTGT 48633
pnpla2 -/- GGTTTTCTGGGTATTTATCACATC ------ GGCCAGCTGT [ 7laa

£ | 20

AO M“cﬁnu
W

Whole fish protein

15 150
a
a —_

s . 'E’ 120 b
£ 10 g 5
O o5 o %
=) E=]
£ E 30

0.0 r o .

wWT atgl™ WT
Whole fish TAG I Whole fish PL

50 b 200

“° 150
E 30 2
> [
3 a o 100
g 20 - 2

10 50

wr atgl” wT atgl™”
Fatty Acid Composition

O=NWAUNION®

%Q
N

CJ WT Bm atgl”

m ﬂﬁh

a® o o o 6 6N
& o" [

o,
’6-.

)

S N LD P S
SRR 3 o &
[SRareaN "'@b‘\o" [y ,5\;& "-"xc.-

Growth curve of juvenile fish

weight increase (g)
Distance (cm)

Time (weeks)

Whole fish total lipid
80

Movement behavior

- WT

= atgl

Night Day

Viscera somatic index

15 b

£ 0 b

s _ 10 a

3 a S s

g - <

E) Z s

g 20

wr atgl™ wT atgl”
J B TAG MFFA MDAG EPE EPC
WT-atgl atgl’-

g a\‘ \\‘v}‘ '1?,»@“
S S O

Figure 1




~

Relative content (%)

Start codon_
. exont
lipf (lal) - e e — B
(-pr) 14aa
wWT TTGTCTTTGGTAATACTTACATCTGGACTGGTTCAGTAT _ 396aa .
lipf-/-  TTGTCTTTGGTAATACTTACAT ------CTGGTTCAGTAT 30aa §
e ccartactoPaceca T et %A eratraccfaaoeoac g
A il o
1 ‘ - ]
I || £
i 5
I
i 3
i
|
I

Oxygen consumption rate

15
a
= —
2 10 2
[
2
3
S os
£
0.
wT lal’”
Whole fish TAG
20
15 a
B ' b
210
o
€
=
5
wT Tl
30
25
20
15
10
8
7
6
5
4
3
2
1
0

S D 0 0.0
DT 8T N7 T B W
TN

S N DO N 9
SIS
[N A A A

20
b
15
S a
‘7‘-” 10 -
>
5
wr
I Whole fish PL
200
150
E -
o 100
k)
<
50
wr
Fatty Acid Composition

O WT BB jar

NSO N DS D 0 9 D o ND.D D
SIS GRS o N
AN o"&@ A (;“\q,u\; d"@t‘:‘\ LA E
S
9 9 9 &

Growth curve of juvenile fish

0.15 Movement behavior
- WT 2000
I - WT e
0.12
. gﬁoo
0.09 & 1000
£
o
0.06 8 s00
0.034
o 1 2 3 4 5 6 7 -
Time (weeks) g Day
F Whole fish protein G Whole fish total lipid
150 a 50
b a
£ 120 £ 40 -
o 2
£ o 2 30
® ®
3
: 60 > 20
> =]
£ 30 €10
wr Tl wr
J HCE MTAG WMFFA EMDAG EMPE WMPC
lal’/-

WT-lal

24%  42%

Figure 2




LKO AKO  LKO Up-regulated

AKO vs WT | LKO vs WT
[ cpt-1 |
e ; o | No significance |
o Ty 9eerol
13
acat___ pcetyl-CoA=22229"1 | ¢ acyl-CoAe=2B2L | cpa L2 1 ppp mgll
Ao [HKON \ CE Ao KON
Acetoacetyl-CoA | Iss | 0o
ety Squalene====== =Lanosterol._ lcatfsoat [ g | LPC MG FFA
1hmgcsl - 02 \‘Cholesterol 2 HDL-C
¥ y—— e Ox-sterols «e=———""" _ 3 lipe
HMG-CoA——L5MVA /-/ A *LDL-C p
Ako IR YRR cypiia/c | sn2,3-DG
hmgcl| [T HES | sult2st3 | AN [ [ hsdsb |
E’:lcyplmhﬂ 1 mogatda | . jipe
Sulfated hsd17b12a || Pnp\d

Ketone bodies ox-sterols Bile acid Steroid hormone Triglyceride —XCINTS FFA
-3- agpat2
Glycerol-3- _[[ITlES gp A—PE_, sn1.2-DG E‘, t2 ps  Cer glycerol

LPA
Phosphate - P
P o /& pingormyelin
. LPC cept | chpt1 | Sphingomy
sn2-Phosphoglyceride CDP-DG emt p %
(PC/PE/PS) AKo [iKON / \\ PE Ko / sgms
__pla2zg  —<SARA = el

PG PS q p-CNOW"® Ceramide (Cer)

Pl
Ceptl . CD
alox5 l - m\a‘no\amme AKO = LKO ‘
tas2b Cardiolipin chP- \ine acer1

p
PGG2 5-HPETE —— 5-HETE |amine L_pmt | ‘ Sphingosine
P_Et\\a\'\o e ch hospho1
s | tads|  GsH I [ etnppl poline |
gst |_ggt112.2 | gthan
PGs LTBs «—— LTA4 LTCa LTDa4 . .
Sphingosine 1-phosphate (S1P)

< b

\R TAG TAG Chol Chol PE/PC
Group —_  synthesis | catabolism | synthesis | utilization | synthesis

AKOvsWT | |} W ¢ t W
LKO vs WT 1s 1 JJ

Figure 3

—




A Growth curve B vsi C Whole fish protein
0.201 ——WT — . 160+ a
— =
B oqs| : = 2 —= = 2 +
Fed 4 weeks 3 atgl"+3MA b & o B 4 bt
> ¢ 0.16- b § 2
g S 6 g 80
E i o
D 0.4 g S
2 % 34 E 404
0.12 : . : ,
0 1 2 3 4 0 . ' 0 : . -
— weeks wT atgl’”  atgl"+3MA wT atgl’”  atgl"+3MA
D Whole fish total lipid E TAG in Liver F TC in Liver G FFA in Liver
807 1.2 0.25 0.25- a
. b b - T
-E, 60 — b 0.20+ —I— 0.204 b
S a B 0.8 s - s i -
3 -T- I S 0.15- S 0.15
5 404 ) a ) S
3 5 = s 5
o € ol £ 0.104 £ 0.104
2 20- go. 3 £
0.05- 0.05-
0 r y /' 0.0 T : 0.00 T T 0.00 T T
WT atgl”™  atgl”+3MA wT atgl”+3MA wT atgl+3MA wT atgl”  atgl™+3MA
H TEM-WT El TEM-atgl’-

Figure 4



A Lipolysis related genes B Autophagy related genes
— WT O WT
2.01 b a b =] atgl'/’

O atgl"+3MA

N
=)
T

B atgl”
I atgl+3MA

-

CJ
1
o

Relative mRNA expression
E
O
o
QO
o
Relative mRNA expression
-
o

o

.0- .
pnpla2 lipea lipeb mgll fabp10a abhd5a cav1 plin1 plin2 tfeb ulk1a ulk1b beclin1 Ic3 atgd4a atg5 atg7 atg12 p62 lamp1 lipf

(@]

Atgl content-ELISA D Atgl/Gapdh E Hsl content-ELISA F
300

o
@

a b WT atgl”’- atgl’+3MA

2 . Atgl |4—- o B v |
Le3- — ;

veli-3 I T 17 17 3
wT atgl”  atgl™+3MA : WT  atgl” atgl"+3MA wT atgl”  atg"+3MA P62 | w = = s .’ | g : 3|
Le3-TF-atgl” Le3-IF-atgl+3MA Gapdh ‘- - w o> o> -..‘

el | S D ) B = o |

T-Hsll.‘rf“"'""'- |

°

IS
o
I

200 b b

pmoliL

100

(fold change)
o
o

pmol/L
Relative protein expression

°
°

Lc3-IF-WT

Gapdh|---------|

I
-

Lc3 Lc3-II/Gapdh P62/Gapdh P-Hsl/Gapdh T-Hsl/Gapdh

>
£ 150 § 15 5 15 § 25 5
g5 2 2 2 2
£2 a B _ a g _ 8 _20 g _
=% F- Ay ab S S S
€ £ 100 ab X910 X 210 X o X 1.0
8= b s cE c§ 1S c§

2 - - - =
8> 85 2 55 35 55
Ss e ez 2310 o3
- se0s seoe e se0s
] 2 2 2 05 2
g= k] k] 5 k]
2 o & oo & oo g o &
< wT atgl” atgl"+3MA WT atgl”™ atgl’+3MA WT atgl” atgl”+3MA atgl” atgl”+3MA atgl” atgl”+3MA

Figure 5



coowr A Growth curve

0247 o wr Y Whole fish protein Whole fish total lipid
2 p22] = " " 200
§ lal+Al z £ 10 2 b " z
Fed 4 weeks § °% 3 H H
Y
£ 018 . groo 3
b @ 2 220
e 'g 0.16 g 2 s ?
e 0.144 . " e
Q 0 1 2 3 4 - lal"+Al wr lal’” lal"+Al lal™* lal™+Al
q“ o — weeks
E TAG in Liver F TC in Liver G LDL-C in Liver H FFA in Liver
0.8 1.0 b 0.3 0.3
038 b b
5% 8 802 b 3 02
o g 0.6 a a
204 2 2 2
2 2 oa 2 g
H £ g 01 g 01
02 02
00 lal™” lal"+Al 00 v : lal"+Al o Tal"+Al o lal’” lal" +Al
TEM-WT J TEM-lal’- P K TEM-lal"-+Al

Figure 6




A Autophagy related genes B Lipolysis related genes
[
£ 104 = W £ 104 Wt
.g b B o .% c B jal
-/
g 8 b O lart+Al - § 8 D3 lar+Al
S S
b b
3 6 s 6 b b
z 2 b ? i b
4 4
4 o a ab
s 24 s 2 ab
© ® a a a a a a a a
@ )
x o © od
tfeb ulk1a ulk1b beclin1 Ic3 atg4a atg5 atg7 atg12 p62 Ilamp1 lipf pnpla2 lipea lipeb mgll abhd5a cav1 plin1 plin2
C Lal content-ELISA D Lal/Gapdh E Atgl content-ELISA
200 g 1.5 1000
@ F - -/-
150 ] = 0 wt lal lal-+Al
] §”'° < 600
Lot [ |
€ o & a0 a
50 se%® ; =
L Atgl [0 0 S A e e |
lal’” lal"+Al ® o0 wT Il lal+Al fal’ lal"+Al

G

Le3-IF-WT Lc3-IF-lal” Lc3-1F-lal”-+AI

Lc3

Atgl/Gapdh Beclin1/Gapdh

% 150 s 4 g 25
8 2 c B
25 @ @ b
£% g _, )
) [y 5%
c £ 100 x 0 x o
85 cs =¥
b=l £ 8 2 £ 8
g2 26 35
Sg gz 8310
2E 50 5% 53
o2 ] S
S E] g 05
] P 5
: 0 0 2 o - & oo
wT lal”  lar"+Al wT lal”  lar+Al wT lal™  lar"+Al

Figure 7

Gapdhi--?a---‘- ‘

I
Beclin1|‘ = w— v - m

Le3-1
Lc3-O

’-."‘

Gapdh }------_“

Lc3-II/Gapdh P62/Gapdh

§ 20 5 3
? & ] b
] 8
sg18 ey
x o X 32
o & a -1
s c s
g510 235 a
] b Sz 3
a9 ag1
2 =05 o=
s s
£ o0 g o

wT lal  lal"+Al wT lal”  lal"+Al



O

mtDNA related genes

B mtNumber 20 § 30
@ b
v b g 515 § 25
2 22 £20
= 3
E3 30 EE
58 o 210 L5 ab
G e B z a
R 5
§ 2 3 S0s 5 1.0
T ’ £ 05
s £ 0.
a10 @ 0.0
mt-nd1 mt-cyb mt-atp6 ) tfam ssbp1
WT  atgl” atgr+3MA Liver damage related genes
5 6 O wTr
C F 2 b B atgl”
e mtLength 25 3 atgl”+3MA
s e
> g4
g 40 b )
§ a <
230 a z3
& . c a bi& né
g 2043 a b c ° 2
£ a 2
5109 |p €1
g < T
S o 2o

0.2-0.299 0.3-0.499 0.5-0.699 0.7-0.999 1.0-2.999
Mitochondrial length (jm)

ddit3 gadd45qa il6 ing tnfa hspa5  xbp1 atf6

DNA damage Inflammation ER stress

mtNumber j
40
5 b
£3 %0
3 8 a‘
=g = WT
5 8 20 L
& .
2
2 10
o /- /-
wr lal”  lart+Al
lal’-
mtLength
g 60
5‘ a
§
g% b
£ c
E c
220 b lal~
3 | +Ar
8
<]

°

0.2-0.299 0.3-0.499 0.5-0.699 0.7-0.999 1.0-2.999
Mitochondrial length (jum)

M N

K L

c8
%‘ 100 mtDNA related genes -% b
5 0
53 * B 2 § 2° b oy b 2s
£< 2 g bb b
8 $515 a 8 20 > b b
4 332 a
85 £E £ 3 a 15 a & Sa b
g > g E10 a a < a 4 b b b b b
R £2 X 10 E ab b
&3 %9 b E 22
53 x 05 205 £ |a a a a a a a
= ﬁ ). s
(3 T [}
> . © 0.0 X o
< .
Lamp1 Hsp60 mt-nd1 mtcyb  mt-atpe tram ssbp1 ddit3 gadd45qa casp3a casp9  il6 Mg  tnfa

DNA damage Apoptosis Inflammation

Figure 8



Lipolysisy  Atgl OFF Lipophagy | Lal OFF 4

Inflammation A White Liver | DNA damage A Yellow Liver

R et Apoptosis A
stress /,AC@ @ Inflammation A /7;@
FFAY_ _ /—ﬂ

Autophagosome
v)(

Autolysosome Lysosome
Lipolysis is induced esp. Atgl

-

(TAG)

-~ -

Lipophagy is not induced

DNA damage A
Apoptosis A Lipolysis & Lipophagy OFF

Inflammation A Ny

ER stress
“ pome @D @ @)
* FFA Damaged mitochondrion \
AA

)i e @ @

(TAG, CE) Autophagosome

Endoplasmic reticulum (ER)

Autolysosome :,*
Mitophagy is induced to eliminate impaired mitochondria and supply energy ~ Lysosome

Figure 9



