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C24:0 avoids cold exposure-induced oxidative

stress and fatty acid B-oxidation damage

Shouxiang Sun," Xiaojuan Cao,"? and Jian Gao'-#>*

SUMMARY

Low temperatures can cause severe growth inhibition and mortality in fish. Previ-
ous studies about the cold resistance of fish mainly focused on the role of unsat-
urated fatty acids, rather than saturated fatty acids (SFAs). In this study, the role
of very-long-chain SFA synthetized by fatty acyl elongase 1 gene (elovl1) in cold
resistance was explored. Both an aggravated liver oxidative stress and a mito-
chondrial metabolism disorder were observed in elovi1a™~ and elovi1b™~ zebra-
fish with cold stress. In vitro studies confirmed that high levels of C20:0 and C22:0
obviously increased the hepatocyte oxidative stress and activated the extracel-
lular signal-regulated kinases 1/2 (Erk1/2) pathway to further induce apoptosis
and inflammation. We further demonstrated that C24:0 could promote mitochon-
drial B-oxidation to improve the cold resistance of zebrafish. Overall, our results
define a positive role of C24:0 fatty acids synthetized by elovl1 in the cold resis-
tance of fish.

INTRODUCTION

Fish are the largest group of poikilothermic vertebrates that cannot maintain a constant body temperature.
Water temperature is one of the most important environmental factors that affect nearly all life activities of
fish, including embryonic development, growth, reproduction, metabolism, and behavior (Beitinger et al.,
2000; Green and Fisher, 2004; Donaldson et al., 2008). The sharp reduction of water temperature leads to
significant environmental stress and seriously affects the growth and the metabolism of fish, resulting in a
high mortality every year. This situation has led to large losses for many fish species around the world, both
in aquaculture and wild environments (Donaldson et al., 2008; Overstreet, 1974; Wu et al., 2011). Therefore,
further research in the mechanisms of cold resistance in fish, either as an economic or a research interest, is
warranted.

Previous studies found that both acute and chronic cold stresses could induce mitochondrial metabolic dis-
order and increase the production of reactive oxygen species (ROS), which may result in oxidative stress,
inflammation, and apoptosis in multiple tissues (Heise et al., 2006; Tseng et al., 2011; Vinagre et al., 2012).
Excessive oxidative stress and abnormal energy metabolism are believed to be the main causes of death in
fish at low temperature (Lu et al., 2019a, 2019b; Kyprianou et al., 2010). As important energy metabolic sub-
strates, saturated fatty acids (SFAs) have been considered to promote oxidative stress and inflammation in
liver tissue (Tamer et al., 2020; Rocha et al., 2016; Vogel et al., 1997). On the other hand, polyunsaturated
fatty acids (PUFAs) were evidently increased in fish under cold stress to maintain the membrane stability
and fluidity, which improved cold resistance (Dey et al., 1993; Buda et al., 1994; Farkas, 1980; Hazel,
1984; He et al., 2015). Hence, previous studies about the cold resistance of fish mainly focused on the
role of PUFA, rather than SFA. However, it has been reported that the level of total SFA changed consid-
erably in some fish under cold stress (Hsieh et al., 2003, 2004), of which C16:0 and C18:0 were further stud-
ied, but the very-long-chain SFAs (VLC-SFAs) were never addressed.

It has been reported that fatty acyl elongase (Elovl) 1, 3, and 6 are involved in the elongation of SFA (Ohno
etal, 2010; Tvrdik et al., 1997; Tamura et al., 2009). Elovl1 displays broad substrate specificities, with the
ability to elongate C18-C24 SFA (Ohno et al., 2010). Researches have shown that ElovlT activity is regulated
by ceramide synthase 2 (Cers2), which is essential for the synthesis of C24 ceramide and sphingolipid (Ohno
etal., 2010; Ben-David et al., 2011; Laviad et al., 2008). Because of the teleost specific genome duplication
(TSGD), teleost possesses two elovlT genes, namely, elovl1a and elovl1b (Bhandari et al., 2016). Previous
reports indicated that elovlT was significantly up-regulated in fish under cold stress (Zhang et al., 2018).
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However, it is unclear if the VLC-SFA synthetized by elovlT is involved in the cold resistance of fish or not,
thus warranting further research.

To assess whether there was a role of VLC-SFA in the cold resistance of fish, in this study, we generated
CRISPR-Cas9-mediated elovl1a and elovl1b knockout zebrafish models (namely, elovi1a™ and elovl1b™).
We confirmed that cold stress induced an obvious change in the SFA composition of zebrafish liver (ZFL)
cells. Then, we conducted a series of in vivo and in vitro experiments to determine the correlation of
C24:0 synthetized by elovl1 and cold tolerance in zebrafish. Our results showed that C24:0 played a positive
role in cold resistance of fish, and C20:0 and C22:0 presented negative effects. These results enhance our
understanding on the underlying mechanisms of cold resistance in fish.

RESULT

Genes elovi1a and elovl1b, closely associated with VLC-SFA, were activated in ZFL cells
under cold stress

The fatty acid compositions of ZFL cells with cold stress (10°C) treatment were determined. Cold stress
significantly decreased the levels of total SFA and increased the levels of total monounsaturated fatty acids
(MUFAs) and PUFA (Figure TA). Interestingly, not all SFA species levels were declined. An evident increase
in the level of C24:0 in ZFL cells under cold stress was found, indicating that low temperature stimulation
accelerated the synthesis of C24:0 (Figure 1B).

Figure 1C shows that the mRNA expression levels of elovlTa and elovl1b as well as levels of Elovl1a and
Elovl1b were obviously increased in ZFL cells with cold stress treatment (Figure 1D). Then, the mRNA
expression levels of the two genes were determined in ZFL cells treated with different SFAs (C14:0-
C24:0) and MUFAs (C16:1-C22:1). The elovl1a expression level was significantly increased in ZFL cells incu-
bated with C20:0, C22:0, and C24:0, compared with the control (Figure 1E). For MUFA treatment, there
were no significant differences in the expression levels of elovl1a of ZFL cells among different treatment
groups (Figure STA). The transcription of elovl1b displayed 1.33-fold change (FC)- and 3.06-FC upregula-
tion in ZFL cells treated with C20:0 and C24:0, respectively, compared with the control (Figure 1F). Mean-
while, compared with the control, elovl1b showed 1.26-FC and 1.49-FC upregulation in ZFL cells incubated
with C20:1 and C22:1, respectively (Figure S1B).

Targeted deletion of the elovi1a/elovi1b caused changes in the fatty acid composition of
zebrafish

We generated two mutants (elovi1a™~ and elovl1b™" zebrafish) by using the CRISPR-Cas9 genome editing
technique (Figure 2A). In this study, the target site of elovll1a was in the third exon. The sequencing peak
map showed that elovl1alacked 11 bases at the target site, resulting in the premature stop of translation at
codon 66 of the Elovl1a protein (Figure 2A). The target site of elovl1b was in the fourth exon. The elov/1-
b~ lacked 23 bases at the target site, resulting in the premature stop of translation at codon 90 of the
Elovlb protein (Figure 2A). Western blotting results showed that elovi1a”~ and elovl1b™" zebrafish lines
were successfully obtained in this study (Figure 2B). In addition, we produced a homozygous mutant of
elovila™ elovl1b™~ (DKO) by using elovila™~ and elovi1b™~ zebrafish. Because the early survival rate of
DKO fish was extremely low (<1%) (Figure S2A), we failed to obtain the DKO line here. In addition, a
retarded growth phenotype was observed in the adult DKO (Figure S2B). There were no obvious differ-
ences in growth (Figure S2B) and the survival rate (unpublished data) between elov/1a™ ~/elovl1b™" adult
zebrafish and wild-type (WT) adult zebrafish.

We preliminarily explored the effects of elovi1a/elovi1b deletion on hepatic fatty acid compositions. Our
results indicated that there were no significant differences in the total SFA, MUFA, and PUFA levels be-
tween elovl1a™/elovl1b™ zebrafish and WT zebrafish (Figures 2C and 2D). However, elovl1a™" zebrafish
displayed noticeably higher levels of C20:0 and C22:0in liver tissues than WT zebrafish (Figure 2E). The con-
tents of C20:0 and C20:1 were significantly higher in livers of elovl1b™~ zebrafish, compared with that of WT
zebrafish (Figure 2F).

To fully understand the changes in hepatic lipid compositions of elovi1a™~ and elovl1b™" zebrafish relative
to WT, a hepatic lipidomic analysis was carried out. We found that elovila”~ and elovl1b™~ zebrafish had
significantly higher levels of free fatty acid (FFA) 20:0, Cer 20:0, and sphingomyelin (SM) 20:0 and a signif-
icantly lower level of Cer 24:0, compared with WT zebrafish (Figure S3).
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Figure 1. Fatty acid compositions and elovl1/Elovl1 expression levels of zebrafish liver (ZFL) cells

(A) The fatty acid compositions of ZFL cells at 28°C and 10°C.

(B) The SFA species contents of ZFL cells at 10°C.

(C) The mRNA expression levels of elovl1a and elovl1b in ZFL cells at 28°C and 10°C.

(D) The protein expression levels of Elovl1a and Elovl1b in ZFL cells at 28°C and 10°C.

(E and F) The expression levels of elovl1a (E) and elovi1b (F) in control and SFA-treatment ZFL cells at 28°C. The blue and
orange colors in (B), (E), and (F), respectively, meant significant decrease and increase in parameters of treated groups,
compared with the control (the control in (B) was the SFA species content of ZFL cells at 28°C). Data were given as
means + SD of three biological replicates. The statistical analyses were conducted by t test. The asterisks labeled above
the error bars indicated significant differences (*p < 0.05, **p < 0.01, ***p < 0.001). SFA, saturated fatty acid; MUFA,
monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; NC, negative control; elovl1, fatty acyl elongase 1; Gapdh,
glyceraldehyde-3-phosphate dehydrogenase.

Deletion of elovl1a/elovl1b impairs the cold resistance of zebrafish

To determine the role of Elovl1s in cold stress, we exposed WT, eloviia™~, and elovl1b™~ zebrafish to cold
stress. The fatty acid compositions of livers in WT, elovl1a™~, and elovl1b™" zebrafish were measured. The
elovl1a™~ and elovl1b™" zebrafish presented significantly higher levels of C20:0 and lower levels of C24:0
than WT zebrafish (Figures S4A and S4B). We found that elovl1a/elovl1b deletion significantly lowered the
survival rate of zebrafish exposed to cold stress (Figure 3A). All elovl1a™~ zebrafish died after 180 h of cold
stress. Under cold stress, liver tissues of elovl1a™~ and elovl1b™~ zebrafish were paler compared with that of
WT zebrafish (Figure S4C). The pathological sections of livers further indicated that cold stress caused liver
damage in elovi1a™ and elovl1b™~ zebrafish. The number of lymphocytes, markers of inflammatory infil-
tration, was obviously increased in liver tissues of eloviTa™™ and elovl1b™~ zebrafish (Figure 3B).
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Figure 2. Deletion of elovi1a and elovl1b genes in zebrafish and their effects on fatty acid compositions

(A) The targeting site for elovlTa and elovl1b gene knockout. The gray boxes were the 5'-untranslated and 3'-untranslated regions, and blue boxes the exons.
The red boxes indicated the targeting sequences.

(B) Mutation confirmation, as shown by the results of the protein expression of Elovl1a and Elovl1b.

(C and D) The total SFA, MUFA, and PUFA contents in livers of 2-month-old WT, elovl1a™~ (C) and elovl1b™ (D) zebrafish.

(E and F) Fatty acid compositions in livers of 2-month-old elovl1a™ (E) and elovl1b™" (F) zebrafish. The blue and orange colors in (E) and (F), respectively,
meant significant decrease and increase in parameters of elovl1a™/elovl1b™" zebrafish, compared with WT zebrafish (p < 0.05). Data were given as means +
SD of three or four biological replicates. The statistical analyses were conducted by t test. WT, wild-type zebrafish; elovl1, fatty acyl elongase 1; elovi1a™",
elovl1a knockout zebrafish; elovi1b™~, elovl1b knockout zebrafish; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

Next, we determined the oxidative stress level of liver tissues by measuring malondialdehyde (MDA) level and
catalase (CAT) activity. As shown in Figure 3C, the MDA levels were significantly increased in liver tissues of
elovi1a™ and elovl1b™" zebrafish under cold stress, compared with WT zebrafish (Figure 3C). The CAT activities
in livers of elovi1a™ and elovl1b™~ zebrafish were significantly decreased (Figure 3D). The deletion of elovi1a or
elovl1b obviously reduced the mRNA expression levels of antioxidant stress-related genes, including gluta-
thione peroxidase 1a (gpx1a), gpx1b, superoxide dismutase 1 (sod1), and catalase 1 (cat?) in zebrafish under
cold stress (Figure 3E), but there were no significant differences in the expression levels of these genes between
elovl1a™/elovi1b™~ and WT zebrafish at 28°C (Figure S4D). Thus, it indicated that elov/1a™" and elovl1b™" ze-
brafish under cold stress had more severe oxidative stress, which caused liver tissue damages.

Tissue damage is always accompanied by apoptosis and inflammation (Davidovich et al., 2014; Busch et al.,
2012). The up-regulated expression levels of apoptosis and inflammation-related genes were also
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Figure 3. Effects of elovi1a and elovi1b deletion on cold tolerance of zebrafish
A) The survival rates of fish during cold stress.
~~, and elovl1b™" zebrafish under cold stress. Scale bar, 20 um.

C and D) The levels of MDA (C) and CAT (D) in livers of WT, elovl1a™", and elovi1b™~ zebrafish under cold stress (n = 5).

B) Histological structures of livers from WT, elovl1a

F) Western blotting of Erk1/2 in livers of WT, elovl1a™~, and elovl1b™~ zebrafish under cold stress.
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(E) Hepatic expression levels of four oxidative stress-related genes in WT, elovl1a™, and elovl1b™~ zebrafish under cold stress.
(
(

G) Hepatic expression levels of apoptosis and inflammation-related genes in WT, elovi1a™", and elovl1b™~ zebrafish under cold stress. Data were given as

means + SD of three biological replicates unless otherwise specified. The statistical analyses were conducted by t test. The

bars indicated significant differences (*p < 0.05, **p < 0.01, ***p < 0.001). WT, wild-type zebrafish; elovl1, fatty acyl elongase 1; elovlTa

asterisks labeled above the error

=~ elovl1a knockout

zebrafish; elovl1b™~, elovl1b knockout zebrafish; LY, lymphocyte; MDA, malondialdehyde; CAT, catalase; gpx-1a, glutathione peroxidase 1a; sod1,

superoxide dismutase 1, soluble; cat1, catalase 1; Erk1/2, extracellular signal-regulated kinases 1/2; Gapdh, glyceraldehyde-3-phosphate dehydrogenase;

chop, DNA damage inducible transcript 3; bcl2, BCL2 apoptosis regulator a; il, interleukin.

important indicators of tissue damages. A number of studies have demonstrated that cold stress causes the
activation of extracellular signal-regulated kinases 1/2 (Erk1/2), major components of the greater mitogen-
activated protein kinase (Mapk) cascade, which has been connected with increased inflammation and
apoptosis (Sabnam and Pal, 2019; Sun et al., 2020a, 2020b). In this study, notable increases in Erk1/2 expres-
sion levels were found in elovl1a™~ and elovl1b™ zebrafish under cold stress, compared with WT zebrafish
(Figure 3F). At 28°C, elovl1a™ ~/elovl1b™" zebrafish (relative to WT) exhibited no significant differences in
the expression levels of apoptosis-related genes (including caspase-3, DNA-damage-inducible transcript
3 [chop], and BCL2 apoptosis regulator a [bcl2]) and inflammation-related genes (interleukin-1 [il-1], il-6)
(Figure S4E). However, almost all these genes (except caspase-3in elovl1b™~ zebrafish) were up-regulated
in elovl1a™ /elovi1b™ zebrafish under cold stress, compared with WT zebrafish (Figure 3G). Lipid catabo-
lism, especially fatty acid B-oxidation, plays an important role in the cold resistance (Lu et al., 2019b). Three
mitochondrial B-oxidation-related genes (peroxisome proliferator-activated receptor gamma, coactivator
1 alpha[pgc-1al, carnitine palmitoyltransferase 1a [cpt-1a], and ATP synthase F1 subunit beta [atp5b]) were
significantly down-regulated in elovila™/elovl1b™~ zebrafish compared with WT zebrafish under cold
stress (Figure S4F).
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The accumulation of C20:0 and C22:0 damaged the cold tolerance of ZFL cells, whereas C24:0 promoted
B-oxidation via ceramide synthetase to improve the cold tolerance.

To further identify the roles of different SFAs in the cold resistance, in vitro experiments were performed.
ZFL cells were incubated with C18:0 (5 uM), C20:0 (5 uM), C22:0 (5 uM), and C24:0 (5 uM). The results of fatty
acid compositions of ZFL cells confirmed that the incubation of SFA was successful (Figure S5A). The 5-uM
SFA treatment did not affect the growth of ZFL cells at 28°C (Figure S5B). Under cold stress, the apoptotic
level was significantly increased in ZFL cells incubated with C20:0 or C22:0 and significantly decreased in
cells incubated with C24:0 compared with control (Figure 4A). Moreover, the expression of Erk1/2 and
two apoptosis-related genes (caspase-3 and chop) was up-regulated in ZFL cells incubated with C20:0
and C22:0 (Figures 4B and 4C). On the contrary, C24:0 treatment alleviated the Erk1/2 expression,
compared with the control (Figure 4B). In addition, the increased apoptosis level and up-regulated Erk1/
2 expression induced by C20:0 or C22:0 treatment can be counteracted by VE (a typical antioxidant) treat-
ment under cold stress (Figures 4D and 4E).

C24:0 ceramide has been reported to be localized in the mitochondrial membrane and promotes the
mitochondrial B-oxidation process (Raichur et al., 2014; Mesicek et al., 2010). It is noteworthy that the
mRNA expression levels of C24:0 ceramide synthetase-related genes (cers2a, cers2b, and cers4b) were
significantly higher in ZFL cells treated with C24:0, compared with the control (Figure 4F). Meanwhile,
the C16:0 ceramide synthetase-related gene (cersé, Turpin et al., 2014) was significantly down-regu-
lated in ZFL cells treated with C24:0. C24:0 treatment significantly increased the mRNA expression
levels of mitochondrion B-oxidation-related genes (pgc-Ta, cpt-1a, and atp5b) under cold stress
(Figure 4G).

SFA diet feeding trial verified that C24:0 played a positive role in the cold resistance of
zebrafish

To verify the effect of SFA on the cold tolerance of zebrafish, we conducted a feeding experiment in vivo.
The C20:0 and C22:0 diet feeding obviously decreased the survival rate of zebrafish exposed to cold stress.
Compared with the control, the zebrafish fed with C24:0 diet had a lower mortality (Figure S6). We found
paler liver tissues in zebrafish fed with enriched C20:0 or C22:0 diet when compared with control and C24:0
diet group under cold stress (Figure 5A). Under cold stress, the fish fed with C20:0 and C22:0 diet had
increased hepatic MDA levels and decreased hepatic CAT activities (Figures 5B and 5C). Compared
with the control, the expression of Erk1/2 was up-regulated in livers from the C20:0 diet group under
cold stress (Figure 5D). Moreover, the expression levels of chop and il-1 in livers from C20:0 and C22:0
diet groups were significantly higher than those in the control and C24:0 diet group (Figure 5E). The expres-
sion levels of ceramide synthetase-related genes such as cersé, cers2a, cers2b, and cers4b were investi-
gated (Figures 5F and 5G). Compared with control, cersé was significantly up-regulated in livers from
the C18:0 diet group, whereas the opposite was observed in the C24:0 diet group (Figure 5F). Higher
expression levels of C24:0 ceramide synthetase-related genes (cers2a, cers2b, and cers4b) and mitochon-
drial B-oxidation-related genes (pgc-Ta, cpt-Ta, and atp5b) were detected in the C24:0 diet group
compared with the control group (Figures 5G and 5H).

DISCUSSION

So far, unlike PUFAs, SFAs have received limited attention on their potential impacts on the cold resistance
of fish. This study shows that the level of total SFAs was significantly decreased in ZFL cells under cold
stress. Interestingly, when C14-C22 SFA contents obviously decreased, the content of C24:0 was signifi-
cantly increased, indicating that cold stress promoted the synthesis of VLC-SFA (namely, C24:0) in zebra-
fish. Therefore, it suggested that C24:0 would involve in cold adaption in fish and play different functions
from C14 to C22 SFAs.

The genes elovl1a and elovl1b were reported to be involved in the elongation of SFAs from C18 to C24
(Ohno et al., 2010). Our results showed that the expressions of these two genes were activated in ZFL cells
under cold stress. In addition, the expressions of elovl1a and elovlTb were more susceptible in ZFL cells
incubated with C20:0 and C24:0. Moreover, the deletion of elovl1a/elovl1b resulted in the accumulation
of C20:0. Thus, the elovl1a™~ and elovl1b™ zebrafish could be good models to study the effects of SFA
composition on the cold resistance of fish.
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Figure 4. Effects of different saturated fatty acids (SFA, C18-C24) on cold tolerance of zebrafish liver (ZFL) cells
(A) Apoptotic levels of ZFL cells under cold stress, after incubation with different SFAs.

(B) Western blotting of Erk1/2 in ZFL cells under cold stress, after incubation with different SFAs.

(C) The expression levels of apoptosis-related genes in ZFL cells under cold stress, after incubation with different SFAs.

(D) Apoptotic levels of ZFL cells under cold stress, after incubation with different SFAs + VE.

(E) Western blotting of Erk1/2 in ZFL cells under cold stress, after incubation with different SFAs + VE.

(F) The expression levels of four ceramide synthase genes in ZFL cells under cold stress, after incubation with C24:0.

(G) The expression levels of B-oxidation-related genes in ZFL cells under cold stress, after incubation with different SFAs. Data were given as means + SD of
three biological replicates. The statistical analyses were conducted by t test or one-way ANOVA with Tukey's post hoc test. The different letters above the
bars indicated significant differences (p < 0.05). The asterisks labeled above the error bars indicated significant differences (*p < 0.05, **p < 0.01, ***p <
0.001). Erk1/2, extracellular signal-regulated kinases 1/2; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; chop, DNA damage inducible transcript 3;
bcl2, BCL2 apoptosis regulator a; VE, vitamin E; cers, ceramide synthase; pgc-Ta, peroxisome proliferator-activated receptor-y coactivator-1a; cpt-1a,
carnitine palmitoyl transferase 1a; atp5b, ATP synthase F1 subunit beta.

In this study, we found that the deletion of elovi1a/elovl1b impaired the ability of cold resistance in zebra-
fish, which was manifested by increased levels of apoptosis, inflammation, and oxidative stress. Erk1/2
expression was found to be activated in elovi1a™~ and elovl1b™" zebrafish. Previous studies have shown
that cold-stress-induced cell death involves the activation of the Erk1/2 pathway (Patterson et al., 2009;
Kondoh and Nishida, 2007). The ROS-induced oxidative stress is considered to be a potential factor for
the activation of the Erk1/2 pathway. SFAs produce more ROS than unsaturated fatty acids during B-oxida-
tion (Plotz et al., 2019). The reduction of the toxicity was as more pronounced as more proximal the double
bond was positioned to the carbonyl group, since this reduced the number of undisturbed cycles in the
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Figure 5. Effects of different dietary saturated fatty acids (SFA) on cold tolerance of zebrafish

(A) The liver lesions of zebrafish under cold stress, after being fed with different SFA diets for 2 weeks. Scale bar, T mm.

(B and C) The levels of hepatic MDA (B) and CAT (C) in zebrafish under cold stress, after being fed with different SFA diets for 2 weeks.

(D) Western blotting of Elovl1a, Elovl1b, and Erk1/2 in livers of zebrafish under cold stress, after being fed with different SFA diets for 2 weeks.

(E) Hepatic expression levels of apoptosis and inflammation-related genes in zebrafish under cold stress, after being fed with different SFA diets for 2 weeks.
(F and G) The expression levels of four ceramide synthase genes in livers of zebrafish under cold stress, after being fed with different SFA diets for 2 weeks.
(H) The expression levels of B-oxidation-related genes in livers of zebrafish under cold stress, after being fed with different SFA diets for 2 weeks. Data were
given as means + SD of three biological replicates. The statistical analyses were conducted by t test or one-way ANOVA with Tukey's post hoc test. The
different letters above the bars indicated significant differences (p < 0.05). The asterisks labeled above the error bars indicated significant differences (*p <
0.05, **p <0.01, ***p < 0.001). MDA, malondialdehyde; CAT, catalase; Elovl1, fatty acyl elongase 1; Erk1/2, extracellular signal-regulated kinases 1/2; Gapdh,
glyceraldehyde-3-phosphate dehydrogenase; chop, DNA damage inducible transcript 3; bcl2, BCL2 apoptosis regulator a; il, interleukin; cers, ceramide
synthase; pgc-1a, peroxisome proliferator-activated receptor-y coactivator-1a; cpt-1a, carnitine palmitoyl transferase 1a; atp5b, ATP synthase F1 subunit
beta.

B-oxidation spiral (Kunau et al., 1995; Schulz, 1994). This cytotoxicity is characterized by the activation of
apoptosis (Sramek et al.,, 2017; Plotz et al., 2019). Previous reports indicated that C20:0 had the highest lip-
otoxicity compared with PUFAs and other SFAs (Pl5tz et al., 2019). The C20:0 accumulated in livers of
elovita™”™ and elovl1b™~ zebrafish. Therefore, it is reasonable to speculate that the weakening of cold
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resistance ability in elovli1a™”/elovi1b™~ zebrafish may be attributed to the metabolic disorder of SFA,
especially C20:0. In addition, the results of in vitro experiments showed that C20:0 or C22:0 incubation
increased the apoptotic levels of ZFL cells under cold stress, which was in line with the in vivo experiment
results.

Lipid droplet formation has been considered to be a potential strategy of FFA sequestration into mem-
brane coated intracellular vesicles (Meyers et al., 2017). It could thus theoretically represent a mechanism
to reduce the toxicity of FFA (Borg et al., 2009; Listenberger et al., 2003; Cnop et al., 2001). Qil red O stain-
ing results showed that C18:0 incubation obviously induced lipid droplet formation in ZFL cells (Figure S7).
However, C20:0 and C22:0 incubation did not cause obvious lipid deposition, indicating that the two SFAs
may exist as highly toxic forms of non-triglyceride (Figure S7). It has been reported that the C20:0 and C22:0
mostly exist as the form of FFA. These explained the weakening of the cold resistance ability of ZFL cells
with C20:0 or C22:0 incubation.

SFAs in the form of FFAs often have high lipid toxicity. In this study, the long-chain C24:0 incubation did not
induce obvious lipid droplet formation. Theoretically, the catabolism of C24:0 should produce a lot of ROS.
However, our results showed that the accumulation of C24:0 in ZFL cells under cold stress did not increase
the level of oxidative stress but enhanced the cold tolerance. Therefore, we speculate that C24:0 does not
provide energy through B-oxidation catabolism and may participate in cold resistance process as a func-
tional substance. Previous reports indicated that C24:0 constitutes nearly 50% of sphingolipids and ceram-
ides in liver (Sassa and Kihara, 2014). It has been reported that C24:0 ceramide could promote the mito-
chondrial B-oxidation process (Raichur et al., 2014; Mesicek et al., 2010). Our results showed that the
expressions of cers2 and cers4 (the main enzymes of C24:0 ceramide synthesis) were significantly up-regu-
lated in ZFL cells with C24:0 incubation. Moreover, the level of mitochondrial energy metabolism increased
significantly in the C24:0 incubation group. Therefore, the increase of the C24:0 ceramide level promoted
mitochondrial B-oxidation and provided the necessary energy for resisting cold stress.

In conclusion, we explored the role of VLC-SFA in the cold resistance of fish. Our results show that zebrafish
tend to synthesize abundant C24:0 via elovlT genes to resist cold environment. This strategy avoids the
apoptosis and oxidative stress induced by C20:0 and C22:0, whereas an increased level of C24:0 ceramide
can activate mitochondrial B-oxidation to enhance cold resistance ability. This study could further our un-
derstanding of cold resistance mechanisms in fish and provide critical information to protect fish against
cold stress.

Limitations of the study

We demonstrated that C24:0 synthetized by elovl1s could promote mitochondrial B-oxidation to improve
the cold resistance of zebrafish. However, the underlying mechanisms of elovl1s activated by cold stress are
not clear and deserve further investigations. In addition, the effects of diet C24:0 supplement of just one
concentration on the cold resistance of WT zebrafish were studied here. The optimal supplemental concen-
tration of diet C24:0 for zebrafish under cold stress still needs to be confirmed.
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Anti-Erk1/2 This paper N/A

Anti-Gapdh Servicebio Cat#GB11002
FITC-Goat anti-Rabbit IgG (H+L) Biosharp Cat#BL033A
Chemicals, peptides, and recombinant proteins

C14:0 FA Aladdin CAS#544-63-8
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MBCD Macklin CAS#128446-36-6
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Vitamin E NacalaiTesque CAS#10191-41-0

butylated hydroxytoluene

Aladdin

CAS#128-37-0

Critical commercial assays

CAT assay kit
MDA assay kit

Nanjing Jiancheng Bioengineering Institute

Nanjing Jiancheng Bioengineering Institute

Cat#A007-1-1
Cat#A003-1-2

Annexin V-FITC/PI Apoptosis Detection Kit Yisheng Cat#40302ES50
Deposited data
Lipomics data This paper Metabolights: MTBLS3355

Experimental models: Cell lines

ZFL: zebrafish liver cell China Zebrafish Resource Center Cell2
Experimental models: Organisms/strains

Zebrafish (AB) China Zebrafish Resource Center CZ1
Oligonucleotides

Primers This paper Table S1
Software and algorithms

GraphPad Prism 6 GraphPad Software Inc., N/A
IBM SPSS statistics 22 software SPSS Inc., N/A

MetaboAnalyst 5.0

https://www.metaboanalyst.ca/

RESOURCE AVAILABILITY
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Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jian Gao (gaojian@mail.hzau.edu.cn).

iScience 24, 103409, December 17, 2021 13


mailto:gaojian@mail.hzau.edu.cn
https://www.metaboanalyst.ca/

¢? CellPress iScience
OPEN ACCESS

Materials availability

Zebrafish lines generated in this study are available from the lead contact upon reasonable request.

Data and code availability

® The lipidomics data are available in the Metabolights database, and accession numbers are listed in the
Key resources table. All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

This study was conducted in strict accordance with the recommendations in the guide for the care and use
of laboratory animals of Huazhong Agricultural University. This study was approved by the Committee on
the Ethics of Animal Experiments of Huazhong Agricultural University (HZAUFI-2021-0024). To minimize
suffering, zebrafish were killed after anesthesia with MS-222.

Zebrafish (AB strain, obtained from the Institute of Hydrobiology, Chinese Academy of Sciences, China Ze-
brafish Resource Center, Wuhan, China) were raised in 28°C circulating water with the photoperiod and
dark cycle of 14h and 10h, respectively, and fed three times daily with freshly hatched brine shrimp.
Two-month-old zebrafish of both sexes were used in this study.

Animal models

Sexually mature WT zebrafish were used for artificial propagation. The zebrafish eloviTa and elovl1b
knockout model were generated by using the CRISPR/Cas9 technology. The DNA sequences of zebrafish
elovl1a and elovl1b were obtained from NCBI. In vitro transcription of Cas? RNA and gRNA were based on
the standards of the relevant research (Moreno-Mateos et al., 2015). Detailed construction methods were
performed as previously described (Zhao et al., 2020). The genomic DNA was isolated from 6 randomly
selected fertilized embryos. Next, the target genome region was amplified and sequenced. Once the mu-
tation was confirmed in injected embryos, the remaining ones were raised to adulthood. The FO founders
carrying mosaic mutations were identified by heteroduplex motility assay. The mutant FO was then genet-
ically outcrossed with WT zebrafish to produce F1 generation. Two months later, the heterozygous F1 gen-
eration with the same mutation sequences, confirmed by sequencing the genomic DNA from the cut tail fin,
was self-crossed. About a quarter of the F2 generation obtained were homozygous mutants. The F3 indi-
viduals of two-month-old produced by self-crossing F2 homozygous mutants were used in this study. By
crossing the elovl1a™~ zebrafish with the elovl1b™ zebrafish, we obtained double heterozygous offspring.
The double heterozygous zebrafish were then self-crossed to produce the DKO zebrafish.

ZFL cell line

The ZFL cells (obtained from the China Zebrafish Resource Center, Wuhan, China) were maintained in
modified limit dilution factor (LDF) medium (50% Leibowitz-15, 35% Dulbecco’s Modified Essential Me-
dium, 15% HAM's F12, 15 mM HEPES, 0.15 g/L NaHCO3 and 10 pg/mL bovine insulin) supplemented
with 5% (v/v) fetal bovine serum (FBS, Gibco), and 2% antibiotic (100 U/mL penicillin, 100 ng/mL strepto-
mycin) and kept at 28°C in a 0.5% CO, incubator.

METHODS DETAILS

Cold stress experiment of ZFL cells

To explore the changes of fatty acid compositions in ZFL cells under cold stress, three dishes of the cells
were transported to an incubator at 10°C. The other three dishes of the cells were maintained at 28°C as
the control. The total RNA was extracted for real-time quantitative PCR (qPCR) after 24 h of cold stress,
and the fatty acid composition analysis and western blotting analysis were carried out after 48 h of cold
stress.
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For cold stress experiment of ZFL cells incubated with SFA, 8 groups of the cells were treated with equal
volume of dissolvant (as control), C18:0 (5uM), C20:0 (5uM), C22:0 (5uM), C24:0 (5uM), C20:0 (5uM)+VE
(100uM), C22:0 (5uM)+VE (100uM), C24:0 (5uM)+VE (100uM), respectively. After maintained at 28°C for
12 h, the ZFL cells were transported to an incubator at 10°C. The apoptosis detection was conducted after
24 h of cold stress. gPCR and western blotting analysis were performed after 48 h of cold stress. We used
5uM SFA to challenge ZFL cells because it was a suitable lethal concentration for the cells based on our
preliminary results.

Fatty acid composition analysis. Total lipid was extracted by using the Bligh and Dyer procedure as
previously described (Dyer and Bligh, 1959). Then, the total lipid was methylated for 1.5h at 85°C with
3mL methylation reagent containing 1% H,SO4, 99% methylation and 0.005% butylated hydroxytoluene
to produce fatty acid methyleters. The fatty acid compositions were determined by using a gas chromatog-
raphy (Shimadzu emit Co., Ltd, Tokyo, Japan) according to our previous methods (Sun et al., 2020a, 2020b).

RNA extraction and gPCR assays. Total RNA was extracted by using RNA isoPius following the manu-
facturer’s instructions (TaKaRa, Japan). Detailed methods were performed as previously described (Zhao
et al., 2020). The 27227 method was used to analyze the expression levels of the target genes with
beta-actin (8-actin) and 18S ribosomal RNA (18s rRNA) used as reference genes. The primer sequences
for gPCR are listed in Table S1.

Western blotting analysis.  For total protein isolation, cells/liver tissues were harvested and lysed on ice
in RIPA buffer (Boster Biological Technology, Wuhan, China). After centrifugation at 12,000 rpm for 15 min,
the supernatant was collected. Protein concentration was measured by the bicinchoninic acid protein assay
kit (Beyotime, Haimen, China). The protein expression assays were determined according to the method
described by Ida et al. (1996). Specific primary antibodies including Elovl1a (Rabbit), Elovl1b and Erk1/2
antibody were prepared in Frdbio Co., Ltd (Wuhan, China). The corresponding peptide sequences were
Elovl1a (293-315aa) and Elovl1b (302-320aa). The recombinant Erk1/2 protein (Full length) was used to pre-
pare polyclonal antibody. Immunoreactive bands were visualized via Odyssey Infrared Fluorescent Western
Blots Imaging System (Li-Cor Bioscience, Lincoln, USA) or enhanced chemiluminescence (Cell Signaling
Technology).

Apoptosis detection. For apoptosis detection, Annexin V-FITC/Pl Apoptosis Detection Kit (YiSheng,
Shanghai, China) was used to detect cell apoptosis according to the manufacturer’s instructions. Briefly,
cells were treated with indicated treatments, collected, and resuspended in 1x binding buffer with annexin
V-FITC (2.5 pL per well) and propidium iodide (PI; 5 uL per well) and incubated in the dark for about 15 min,
and then cell suspension was analyzed by flow cytometry.

ZFL cells incubated with FA solutions

The detailed methods of preparation of FA solutions were performed as previously described with some
modifications (Brunaldi et al., 2010). Briefly, aliquots (500 pL) of a methyl-B-cyclodextrin (MBCD) solution
in water were added to a microcentrifuge tube containing one of the pure SFA: C14:0, C16:0, C18:0,
C20:0, C22:0 and C24:0, followed by incubation at 70°C for 30 min and sonication for 5 min to obtain
the stock solution at 2 mM. A stock solution of MBCD alone was made in water at 100 mM. For MUFA treat-
ment, the stock solutions of C16:1, C18:1, C20:1, C22:1 (2 mM) were prepared in ethanol. All FAs used in this
study were purchase from Aladdin Co., Ltd, China and Cayman Chemical Company, USA. The ZFL cells
were incubated with either 50 uM SFA or MUFA at 28°C for 24 h (in triplicate per treatment). Then, expres-
sion analysis of elovl1a and elovl1b and Oil red O staining were performed.

Cold stress of elovi1a™~ and elovl1b™~ zebrafish

Cold stress trial.  Before the cold stress experiment, WT, elovl1a™~ and elovl1b™~ zebrafish were starved
for 24 h at 28°C to avoid oxidative stress caused by feeding (Lu et al., 2019a).

A total of 60 WT, 60 elovl1a™ and 60 elovl1b™~ zebrafish with uniform-size (0.16 + 0.01 g) were used. They
were then immediately subjected to cold stress by transferring them to aseptic and transparent 8 L tanks
containing 10°C water. The fish was considered dead when it stopped any movement and activities for at
least 1 h. Dead fish were collected and counted every 12 h. The survival rate was counted until all elovi1a™~

¢? CellPress

OPEN ACCESS

iScience 24, 103409, December 17, 2021 15




¢? CellPress

OPEN ACCESS

zebrafish died (this group was the earliest group with all individuals died). The cold stress experiment was
again performed with new fish for sampling. After 5 d of cold stress (one of the groups had a mortality rate
of more than 50%), livers from each group were collected for staining, gPCR analysis, CAT activity assay,
MDA level assay and western blotting analysis.

Activities of CAT and the MDA level. CAT activity and MDA level of zebrafish liver were measured by
using the CAT assay kit and MDA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the instruction manual, respectively.

Lipidomic analysis

Lipid was extracted from fresh livers (~20 mg) from WT, elovl1a™~ and elovl1b™~ zebrafish. Lipidomics were
analyzed by the method described previously (Li et al., 2019). The liquid chromatography/tandem mass
spectrometry (Shimadzu Emit Co., Ltd, Tokyo, Japan) was applied. A Kromasil 100-2.5-C18 column
(2.1 mm x 100 mm; 2.5 um, part number: MH2CLD10) was used as a reversed phase to separate the lipids.
Mobile phase A was ultrapure water with 5 mmol/L ammonium acetate. The mobile phase B was methanol
with 5 mmol/L ammonium acetate. The HPLC system was coupled to a TRIPLE QUADTM 3500 mass spec-
trometer (AB Sciex, USA) via electrospray ionization (ESI) source and was ran in negative ion mode under
multiple reaction monitoring (MRM), and the LC/MS spectra were obtained by using enhanced production
scan mode at a scan speed of 1000 Da/s. Next, the data obtained were extracted and preprocessed with
lipid view software (AB Sciex, Redwood City, CA, USA).

Oil Red O staining

For the visualization of the Oil Red O staining, ZFL cells were grown on glass cover slips. The cells were
treated with C18-C24 SFA (50 uM) for 24h at 28°C. Then the ZFL cells climbing sheets were fixed in cold
10% buffered formalin for 20 min, and stained by using a standard Oil Red O method (Koopman et al.,
2001) for light microscopy observation.

Feeding experiment

The experiment diets were prepared by using commercial feed (35% crude protein, 3% crude lipid, 10% ash
and 4% fiber, PIKE Biotechnology Co., Ltd). Finely ground feed (50 g) was supplemented with 200 mg of
each of the following SFA: C18:0, C20:0, C22:0, C24:0, by mixing the feed particles with a solution of fatty
acids in hexane. After air drying, the experimental diets were stored at —20°C until further use. 250 WT ze-
brafish were divided equally into five groups and fed at a fixed ration (20mg/fish/day) with standard diet
(control) or SFA diets for 2 weeks. Then 20 zebrafish in each group were selected for cold stress experiment.
The survival rate was counted until all zebrafish from one of the groups died. The cold stress experiment
was again performed with new fish for sampling. After 6 d of cold stress, livers from each group were
collected for MDA level measurement, CAT activity assay, gPCR analysis, and western blotting analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis of lipidomic data, all data were then log2 transformed to ensure that they were nor-
mally distributed. A Fisher test was used to assess whether missing values were missing at random or if
there was an underlying bias. Lipid species were excluded if they were detectable in less than 50% of
the samples per group. A standard two-sided, unpaired T test assuming unequal variances was used to
test for significantly different abundances in the conditions. The lipidomic data were relatively quantitative
value. The lipidomic data sets were imported in MetaboAnalyst 5.0, in which the data were analyzed by
heatmap visualization.

Except the lipidomic data, other data were expressed as the means + SD. For two-group comparison of
data, T-test was performed. For multi-group comparison of data, one-factor ANOVA with Tukey's post hoc
tests were carried out. All statistical analyses were performed by using IBM SPSS statistics 22 software (SPSS
Inc., USA), and p < 0.05 was considered statistically significant. The number of replicates for each experi-
ment was indicated in the figure legends.
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