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SUMMARY

Acetylation coordinates many biological processes to ensure cells respond appro-
priately to nutrients. However, how acetylation regulates lipid surplus-induced
inflammation remains poorly understood. Here, we found that a high-fat diet
(HFD) enhanced mitochondrial fatty acid B-oxidation, which enhanced acetyl-
CoA levels in the liver of the large yellow croaker. The HFD activated ACLY to
govern the “citrate transport” to transfer acetyl-CoA from the mitochondria to
the nucleus. Elevated acetyl-CoA activated CBP to increase p65 acetylation and
then aggravated inflammation. SIRT1 was deactivated with a decline in NAD™/
NADH, which further aggravated inflammation. Therefore, acetylation-depen-
dent regulation of transcription factor activity is an adaptation to proinflamma-
tory stimuli under nutrient stress, which was also confirmed in AML12 hepato-
cytes. In vitro octanoate stimulation further verified that acetyl-CoA derived
from fatty acid B-oxidation mediated acetylation homeostasis in the nucleus.
The broad therapeutic prospects of intermediate metabolites and acetyltrans-
ferases/deacetylases might provide critical insights for the treatment of meta-
bolic diseases in vertebrates.

INTRODUCTION

Lipid uptake and utilization support cell viability and functions by maintaining membrane structure, cell
recognition, and energy homeostasis (Alessandrini and Facci, 2011). However, excessive lipid uptake
generally induces metabolic syndrome and insulin resistance associated with chronic inflammation (Weis-
berg et al., 2006). During the past decades, problems involving lipid surplus-related disturbance of
metabolic and immune processes have become more common due to high-fat diet (HFD) consumption
(Yuetal., 2002). Hence, approaches aimed at clarifying the mechanism and finding suitable therapeutic tar-
gets are very important for human health.

Nutritional disease can be attributed to metabolic disorders caused by nutrient stress (Hotamisligil, 2006).
Cells response to nutrient stress not only by activating pathways such as the AMP-activated protein kinase
(AMPK) (Garcia and Shaw, 2017) and the mechanistic target of rapamycin (mTOR) pathways (Ben-Sahra and
Manning, 2017), but also by altering enzymatic activity related to posttranslational modifications (PTMs).
Metabolic intermediates can provide substrates for many PTM enzymes, such as acetyl-coenzyme A
(acetyl-CoA) for acetylation, uridine 5'-diphospho-N-acetylglucosamine (UDP-GlcNAc) for O-GlcNAcyla-
tion, and S-adenosylmethionine for methylation (Campbell and Wellen, 2018). Correct integration of these
metabolites and signals is critical to health, as protein disorders and dysregulated histone modifications
are associated with multiple diseases (Kaelin and McKnight, 2013).

With the development of mass spectrometry (MS), the roles of acetylation modifications in integration of
metabolism and immunity have been gradually elucidated by regulating enzymatic activity, protein subcel-
lular localization, protein-protein interactions, and gene expression (Zaini et al., 2018). Importantly, acety-
lation homeostasis changes dynamically with the content of acetyl-CoA. Many lysine acetyltransferases
(KATs) have a relatively high dissociation constant (Kp) for acetyl-CoA (i.e., a low affinity), such that the
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compartmentalized into mitochondrial and cytoplasmic/nuclear pools (Takahashi et al., 2006). In general,
glucose, glutamine, and fatty acids contribute to the production of acetyl-CoA in mitochondria (Donohoe
etal., 2012; Wellen et al., 2009; Yang et al., 2014a). The generation of cytoplasmic/nuclear acetyl-CoA de-
pends mainly on the export of citrate from mitochondria, followed by ATP-citrate lyase (ACLY)-mediated
catalysis into acetyl-CoA and oxaloacetate (Lee et al., 2014). ACLY is an important enzyme regulating lipid
and cholesterol biosynthesis (Ference et al.,, 2019). Apart from being regulated by sterol regulatory
element-binding protein 1a (SREBP-1a) at the transcriptional level (Sato et al., 2000), ACLY is activated
by Akt-dependent phosphorylation of Serd55 during nutrient stress (Migita et al., 2008). Activated ACLY
controls the acetylation of nuclear transcription factors and histones to regulate gene expression (Sivanand
et al., 2017). Hence, cells possess precise epigenetic mechanisms to adapt to nutrient signals and coordi-
nate gene expression programs (McDonnell et al., 2016). As details of acetylation have gradually been re-
vealed, acetylation and inflammation have remained popular research topics in the field of immunity (Song
et al., 2020). Moreover, research focus has also shifted from broad histone acetylation to specific targets
aimed at pathogen recognition receptors (PRRs) and transcription factors (Shakespear et al., 2011).

Recently, the functions of glucose oxidation in fueling the production of acetyl-CoA and aggravating
inflammation have been revealed (Langston et al., 2019; Lauterbach et al., 2019). Other nutrient sources
besides glucose have also been shown to regulate acetylation homeostasis (Falcone and Maddocks,
2020; Soliman and Rosenberger, 2011). McDonnell et al. (2016) and Donohoe et al. (2012) emphasized
that lipid metabolism can also provide acetyl-CoA for protein acetylation. However, it is poorly understood
whether acetyl-CoA is involved in the regulation of inflammation under HFD conditions. Hence, we inves-
tigated whether a lipid surplus could provide acetyl-CoA to alter the acetylation modification of nuclear
proteins and subsequently affect inflammation. Although fish are relatively lower vertebrates, they have
evolutionarily conserved systems for nutrient- and pathogen-sensing and immune response pathways (Ho-
tamisligil, 2006). In aquatic environments, fish are subjected to many pathogen-associated molecular pat-
terns (PAMPs) (Li et al., 2020), and HFD feeding is extensively used because of the protein-sparing effect
(Wang et al., 2016). Hence, fish is an appropriate model for overnutrition and inflammation studies. In
the current study, alpha mouse liver 12 (AML12) hepatocytes were also used to verify the conservation of
the findings between teleosts and mammals. The present study expands the understanding of inflamma-
tion caused by overnutrition from the perspective of epigenetics, which contributes to the search for appro-
priate therapeutic targets for metabolic diseases.

RESULTS

HFD-induced hepatic inflammatory responses were associated with enhanced acetylation
levels of p65

To establish a lipid surplus-induced liver inflammation model in the large yellow croaker, a 10-week HFD
feeding experiment was carried out. There was no significant difference in the final body weight between
the control group and the HFD group (Figure 1A). However, fish fed an HFD showed greater lipid accumu-
lation in the liver than fish fed a control diet, as revealed by liver triglycerides (TG) content analysis (Fig-
ure 1B) and hematoxylin and eosin (H&E) staining of liver sections (Figure 1D). The free fatty acid levels
in plasma were also significantly higher in the HFD group (Figure 1B). The elevations in activities of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in plasma under HFD feeding suggested that
excessive lipid accumulation induced liver injury (Figure 1C). In addition, H&E staining of liver sections
showed that HFD feeding promoted the infiltration of inflammatory cells (Figure 1D). Correspondingly,
compared to the control group, the HFD group exhibited significantly higher mRNA levels of proinflamma-
tory cytokines (Figure 1E), which was consistent with the findings of our previous study (Wang et al., 2016). In
particular, HFD feeding significantly enhanced the protein expression of COX-2 and cleaved IL-18 and
secreted IL-1B in plasma (Figures 1E and1F). Furthermore, the elevation in p65 nuclear localization indi-
cated that the NF-kB pathway was activated by HFD feeding (Figure 1G). In the nucleus, p65-mediated
modulation of gene transcription is regulated by multiple coactivators and corepressors, such as KATs
and lysine deacetylases (KDACs) (Chen et al., 2007). In the present study, HFD feeding significantly
increased mRNA levels of all tested KATs except for p300/CBP-associated factor (Pcaf) and increased
the protein levels of CREB-binding protein (CBP) (Figure TH). In addition, HFD feeding significantly
increased the total KAT activity (Figure 11). In contrast, the mRNA level of nicotinamide-nucleotide adeny-
lyltransferase 1 (Nmnat1), which is associated with NAD synthesis, was significantly reduced by HFD
feeding (Figure TH). Relatedly, the mRNA and protein expression levels of sirtuin 1 (SIRT1) were significantly
decreased as the NAD'/NADH ratio decreased (Figures 1H and1J). The breakdown of the balance
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Figure 1. HFD-induced hepatic inflammatory responses were associated with enhanced acetylation levels of p65
(A) Final body weight of large yellow croaker after treatment with different diets (n = 12).

(B) Liver TG levels and free fatty acids in plasma were analyzed after treatment with different diets (n = 4).

(C) ALT and AST in plasma were analyzed after treatment with different diets (n = 4).
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Figure 1. Continued

(D) H&E staining of liver sections from different diet groups (n = 4). Scale bar, 50 um.

(E) The mRNA expression levels of hepatic inflammation related genes (II-18, Tnf-a andCox-2) and secreted IL-1B in the
plasma were analyzed after treatment with different diets (n = 4).

(F) COX-2 and cleaved IL-1B in the liver were examined by Western blot analysis after treatment with different diets (n = 3).
(G) Nuclear pé5in the liver was examined by Western blot analysis and quantitated after treatment with different diets (n =
3).

(H) The mRNA expression levels of key hepatic deacetylase and acetyltransferase genes (Nmnat1, Sirt1, Hdac3, Cbp,
Gcenb, Pcafand Tip60) were analyzed (n = 4). CBP and SIRT1 in the liver were examined by Western blot and quantitated
after treatment with different diets (n = 3).

(NThe activity of hepatic KATs was analyzed after treatment with different diets (n = 3).

(J) The NAD*/NADH ratio was analyzed after treatment with different diets (n = 3).

(K) The acetylation level of p65 in the liver was examined by Western blot analysis and quantitated after treatment with
different diets (n = 3).

(L) Site-specific mutation of pé5 at Lysé3 and Lys147 altered the acetylation level of p65 in HEK293T cells.

(M) Site-specific mutation of pé5 at Lysé63 and Lys147 altered the transcriptional activity of p65 in HEK293T cells (n = 3).
(N) Site-specific mutation of pé5 at Lys63 and Lys147 altered the DNA binding activity of pé5 in HEK293T cells. The results
are presented as the mean + SD and were analyzed using independent t-tests (*p< 0.05). See also Table S1 and Data S1
and S2.

between KATs and KDACs under HFD feeding increased the acetylation level of p65 (Figure 1K). To further
investigate the effect of acetylation modification on pé5 transcriptional activity, dual luciferase experiments
and electrophoretic mobility shift assay (EMSA) were conducted to show that site-specific mutation of p65
at Lys63 and Lys147 promoted pé5 transcriptional activity by enhancing its DNA binding activity (Data S1
and S2,Figures 1L-1n). Collectively, these results indicated that HFD may have broken down acetylation
homeostasis to increase the acetylation level of p65, which enhanced its transcriptional activity and aggra-
vated inflammation.

HFD increased acyl-CoA levels and coordinately acetylated multiple targets in metabolic
pathways

Acetyl-CoA is the direct acetyl donor of acetylation (Menzies et al., 2016), and the elevation in p65 acety-
lation indicated that HFD may affect acetyl-CoA levels. Therefore, liquid chromatography-MS (LC-MS) was
conducted to test the effects of HFD feeding on fatty acyl-CoA levels. We found that the HFD significantly
increased the contents of 2:0-CoA, 4:0-CoA, 16:0-CoA, 16:1-CoA, 18:1-CoA, 18:2-CoA, 20:4-CoA, 20:5-CoA
and 22:5-CoA in the liver (Figure 2A, Data S3). In order to determine the changes in the lysine acetylation
landscape that occurred during the HFD-induced increases in acetyl-CoA abundance, LC-MS/MS was con-
ducted to identify and quantify acetylated lysine (ac-K) peptides. In total, 613 acetylated proteins, 1,286
acetylated peptides, and 1,364 acetylation sites were identified by label-free quantitative proteomics (Fig-
ure 2B). Almost half of all proteins were multiacetylated, with 43% having two or more ac-Ksites (Figure 2C,
Data S4). Acetylation levels at 121 sites among the 1,364 identified ac-K sites were significantly increased or
were detected only in the HFD group, whereas only 19 ac-K sites were significantly decreased or were
detected only in the control group (Data S5). Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were used to further understand the functions and features of
differentially expressed acetylated peptides following feeding of different diets. GO analysis showed
that differentially expressed acetylated peptides were enriched mainly in carbohydrate metabolic pro-
cesses, oxidation reduction processes, small molecule metabolic processes, and carboxylic acid metabolic
processes (Figure 2D). KEGG pathway analysis showed that most of the differentially expressed acetylated
peptides were involved in pyruvate metabolism, glyoxylate/dicarboxylate metabolism, glycolysis/gluco-
neogenesis, amino acid metabolism, the tricarboxylic acid (TCA) cycle, the insulin signaling pathway and
fatty acid degradation (Figure 2E). The high incidence of metabolic enzymes found via LC-MS/MS analysis
indicates a key role of acetylation in regulating cellular metabolism (Table S2). Therefore, we demonstrated
that HFD feeding was responsible for a striking increase in acetylation of a variety of metabolic enzymes
and transcription factors in the whole liver.

Activation of fatty acid oxidation fueled p65 acetylation and inflammatory gene expression
under lipid surplus

Acetyl-CoA can be produced from multiple substrates, including glucose, amino acids, fatty acids, and
glutamine. In the present study, the elevation in fatty acyl-CoA induced by HFD feeding indicated that
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Figure 2. HFD increased acyl-CoA levels and coordinately acetylated multiple targets in metabolic pathways

(A) The levels of acyl-CoA in the liver were measured using LC-MS analysis after treatment with different diets (n = 5).

(B)Number of lysine acetylation sites and proteins identified and quantified by LC-MS/MS of the acetylome.

(C) Distribution of acetylated proteins based on the number of lysine acetylation sites.

(D) GO functional classification of the differentially expressed proteins after treatment with different diets (n = 3).

(E) KEGG pathway-based enrichment analysis of the identified proteins (n = 3). The differences between experimental groups were tested using
independent t-tests (the p values of each acyl-CoA were shown above the horizontal line in each graph). See also Figure S1, Table S2, and Datas S3-S5.

mitochondrial fatty acid B-oxidation might have been activated. Indeed, HFD feeding significantly
increased fatty acid B-oxidation-related gene expression (Figure 3A). In addition, the HFD also increased
the activity of carnitine palmitoyltransferase 1A (CPT1a) (Figure 3A) and protein expressions of long-chain
specific acyl-CoA dehydrogenase (LCAD) and medium-chain specific acyl-CoA dehydrogenase (MCAD)
(Figure 3B). Hence, we speculated that activation of mitochondrial fatty acid B-oxidation might provide
acetyl-CoA to influence acetylation homeostasis. To explore the mechanism by which lipid surplus
increased the levels of acetylated p65 (ac-pé5) and to clarify the source of acetyl-CoA, we treated fish he-
patocytes with palmitate (PA) according to acyl-CoA levels and fatty acid compositions in the experimental
diets. Similar to the above observations in vivo, PAincreased the mRNA levels of proinflammatory cytokines
associated with the increase in ac-p65 (Figures 3C and3F). PA also increased the expression levels of mMRNA
and proteins related to fatty acid oxidation (Figures 3D and3E). Importantly, inhibition of fatty acid utiliza-
tion with etomoxir attenuated PA-induced acetylation of p65 and mRNA expression of Cox-2 and Tnf-a
(Figures 3F and3@G). These results indicated that mitochondrial fatty acid oxidation regulated pé5 acetyla-
tion and inflammatory gene expression by integrating acetyl-CoA metabolism under lipid surplus.

On the basis of the above observations, we wondered whether increases in acetyl-CoA levels independent
of lipid oxidation would also activate p65 and cause inflammation. Hence, sodium acetate was added to
complete medium, which enabled generation of acetyl-CoA by acetyl-CoA synthetase 2 (ACSS2). Acetate
addition significantly increased intracellular acetyl-CoA levels (Figure 3H). However, acetate alone did not
promote the nuclear localization and acetylation of pé5 (Figures 3l and3J). In addition, acetate had no sig-
nificant effects on the mRNA expression levels of proinflammatory cytokines (Figure 3K). In contrast, ace-
tate aggravated PA-induced mRNA expression of proinflammatory cytokines (/I-18 and Tnf-a) (Figure 3L).
Overall, the findings indicated that acetyl-CoA, a crucial and ubiquitous intermediate metabolite, was not
able to induce inflammation alone, but functioned like a second messenger under PA treatment to exac-
erbate the inflammatory response.

Activation of ACLY supported increases in ac-p65 levels and inflammatory gene expression
under lipid surplus

Acetyl-CoA derived from mitochondrial fatty acid B-oxidation cannot penetrate the mitochondrial mem-
brane and enter the cytoplasm freely. However, in the present study, apart from the transcription factor
p65, 37 of the 103 differentially expressed proteins in the HFD group were located in mitochondria, while
66 were located outside mitochondria (Table 1). Therefore, we speculated that ACLY might promote the
transport of acetyl-CoA from mitochondria to cytosol under lipid surplus. HFD feeding significantly
increased the phosphorylation of ACLY at Ser455 (Figure 4A). Correspondingly, PA also significantly
increased the phosphorylation of ACLY at Ser455 in vitro (Figure 4B), which indicated that lipid surplus acti-
vated ACLY. To further investigate the role of ACLY in lipid surplus-induced inflammation and increases in
ac-p65 levels, fish hepatocytes were incubated with the ACLY inhibitor SB-204990 before PA treatment. In-
hibition of ACLY decreased the content of acetyl-CoA in hepatocytes (Figure 4C). Moreover, inhibition of
ACLY attenuated PA-induced pé5 acetylation (Figure 4D) and decreased the mRNA levels of /-6 and Tnf-«
(Figure 4E). ACLY phosphorylation is regulated by Akt (Lee et al., 2014), and treatment with the Akt inhibitor
MK-2206 blocked PA-induced mRNA expression of Il-6 and Tnf-a by inhibiting ACLY (Figures 4F and4G).
Overall, these findings indicated that ACLY activation governed the citrate-malate-pyruvate shuttle to sup-
port pé5 acetylation and enhance inflammatory gene expression under lipid surplus.

CBP and SIRT1 were involved in the regulation of ac-p65 under PA treatment

An increase in the ac-p65 level relies not only on the source of acetyl-CoA, but also on the participation of
KATs and KDACs. First, we investigated the mRNA levels of KATs, including Cbp (p300 family), Pcaf, and
Genb5 (GCNS5 family). PA significantly increased the mRNA levels of Cbp and Genb, while it decreased the
mRNA level of Pcaf (Figure 5A). To further explore the effects of KATs on the transcriptional activity of p65,
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Figure 3. Activation of fatty acid oxidation fueled p65 acetylation and inflammatory gene expression under lipid
surplus

(A) The mRNA expression levels of genes associated with fatty acid oxidation (CptT1a, Cpt18, Pgcl-a and Acat2) and the
activity of CPT1a were measured after treatment with different diets (n = 4).

(B) The levels of LCAD and MCAD in the liver were examined by Western blot analysis and quantitated after treatment
with different diets (n = 3).

(C) The mRNA expression levels of inflammatory genes (Tnf-a, Cox-2, II-18 and lI-6) were analyzed under PA treatment (n =
3).

(D) The levels of LCAD and PPARa were examined by Western blot analysis and quantitated after treatment with PA (n =
3).

(E) The mRNA expression levels of genes associated with fatty acid B-oxidation (Ppara, Cpt1a, Cpt18, Acads and Acat2)
were analyzed after 100 uM PA treatment for 12 h (n = 3).

(F) Inhibiting fatty acid oxidation with etomoxir blocked the increase in ac-p65 induced by PA (n = 3).

(G) Inhibiting fatty acid oxidation with etomoxir attenuated the increase in inflammatory gene (Cox-2 and Tnf-a)
expression induced by PA (n = 3).

(H) The acetyl-CoA levels were analyzed after 2 mM acetate treatment for 12 h (n = 3).

()The acetylation level of p65 was examined by Western blot analysis after 2 mM acetate treatment for 12 h (n = 3).

(J) Nuclear p65 in hepatocytes was examined by Western blot analysis after treatment with 2 mM acetate for 12 h (n = 3).
(K) The mRNA expression levels of inflammatory genes (Tnf-a, Cox-2, II-18 and II-6) were analyzed after treatment with
acetate for 12 h (n = 3).

(L) The mRNA expression levels of inflammatory genes (Tnf-a and [I-18) were analyzed after PA and acetate treatment for
12 h (n = 3). The results are presented as the mean + SD and were analyzed using independent t-tests (*p< 0.05, ***p<
0.001).

PCAF, CBP, GCN5, and pé5 were transfected into HEK293T cells for dual luciferase experiments. As re-
vealed in Figure 5B, PCAF and CBP significantly increased the transcriptional activity of p65. The modifica-
tion of transcription factors by KATs generally involves direct physical binding. In the present study, CBP
and PCAF directly bound to pé5 (Figure 5C). In addition, CBP increased the acetylation of pé5 (Figure 5D).
Moreover, pretreatment of hepatocytes with the CBP inhibitor c646 blocked PA-induced increases in ac-
p65 and proinflammatory cytokine expression (Figures 5E and5F). Hence, we speculated that CBP played
a vital role in p65 acetylation during PA treatment. Lysine acetylation is a reversible PTM, which suggests
that specific KDACs may be responsible for pé5 deacetylation. Notably, PA decreased the mRNA levels of
nicotinamide phosphoribosyltransterase (Nampt), Nmnat1, and Sirt1, as well as the protein expression of
SIRT1 (Figures 5G and5H). Dual luciferase experiments showed that SIRT1 significantly decreased the tran-
scriptional activity of p65 (Figure 51). Furthermore, SIRT1 decreased the acetylation level of pé5 by directly
binding with pé5 (Figure 5J). Pretreatment of hepatocytes with SIRT1 activator resveratrol attenuated PA-
induced increase in proinflammatory cytokine expression (Figure 5K). Collectively, our results suggested
that CBP and SIRT1 were involved in the regulation of pé5 acetylation and influenced inflammation under
PA treatment.

PA enhanced p65 acetylation to aggravate inflammation in AML12 hepatocytes

To extend our observations to additional cell types, an inflammatory model was established by treating
alpha mouse liver 12 (AML12) hepatocytes with 500 uM PA for 24 h (Figure 6A). As shown in Figure 6B,
PA significantly increased intracellular acetyl-CoA levels. In addition, PA enhanced the acetylation level
of p65 in a dose-dependent manner, which was consistent with its effects in fish. Based on previous studies
revealing the enhancement of pé5 transcriptional activity by acetylation (Chen et al., 2001), we hypothe-
sized that increased pé5 acetylation might aggravate PA-induced inflammation. Similar to the effects in

Table 1. The subcellular localization distribution of differential proteins

Subcellular localization CON HFD
Acetyl sites 94 128
Acetyl proteins 72 103
Mitochondrial acetyl sites 25 43
Mitochondrial acetyl proteins 23 37
Out-mitochondrial acetyl sites 69 85
Out-mitochondrial acetyl proteins 49 66
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Figure 4. Activation of ACLY supported increases in ac-p65 levels and inflammatory gene expression under lipid surplus

(A) The levels of total and phosphorylated ACLY were examined by Western blot analysis and quantitated after treatment with different diets (n = 3).

(B) The levels of total and phosphorylated ACLY were examined by Western blot analysis and quantitated after treatment with PA in fish hepatocytes (n = 3).
(C) Inhibition of ACLY with SB-204990 decreased the content of acetyl-CoA in fish hepatocytes (n = 3).

(D) Inhibiting ACLY with SB-204990 blocked the increase in ac-p65 induced by PA in fish hepatocytes (n = 3).

(E) Inhibiting ACLY with SB-204990 attenuated the increase in inflammatory gene (Tnf-a andll-6) expression induced by PA in fish hepatocytes (n = 3).

(F) Inhibiting Akt with MK2206 attenuated the increase in inflammatory gene (Tnf-a andll-6) expression induced by PA in fish hepatocytes (n = 3).

(G) Inhibiting Akt with MK2206 attenuated PA-induced increase in p-ACLY in fish hepatocytes (n = 3). The results are presented as the mean + SD and were
analyzed using independent t-tests (*p< 0.05).

fish, PA treatment enhanced the mRNA expression of genes involved in fatty acid B-oxidation (Figure 6D).
Notably, inhibition of fatty acid B-oxidation with etomoxir alleviated PA-induced acetylation of pé5 (Fig-
ure 6E) and mRNA expression of I-18 (Figure 6F). These results indicated that fatty acid B-oxidation drove
p65 acetylation and exacerbated inflammation under PA treatment, which was conserved between fish and
mammals. The role of ACLY during PA stimulation was also tested. The response of ACLY to PA was not as
obvious as that in fish. PA significantly enhanced the phosphorylation of ACLY at Ser455 after 12 h of treat-
ment but not after 24 h (Figure 6G). Hence, we hypothesized that ACLY might have played arole in the early
stages of the response to PA stimulation. To test the above hypothesis, cells were preincubated with SB-
204990 before PA treatment. As shown in Figures 6H and él, inhibition of ACLY blocked the increases in p65
acetylation and I-6 mRNA expression induced by PA. Therefore, the early activation of ACLY was critical for
the conversion of acetyl-CoA between mitochondria and the cytosol/nucleus under PA treatment.

In addition to acetyl-CoA metabolism, the KATs and KDACs involved in inflammatory regulation under PA
treatment were also explored in AML12 hepatocytes. Unlike in fish hepatocytes, PA did not significantly
affect the mRNA expression of Cbp in AML12 hepatocytes (Figure 6J). In contrast, PA significantly
increased the MRNA expression of Gen5 (Figure 6J). Moreover, inhibition of GCN5 with MB-3 attenuated
PA-induced increases in II-18 mRNA levels (Figure 6K). Hence, GCN5, rather than CBP relieved PA-induced
inflammation in AML12 hepatocytes. Surprisingly, PA did not significantly affect the mRNA expression of
Sirt1 (Figure 6J). However, incubation with broad-spectrum KDAC inhibitors significantly increased the
mRNA expression of proinflammatory cytokines induced by PA (Figure 6L). Therefore, it was determined
that KDACs participated in the regulation of inflammation under PA. However, the specific KDAC respon-
sible for inflammatory regulation needs further study.

Simulation of lipid oxidation with octanoate increased the acetylation of histone H3

To further investigate whether lipid oxidation provides a carbon source for nuclear protein acetylation in
the same manner under physiological conditions, octanoate was used to drive lipid oxidation (Currie
et al., 2013) without inducing inflammation (Figures S2A-S2C). In the present study, 2 mM octanoate signif-
icantly increased the mRNA expression of genes involved in lipid oxidation (Figure 7A). Furthermore, oc-
tanoate enhanced the protein expression of MCAD (Figure 7B), which suggested that it increased fatty acid
oxidation. In particular, octanoate enhanced histone H3 acetylation in a dose-dependent manner (Fig-
ure 7B). Similar to addition of PA, addition of octanoate increased the phosphorylation of ACLY at
Serd55 (Figure 7B). To determine whether octanoate-induced increase in acetylated H3 (ac-H3) was depen-
dent on ACLY, SB-204990 was used to inhibit ACLY before octanoate treatment. As shown in Figure 7C, SB-
204990 blocked the increase in ac-H3 induced by octanoate.

Furthermore, octanoate increased the phosphorylation of Akt at Serd73 (Figure 7B) and decreased the
phosphorylation of AMPK at Thr172 (Figure 7E). Thus, we wondered whether Akt and AMPK were related
to the H3 acetylation induced by octanoate. In the present study, inhibition of Akt with MK-2206 signifi-
cantly decreased the phosphorylation of ACLY at Ser455 and attenuated octanoate-induced increase in
ac-H3 (Figure 7D). Thus, we speculated that octanoate increased ac-H3 in an Akt/ACLY-dependent
manner. Interestingly, the AMPK activator 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) also
blocked octanoate-induced increase in ac-H3 without inhibiting the phosphorylation of ACLY at Ser455
(Figure 7E), which suggested that there was another underlying mechanism controlling ac-H3 during octa-
noate treatment. Recently, AMPK was found to enhance SIRT1 activity by increasing cellular NAD" levels
and modulated the activity of downstream SIRT1 targets (Canté et al., 2009). In the present study, octa-
noate dose-dependency decreased the protein expression of SIRT1 (Figure 7F) and AICAR counteracted
this decline (Figure 7E). Hence, AICAR might enhance the activity of SIRT1 and reverse octanoate-induced
increase in ac-H3. Correspondingly, resveratrol treatment inhibited octanoate-induced increase in ac-H3
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Figure 5. CBP and SIRT1 were involved in the regulation of ac-p65 under PA treatment

(A) The mRNA expression levels of key hepatic acetyltransferase genes (Cbp, Gen5 and Pcaf) were analyzed after PA
treatment in fish hepatocytes (n = 3).

(B) CBP and PCAF enhanced the transcriptional activity of p65 in HEK293T cells (n = 3).

(C) CBP and PCAF directly bound to pé5 in HEK293T cells.

(D) CBP increased the acetylation level of p65 in HEK293T cells.

(E) Inhibiting CBP with c646 blocked the increase in ac-pé5 induced by PA in fish hepatocytes (n = 3).

(F) Inhibiting CBP with c646 attenuated the increase in inflammatory gene (II-18 and 1I-6) expression induced by PA in fish
hepatocytes (n = 3).

(G) The mRNA expression levels of key hepatic deacetylase genes (Nampt, Nmnat1, Sirt1 and Hdac3) were analyzed after
PA treatment in fish hepatocytes (n = 3).

(H) The levels of SIRT1 were examined by Western blot analysis and quantitated after treatment with PA in fish
hepatocytes (n = 3).

(1) SIRT1 decreased the transcriptional activity of p65 in HEK293T cells (n = 3).

(J) SIRT1 can directly bind to p65, and SIRT1 decreased the acetylation level of p65 in HEK293T cells.

(K) Activating SIRT1 with resveratrol attenuated the increase in inflammatory gene (Tnf-a andCox-2) expression induced
by PA in fish hepatocytes (n = 3). The results are presented as the mean + SD and were analyzed using independent t-
tests (*p< 0.05) and Tukey's tests (bars bearing different letters are significantly different among treatments (p< 0.05)).

(Figure 7G), which further confirmed that SIRT1 played an important role in the regulation of histone H3
acetylation under octanoate treatment. However, treatment with etomoxir to inhibit CPT1a did not block
octanoate-induced increase in ac-H3 (Figure S3). This result is in accordance with the idea that octanoate
can enter mitochondria without CPT1a. Collectively, our results demonstrate that octanoate increases fatty
acid oxidation and increases ac-H3 by activating the Akt/ACLY signaling pathway and inhibiting the AMPK/
SIRT1 signaling pathway, which further confirms that mitochondrial fatty acid B-oxidation can provide car-
bon sources for acetylation modification of nuclear proteins.

DISCUSSION

Aquatic animals are subjected to chronic inflammation due to the aquatic environment and HFD, which seriously
restricts the development of aquaculture. Correspondingly, chronic inflammation, as a complication of meta-
bolic syndrome such as obesity and insulin resistance, also severely infects people’s health (Chalkiadaki and
Guarente, 2012). Although it inspired intensive research seeking to elucidate the cellular and molecular mech-
anism in mammals (Ogden et al., 2014), little information is available in fish. Recent studies have proposed that
intermediate metabolites can not only perform normal coenzyme functions, but also serve as substrates for
PTMs to regulate cellular processes (Menzies et al., 2016). Given the discovery of notable signaling roles for
intermediary metabolites, we focused on the metabolic flow of acetyl-CoA and aimed to develop nutrition stra-
tegies to relieve inflammation and produce green and safe food for humans.

Acetylation modification is an evolutionarily conserved PTM that dynamically regulates metabolism and
immunity by affecting enzyme or transcription factor activity (Narita et al., 2019). NF-kB/p65 is a major
proinflammatory nuclear transcription factor that can directly increase inflammatory gene expression (Ji-
menez-Gomez et al., 2013). Emerging evidence has shown that HFD consumption activates the p38 and
JNK/MAPK pathways to promote [kB degradation and p65 nuclear translocation (Wang et al., 2016), which
was confirmed in the present study. However, degradation of IkB and nuclear translocation of pé5 do not
maximize the transcriptional activity of p65 (Chen et al., 2005; Ishinaga et al., 2007). Moreover, p65 prefer-
entially undergoes PTMs to enhance the transcriptional activity in nucleus. For example, acetylation at
Lys310 can increase the transcriptional activity of pé5 in mammals (Chen et al., 2002). However, how
nutrient stress affects the acetylation level of pé5 remains poorly understood. HFD feeding significantly
enhanced the acetylation level of p65 in the present study. LC-MS/MS was conducted to detect possible
acetylation sites of p65. A total of nine sites that may undergo acetylation modification (such as Lys57,
Lys63, and Lys124) were detected. Single-point mutations at several sites of p65 did not have significant
impacts on the levels of acetylation modification. In contrast, mutation of Lysé3 and Lys147 to glutamine
significantly increased the acetylation level of pé5 and enhanced pé5 transcriptional activity by increasing
DNA binding activity, which further confirmed that an elevation in ac-p65 might aggravate inflammation
under lipid surplus. The acetylation of pé5 requires acetyl-CoA as an acetyl donor, and the increase in
KAT expression and activity in the present study indicated that HFD feeding may increase the content of
acetyl-CoA. As expected, LC-MS analysis showed that two short-chain acyl-CoAs (2:0-CoA and 4:0-CoA)
and seven long-chain acyl-CoAs (16:0-CoA, 16:1-CoA, 18:1-CoA, 18:2-CoA, 20:4-CoA, 20:5-CoA and
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Figure 6. PA enhanced pé65 acetylation to intensify inflammation in AML12 hepatocytes

(A) The mRNA expression levels of inflammatory genes (Cox-2, -6 and 1I-18) were analyzed after treatment with different
concentrations of PA for 24 h (n = 3).

(B) The acetyl-CoA levels were analyzed after 500 puM PA treatment for 24 h (n = 3).

(C) The acetylation level of p65 was examined by Western blot analysis and quantitated after treatment with different
concentrations of PA for 24 h (n = 3).

(D) The mRNA expression levels of genes associated with fatty acid oxidation (CptT1a, Acaa2and Ech1) were analyzed after
treatment with different concentrations of PA for 24 h (n = 3).

(E) Inhibition of fatty acid oxidation with etomoxir blocked the increase in ac-pé5 induced by PA (n = 3).

(F) Inhibition of fatty acid oxidation with etomoxir relieved the increase in 1I-18 mRNA expression induced by PA (n = 3).
(G) The levels of total and phosphorylated ACLY were examined by Western blot analysis and quantitated after treatment
with different concentrations of PA for 12 h and 24 h (n = 3).
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Figure 6. Continued

H) Inhibition of ACLY with SB-204990 blocked the increase in ac-p65 induced by PA (n = 3).

1) Inhibition of ACLY with SB-204990 attenuated the increase in Il-6 mRNA expression induced by PA (n = 3).

J) The mRNA expression levels of KATs (Cbp, Gen5 and Pcaf) and SirtT were analyzed after 500 uM PA treatment for 24 h
n=3).

K) Inhibition of GCN5 with MB-3 relieved the increase in II-18 mRNA expression induced by PA (n = 3).

L) KDAC inhibitor treatment further increased the mRNA expression levels of inflammatory genes (/-6 and /1-18) under PA
treatment (n = 3). The results are presented as the mean + SD and were analyzed using independent t-tests (*p< 0.05) and
Tukey's tests (bars bearing different letters are significantly different among treatments (p< 0.05)).
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22:5-CoA\) displayed significant elevations in the HFD group. Changes in C16 and C18 acyl-CoA levels indi-
cated that HFD feeding might have promoted mitochondrial fatty acid B-oxidation, which was confirmed by
increases in the expression of related genes and the enzyme activity of CPT1a associated with LCAD and
MCAD protein expression in the HFD group. The activation of fatty acid B-oxidation subsequently led to
the production of abundant acetyl-CoA, which in turn affected acetylation homeostasis. Indeed, acetylome
analysis showed that HFD feeding significantly increased the acetylation levels of multiple metabolic en-
zymes. In vitro, inhibition of CPT1a with etomoxir also blocked lipid surplus-induced increases in ac-pé5
and proinflammatory cytokine expression. Importantly, an elevation in acetyl-CoA alone derived from ac-
etate independent of lipid surplus did not induce hepatic inflammation. In contrast, acetate aggravated
PA-induced inflammation. Hence, acetyl-CoA itself was not an inflammatory factor, but rather contributed
to the increase in pb5 acetylation and exacerbated HFD-induced inflammation. Collectively, these results
indicated that mitochondrial fatty acid B-oxidation provided acetyl-CoA for protein acetylation to integrate
metabolism and inflammation under conditions of overnutrition.

In addition to changes in total content, the subcellular fluxes of acetyl-CoA also change strongly based on var-
iations in synthesis and utilization (Pietrocola et al., 2015). In the present study, among the 103 differentially ex-
pressed proteins in the HFD group, approximately 34% were in mitochondria, while almost 66% were located
outside mitochondria. Acetylation of mitochondrial proteins occurs largely through nonenzymatic mechanisms
(Ghanta et al., 2013), which means that physiological and nutritional status can drive these protein modifications
by increasing the concentration of mitochondrial acetyl-CoA to expand the local pool of acetyl donors (Davies
etal., 2016). The changes in the acetylation levels of extramitochondrial proteins inspired us to investigate how
fluctuations in acetyl-CoA content feedback to the cytosol/nucleus and affect inflammatory responses and other
biological processes. Mitochondrial membranes are impermeant to the acetyl-CoA molecule (Pietrocola et al.,
2015). Cytosolic acetyl-CoA depends mainly on two reactions: citrate export from mitochondria and subsequent
ACLY-mediated catalysis (Langston et al., 2019). Extramitochondrial acetyl-CoA serves as a substrate for protein
acetylation. Numerous studies have shown that ACLY can sense changes in nutritional status through acetyla-
tion or phosphorylation (Feng et al., 2020; Lin et al., 2013). In the present study, lipid surplus increased p-ACLY
(Serd55) in vivo and in vitro. Inhibition of ACLY with SB-204990 decreased the content of acetyl-CoA and blocked
PA-induced increases in inflammation-related gene expression and ac-pé5, which suggested that ACLY played
a dominant role in mediating acetyl-CoA conversion to aggravate inflammation under lipid surplus. Indeed,
some studies have showed that an HFD decreases ACLY expression in mammals (Carrer et al., 2017). However,
Collins et al. (2010) also found that PA treatment increased the mRNA expression of ACLY. The difference in
findings is probably due, at least in part, to the differences in species and nutrient conditions. In addition to
acetyl-CoA, KATs and KDACs are also important for the acetylation of p65. The present study demonstrated
that CBP was crucial for lipid surplus-induced p65 acetylation. CBP was activated and linked with pé5 to increase
the transcriptional programs of inflammatory genes. Notably, NAD" levels in cells fluctuate in response to
feeding or fasting (Menzies et al., 2016). Hence, the sirtuin family might also regulate the transcriptional pro-
grams of inflammatory genes under nutrient stress. Given the nuclear localization of SIRT1, SIRT1 might be
responsible for the deacetylation of p65. Through in vivo and in vitro experiments, we found that SIRT1 was de-
activated with the decline in NAD*/NADH, which further increased ac-p65 and aggravated inflammation under
lipid surplus. Overall, the function of these KATs and KDACs in inflammatory regulation might provide therapeu-
tic targets for the development of anti-inflammatory drugs. For example, vorinostat (SAHA) and romidepsin (FK-
228) are available drugs for the treatment of various diseases (Bradner et al., 2010).

The above study in fish revealed that the fluctuation of acetyl-CoA can be an important modulator of inflam-
mation through protein acetylation. To understand the correlated evolution of nutrient stress response
from the initial vertebrates to mammals, we used AML12 hepatocytes to explore the role of p65 acetylation
in regulating inflammation under lipid surplus. In a lipid surplus-induced inflammation model, PA
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Figure 7. Simulating lipid oxidation with octanoate increased the acetylation of histone H3

(A) The mRNA expression levels of key hepatic acetyltransferases (Cbp, Genb, Tipé0 and Pcaf) and fatty acid oxidation
genes (Ehhadh, Acatl, Acat2, Asads and Ppara) were analyzed under octanoate treatment in fish hepatocytes (n = 3).
(B) The levels of total and phosphorylated ACLY, Akt, AMPK, and MCAD and the acetylation of H3 were examined by
Western blot analysis and quantitated after treatment with octanoate in fish hepatocytes (n = 3).

(C) Inhibition of ACLY blocked the increase in ac-H3 induced by octanoate in fish hepatocytes (n = 3).

(D) Inhibiting Akt with MK2206 blocked the increase in ac-H3 under octanoate in fish hepatocytes (n = 3).

(E) Activating AMPK with AICAR attenuated the increase in ac-H3 under octanoate in fish hepatocytes (n = 3).

(F) Octanoate reduced SIRT1 protein expression in a dose-dependent manner in fish hepatocytes (n = 3).

(G) Resveratrol attenuated the increase in ac-H3 induced by octanoate in fish hepatocytes (n = 3). The results are
presented as the mean + SD and were analyzed using independent t-tests (*p< 0.05) and Tukey’s tests (bars bearing
different letters are significantly different among treatments (p< 0.05)). See also Figures S2 and S3.

significantly increased the acetyl-CoA level and enhanced the acetylation of p65 in a dose-dependent
manner, which was consistent with results obtained in fish. Considering that pé5 acetylation can enhance
the transcriptional activity of inflammatory genes, this finding further illustrates that p65 acetylation modi-
fication can be targeted to alleviate inflammation caused by lipid surplus. In addition, the pathway that the
activation of fatty acid oxidation provides acetyl-CoA for pé5 acetylation under PA treatment appears to be
conserved across evolution from teleosts to mammals. Notably, although the response of ACLY to lipid sur-
plus was not as obvious as that in fish, inhibition of ACLY with SB-204990 still relieved the increases in ac-
p65 and the mRNA expression of proinflammatory cytokines, which suggests that ACLY inhibitors still have
broad prospects for use in the treatment of inflammation caused by overnutrition. In contrast to acetyl-CoA
metabolism, the KAT/KDAC involved in regulating p6é5 acetylation under HFD feeding seemed to not be
conserved between fish and mammals. The mRNA levels of Cbp and Sirt1 were not influenced by PA in
AML12 hepatocytes. In contrast, PA increased Gen5 mRNA expression, and inhibition of GCN5 relieved
PA-induced inflammation. Given the finding that broad-spectrum KDAC inhibitors aggravated PA-induced
inflammation, these results expand the therapeutic potential of KATs and KDACs in immune-related appli-
cations. Overall, although KATs and KDACs activated by PA were different between fish and mammals, the
role of fatty acid oxidation-ACLY-ac-pé5 axis in exacerbating lipid surplus-induced inflammation is
conserved between fish and mammals to some extent. Cells likely use this acetylation-mediated transcrip-
tional regulation to help deal with physiological or pathological fluctuations in the cellular nutrient status.

The above observations in vivo and in vitro demonstrate that acetyl-CoA-dependent regulation of transcription
factor activity is an approach to adapt to proinflammatory stimuli under nutrient stress. To further investigate
whether fatty acid oxidation and ACLY coordinated the metabolism of acetyl-CoA and provided acetyl-CoA
for acetylation modification of extensive nuclear proteins, octanoate, a medium-chain fatty acid, was selected
to simulate fatty acid oxidation. Octanoate dose-dependently increased the acetylation level of histone H3.
Consistent with the effects of PA treatment, ACLY played an important role in the regulation of ac-H3 under
octanoate treatment. Moreover, Akt, which was able to phosphorylate and activate ACLY (Migita et al.,
2008), also regulated octanoate-enhanced ac-H3. Hence, Akt/ACLY dependent acetyl-CoA production partic-
ipates in the regulation of cell metabolism and immunity by affecting protein acetylation. In addition, octanoate
inhibited the AMPK/SIRT1 pathway to enhance the acetylation of histone H3, which expands the knowledge
regarding the metabolic link between NAD™ and sirtuin-mediated nuclear processes. Therefore, the availability
of acetyl-CoA and NAD" enables KATs and KDACs to regulate biological processes to adapt to the physiolog-
ical milieu. McDonnell et al. (2016) used isotopic tracing to reveal that lipids provide acetyl-CoA for histone acet-
ylation in an ACLY independent pathway, which is inconsistent with our present results. Differences between cell
lines and culture conditions may account for the contrasting findings.

In conclusion, the present study, for the first time, systematically revealed a potential mechanism that meta-
bolic flux of acetyl-CoA increases pé5 acetylation level to aggravate inflammation under lipid surplus in fish
(Figure 8). The discovery of inflammatory regulatory roles for these metabolites and cofactors (i.e., acetyl-
CoA and NAD™) enhances understanding about how nutrient stress induces metabolic diseases from the
perspective of epigenetic modification. The development of nutrition strategies that target metabolic-
coupled epigenetics can reduce the use of drugs in aquaculture, which contributes to the production of
green and safe food. In addition, regarding that dysregulation of epigenetic modifications is linked to
many metabolic diseases, such as obesity and diabetes, more work should be carried out to determine
the preventive and therapeutic potential of metabolic substrates and KATs/KDACs for the management
of multiple pathologies in vertebrates.

16 iScience 24, 103244, November 19, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

lipid surplus

\ hepatocyte

¢ cytosol
FA —=3»- \[APK —_—
ACS IKK
V protein
acyl-CoA acetylation(whole cell) p-IxB

/AC_EL"‘» acetyl-CoA pet

lipid B
oxidation

mitochondria

Figure 8. A work model of how HFD altered the acetylation of p65 to aggravate inflammatory responses

Limitations of study

Our in vivo and in vitro analyses in fish demonstrated that lipid surplus improved fatty acid B-oxidation in
mitochondria and activated ACLY to transfer acetyl-CoA from mitochondria to nucleus, which in turn
increased ac-pb5 and exacerbated inflammation. However, results in AML12 cells indicated that the types
of lysine acetyltransferases (KATs) and lysine deacetylases (KDACs) involved in pé5 acetylation under
palmitate treatment were not conserved. Species limitations affect the translatability of the findings in
mammals. Hence, studies aimed at characterizing the precise mechanisms underlying the inflammation
regulatory effects of acetylation under lipid surplus in mammals will continue in the future.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal Anti-p65

Rabbit polyclonal Anti-Akt

Rabbit monoclonal Anti-Akt (phospho Ser4d73)
Rabbit polyclonal Anti-ACLY (phospho Ser455)
Rabbit polyclonal Anti-AMPKa

Rabbit polyclonal Anti-AMPKa, (phospho Thr172)
Rabbit polyclonal Acetyl-Lysine antibody
Rabbit monoclonal Anti-SIRT1

Rabbit monoclonal Anti-DYKDDDDK Tag
Rabbit monoclonal Anti-HA Tag

Rabbit polyclonal Anti-Histone H3

Rabbit monoclonal Anti-ACLY

Rabbit monoclonal Anti-LCAD

Rabbit monoclonal Anti-MCAD

Rabbit polyclonal Anti-CBP

Rabbit polyclonal Anti-PPARa.

Mouse polyclonal Anti-GAPDH

Rabbit polyclonal Anti-IL-1B

Mouse monoclonal Anti-COX-2

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Abcam

Abcam

Wan Lei Bio

Absin

Golden Bridge Biotechnology

This paper

Santa Cruz

CAT#8242; RRID:AB_10859369
CAT#9272; RRID:AB_329827
CAT#4060; RRID:AB_2315049
CAT#4331; RRID: AB_2257987
CAT#2532; RRID:AB_330331
CAT#2531; RRID:AB_330330
CAT#9441; RRID:AB_331805
CAT#9475; RRID:AB_2617130
CAT#14793; RRID:AB_2572291
CAT#3724; RRID:AB_1549585
CAT#ab1791; RRID: AB_302613
CAT#ab40793

CAT#ab196655

CAT#ab92461; RRID:AB_10563530
CAT#WL02842
CAT#abs117362

CAT#TA-08

N/A

CAT#sc-376861

Bacterial and virus strains

Escherichia coli-DH5a

TransGen Biotech

CAT#CD201-01

Chemicals, peptides, and recombinant proteins

Palmitic acid Merck CAT#P0500; CAS: 57-10-3
Etomoxir MedChemExpress CAT#HY-50202

Sodium acetate Merck CAT#S2889; CAS: 127-09-3
SB 204990 MedChemExpress CAT#HY-16450

MK 2206 MedChemExpress CAT#HY-10358

Cé46 MedChemExpress CAT#HY-13823

Resveratrol MedChemExpress CAT#HY-16561

KDAC inhibitor MedChemExpress CAT#HY-K0030

AICAR MedChemExpress CAT#HY-13417

SYBR gPCR Master Mix Vazyme CAT#Q711

EZ Trans transfection reagent LIFE iLAB CAT#AC04L099

Octanoate Merck CAT#C2875; CAS: 124-07-2
Critical commercial assays

HAT Activity Colorimetric Assay Kit BioVision CAT#K332

EZScreen™ NAD+/NADH Colorimetric Assay Kit BioVision CAT#K358

Acetyl-CoA Assay Kit Merck CAT#MAKO039

NE-PER Nuclear and Cytoplasmic Extraction Reagents Thermo Fisher Scientific CAT#78835
Dual-Luciferase Reporter Assay System Kit TransGen Biotech CAT#FR201

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
LightShift Chemiluminescent EMSA Kit Thermo Fisher Scientific CAT#20148
Mut Express Il Fast Mutagenesis Kit V2 Vazyme CAT#C214
Deposited data

Acetylome of large yellow croaker liver This paper PXD027084
Experimental models: Cell lines

Human: HEK293T cell line (Zhu et al., 2019) N/A
Mouse: AML12 cell line Procell CAT#CL-0602
Large yellow croaker: primary hepatocytes This paper N/A
Experimental models: Organisms/strains

Juvenile large yellow croaker NingdeFufa Fishery Co., Ltd. (China) N/A
Oligonucleotides

Primers for qRT-PCR, see Data S6 This paper N/A
Primers for recombinant DNA, see Data S6 This paper N/A
Primers for 5'-biotin-labeled double-stranded This paper N/A
oligomers, Fw: 5'-CTAGCGGGAATTTCCGGGA

ATTTCCGGGAATTTCCGGGAATTTCC-3’

Primers for 5'-biotin-labeled double-stranded This paper N/A
oligomers, Rv: 5-GGAAATTCCCGGAAATTCC

CGGAAATTCCCGGAAATTCCCGCTAG-3'

Recombinant DNA

pPCDNA3.1(+) Miaoling bio CAT#P0157
Plasmid: pcDNA3.1(+)-CBP This paper N/A
Plasmid: pcDNA3.1(+)-p65 This paper N/A
Plasmid: pcDNA3.1(+)-GCN5 This paper N/A
Plasmid: pcDNA3.1(+)-PCAF This paper N/A
Plasmid: pcDNA3.1(+)-SIRT1 This paper N/A
pGL3-CMV-IL-1B-Luc (Li et al., 2020) N/A
pGL3-CMV-pNFkB-Luc (Du et al., 2020) N/A

Software and algorithms

ImageJ
SPSS 23.0 software

2°88CT method

(Schneider et al., 2012)
https://www.ibm.com/support/
pages/node/581811

(Livak and Schmittgen, 2001)

https://imagej.nih.gov/ij/
N/A

N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Qinghui Ai (ghai@ouc.edu.cn).

Materials availability

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

Data and code availability

® All relevant data are within the manuscript and Supplementary Material. The mass spectrometry prote-
omics data from this publication have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the iProX partner repository (Ma et al., 2019) with the data-

set identifier PXD027084.
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® 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 and diets

Briefly, 4-month-old large yellow croakers of similar size (mean weight 15.87 + 0.14 g) were obtained from
NingdeFufa Fishery Co., Ltd. (China) and reared in floating sea cages under conditions of 26 + 2°C, 29—
329%, salinity and 6-7 mg/L dissolved oxygen (Yang et al., 2020). The fish were divided into two groups at
random and fed the experiment diets. A diet (Fang et al., 2021) (Table S3) containing 12% crude lipid
was used as the control (CON) diet because this dietary lipid level is optimal for the growth of the large
yellow croaker (Larimichthys crocea) (Yan et al., 2015). While, a diet (Fang et al., 2021) (Table S3) containing
18% crude lipid was used as the high fat diet (HFD). The fish were fed twice a day at 05:00 and 17:00 for
10 weeks. The fatty acid compositions of the two diets (CON and HFD) are listed in Table S4 (Fang
et al., 2021). In the study, both sexes were used. At the end of the experiment, the fish were anesthetized
with MS222 (1:10, 000; Sigma, USA) prior to sampling. Livers of the experimental fish were collected, frozen
in liquid nitrogen, and then stored at —80°C until use.

In the present study, all experimental procedures performed on fish and all animal care procedures were
conducted in strict accordance with the Management Rule of Laboratory Animals (Chinese Order No. 676
of the State Council, revised 1 March 2017) (Li et al., 2019).

Cell culture and reagents

Livers of juvenile yellow croakers were removed and placed in sterile phosphate buffer (PBS, Biological In-
dustries, Israel) containing penicillin and streptomycin (cat. no. P1400, Solarbio, China). After washing with
Dulbecco’s modified Eagle medium/Ham’s F12 medium (1:1) (DMEM/F12, Biological Industries), the liver
tissue was chopped into 1-mm? slices and digested with 0.25% trypsin (Thermo Fisher Scientific, USA) for
10 min. After neutralization with DMEM/F12 medium containing fetal bovine serum (FBS, Biological Indus-
tries), the cell precipitate was suspended in complete medium composed of DMEM/F12 medium supple-
mented with 15% FBS, 100 U penicillin and 100 ng/mL streptomycin. The cell suspension was inoculated
into a six-well culture plate and incubated at 28°C (Zhu et al., 2019).

HEK293T cells were maintained in DMEM with high glucose (Biological Industries) supplemented with 10%
FBS and antibiotics within an atmosphere of 5% CO, at 37°C (Zhu et al., 2019).

AML12 cells were maintained in DMEM/F12 medium (Procell, China) containing 10% FBS, 10 pg/mL insulin,
5.5 pg/mL transferrin, 5 ng/mL selenium, 40 ng/mL dexamethasone and 1% penicillin/streptomycin at 37°C
under 5% CO».

METHOD DETAILS

Histological and biochemical analysis

Paraffin-embedded liver sections were stained with H&E for morphological analysis. Liver triglycerides (TG)
were measured using commercially available kits (Applygen Technologies Inc., China). ALT/AST and
plasma free fatty acids (FFAs) were quantified with commercially available kits (Nanjing Jiancheng Bioen-
gineering Inc., China).

KAT activity, NAD* and acetyl-CoA measurements

KAT activity was measured with KAT Activity Colorimetric Assay Kits (cat. no. K332; BioVision, USA). In brief,
the kits utilized active nuclear extract (NE) as a positive control and acetyl-CoA as a cofactor. Acetylation of
peptide substrate by active KAT released the free form of CoA, which then served as an essential coenzyme
for production of reduced nicotinamide adenine dinucleotide (NADH). NADH can easily be detected spec-
trophotometrically upon reacting with a soluble tetrazolium dye (Yang et al., 2014b). The absorbance of
each sample was detected at 440 nm with a microplate reader (SpectraMax i3x).
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NAD*/NADH was measured with an EZScreen NAD*/NADH Colorimetric Assay Kit (cat. no. K958; Bio-
Vision) according to the manufacturer’s instructions. Extracts were prepared from frozen tissue according
to the kit protocol and assayed on two parallel plates, one for total NAD (NAD,) and another for NADH. For
NADH only, 100 uL of the extract was heated at 60°C for 30 min before the measurement and then cooled to
decompose NAD; for NAD;, the extract was measured without treatment. The NAD concentration was
determined using the provided reference standard and is expressed in nmol of NAD per mg of protein.
Oxidized NAD was calculated as [NAD,] - [INADH].

The intracellular acetyl-CoA content was determined using an Acetyl-Coenzyme A Assay Kit (MAK039,
Sigma) according to the manufacturer’s instructions. Briefly, after deproteinization using 1 M perchloric
acid, Acetyl-CoA Quencher and Quench Remover were added to the sample to correct for background
created by free coenzyme A and succinyl-CoA. Then, appropriate reaction mix was added to samples. After
30 min of incubation at 37°C, the fluorescence intensity was measured using a plate reader and the
following settings: Aex = 535 Nnm, Aem = 587 nm.

Acyl-CoA quantification by LC-MS

Extraction of acyl-CoAs was carried out following established protocols (Woldegiorgis et al., 1985) with
some modifications. Briefly, 300 uL of extraction buffer containing isopropanol, 50 mM KH,PO4, and
50 mg/mL BSA (25:25:1 v/v/v) acidified with glacial acetic acid was added to sample. Next, 19:0-CoA
was added as an internal standard and lipids were extracted by incubation at 4°C for 1 h at 1,500 rpm.
Next, 300 pL of petroleum ether was added and the sample was centrifuged at 12,000 rpm for 2 min at
4°C. The upper phase was removed. The samples were extracted two more times with petroleum ether
as described above. Finally, 5 pL of saturated ammonium sulfate followed by 600 uL of chloroform: meth-
anol (1:2 v/v) was added to the remaining lower phase. The sample was then incubated on a thermomixer at
450 rpm for 20 min at 25°C and centrifuged at 12,000 rpm for 5 min at 4°C. The clear supernatant was trans-
ferred to a fresh tube and subsequently dried in the SpeedVac under OH mode (Genevac). Dry extracts
were resuspended in an appropriate volume of methanol:water (9:1 v/v) prior to LC-MS analyses on a
Thermo Fisher U3000 DGLC coupled to a SCIEX QTRAP 6500 Plus (Lam et al., 2020).

LC-MS/MS analysis of the acetylome

First, 20 mg of sample was taken, and DL-dithiothreitol (DTT) was added to a final concentration of 10 mM.
Subsequently, the sample was placed in a thermomixer (600 rpm, 37°C) for 1.5 h, after which it was taken out
and cooled to room temperature. lodoacetamide (IAA) was added to a final concentration of 50 mM, and
the reaction was protected from light for 30 min. Four volumes of 50 mM Tris HCI (pH 8.0) were added, and
the urea (UA) concentration was diluted to 2 M. Trypsin was added at a protein: trypsin mass ratio of 50:1,
and then the mix was incubated overnight (15-18 h) at 37°C. Trifluoroacetic acid (TFA) was added to a final
concentration of 0.1%, and each sample was brought to a pH < 3 by adjusting the volume of 10% TFA.
Peptides were desalted using a C18 SPE cartridge and lyophilized (Wisniewski et al., 2009). Then, samples
were reconstituted with 1.4 mL of pre-cooled IAP buffer and were incubated with anti-ac-K antibody beads
(PTMScan Acetyl-Lysine Motif (Ac-K) Kit, Cell Signaling Technology, USA) at 4°C for 1.5 h. Subsequently,
samples were centrifuged at 2,000 x g for 30 s, after which the supernatant was discarded. Anti-ac-K anti-
body beads were washed three times with 1 mL of pre-cooled immunoaffinity purification (IAP) buffer and
then washed three times with 1 mL of pre-cooled water. The washed anti-ac-K antibody beads were added
to 40 pL of 0.15% TFA, and the mixture was incubated at room temperature for 10 min; 0.15% TFA was
added twice. After centrifugation at 2,000 X g for 30 s, the supernatant was desalted with C18 STAGE
Tips. Each fractionated sample was separated using an Easy nLC HPLC liquid phase system at a nanoliter
flow rate. Buffer Awas a 0.1% formic acid aqueous solution, and buffer Bwas a 0.1% formic acid/acetonitrile
aqueous solution (acetonitrile was 84%). The column was equilibrated with 95% buffer A. The sample was
loaded from the autosampler into the loading column (Thermo Scientific Acclaim PepMap100, 100 pm X
2 cm, nanoViper C18) and passed through an analytical column (Thermo Scientific EASY column, 10 cm,
ID75 pm, 3 pm, C18-A2) and separated at a flow rate of 300 nL/min. The sample was chromatographed
and subjected to MS using a Q Exactive mass spectrometer. The detection mode was positive ion, the
parent ion scanning range was 300-1800 m/z, the primary mass spectrometer resolution was 70,000 at
200 m/z, the automatic gain control (AGC) target was 10%, the maximum ion time (IT) was 50 ms, and the
dynamic exclusion time was 60 s. The mass-to-charge ratios of the polypeptides and polypeptide frag-
ments were collected as follows: 20 fragments were acquired after each full scan, the MS2 activation
type was higher-energy collisional dissociation (HCD), the isolation window was 2 m/z, the resolution of
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the secondary mass spectrum was 17,500 at 200 m/z, the normalized collision energy was 30 eV, and the
underfill was 0.1%.

RNA extraction, reverse transcription, and qPCR

Total RNA of liver tissue or hepatocytes was extracted with TRIzol Reagent (Takara, Japan) according to the
manufacturer’s protocol. The amount of RNA was determined by a NanoDrop 2000spectrophotometer
(Thermo Fisher Scientific). The extracted RNA was reverse transcribed into first-strand cDNA with a PrimeScript
RT Reagent Kit (Takara) according to the manufacturer’s instructions. QRT-PCR was performed using SYBR
gPCR Master Mix (Vazyme, China) according to the manufacturer’s instructions. Primers were designed accord-
ing to published sequences in NCBI and are listed in Data Sé. To calculate the mRNA levels of genes, the
comparative cycle threshold (CT) method (272ACT method) was adopted (Livak and Schmittgen, 2001).

Western blot analysis

Total proteins were extracted from livers of the experimental fish and from hepatocytes using RIPA lysis
buffer with protease inhibitors and phosphatase inhibitors. Nuclear protein was collected using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Protein concentrations were determined with a BCA Protein Assay Kit (Beyotime Biotech-
nology, China) according to the manufacturer’s instructions. After standardization, the samples were
separated by SDS-PAGE and transferred to 0.45 pm PVDF membranes (Millipore, USA). Membranes
were blocked with 5% nonfat dry milk in TBST for 2 h and were then incubated with primary antibodies over-
night. Subsequently, the membranes were incubated with secondary antibodies for 1 h and developed with
Beyo ECL Plus Reagent (Beyotime Biotechnology) (Jiang et al., 2017). The details of antibodies in the pre-
sent study were listed in the Key resources table. The densities of protein bands were normalized to the
density of internal control and were quantified using NIH Image 1.63 software.

Plasmid constructs

For expression plasmids, coding sequences (CDSs) of p65, CBP, KAT 2A (GCN5), KAT 2B (PCAF) and SIRT1 were
cloned from large yellow croaker cDNA by PCR with the primers listed in Data Sé. A linearized pcDNA3.1 (+)
vector was obtained using QuickCut EcoRI (Takara). A flag fusion protein (DYKDDDDK) was constructed at
the C-terminus of pé5, and an HA fusion protein (YPYDVPDYA) was constructed at the C-termini of CBP,
GCNS, PCAF and SIRT1. Homologous recombination was completed using a ClonExpress Il One Step Cloning
Kit (Vazyme Biotech Co., Ltd., China). For reporter plasmids, the IL-18 promoter and pNFkB-Luc reporter
plasmid were donated by colleagues in our laboratory (Du et al., 2020; Li et al., 2020).

MS analysis of p65 acetylation sites

Purified p65-Flag was resolved by SDS-PAGE and was then fixed and stained with Coomassie Brilliant Blue.
The gel was rinsed with water several times, and bands of interest were excised and cut into cubes (~1 X
1 mm). These gel pieces were then transferred to Eppendorf tubes and dehydrated with neat acetonitrile.
Afterward, approximately 50 uL of DTT solution (10 mM, in 100 mM ammonium bicarbonate) was added to
completely cover the gel pieces. The tubes were incubated at 56°C for 30 min and then cooled to room
temperature. Neat acetonitrile was added to dehydrate the gel pieces. All the liquid was then removed.
Subsequently, 50 plL of IAA solution (55 mM, in 100 mM ammonium bicarbonate) was added to completely
cover gel pieces. The tubes were incubated at 37°C in the dark for 10 min and then cooled to room tem-
perature. Neat acetonitrile was added again to dehydrate the gel pieces. Thereafter, 50% acetonitrile in
100 mM ammonium bicarbonate was then added, and the tubes were vortexed at room temperature until
the Coomassie stain was removed. An appropriate volume of trypsin buffer (13 ng/pL, in 10 MM ammonium
bicarbonate containing 10% acetonitrile) was added to cover dry gel pieces, and the samples were then
incubated at 37°C overnight. Digested peptides were extracted from gel pieces by sequentially adding
0.1% formic acid in 50% acetonitrile, 0.1% formic acid in 80% acetonitrile and 100% acetonitrile. Extraction
products were then combined and lyophilized for following steps. Each sample was analyzed by an online
nanospray liquid chromatography MS (LC-MS/MS) on a Q Exactive Plus coupled to an EASY-nano-LC 1200
system (Thermo Fisher Scientific).

Mutations at putative acetylation sites

Flag-tagged pé5 was mutated using a Mut Express |l Fast Mutagenesis Kit V2 (Vazyme Biotech Co., Ltd.).
Putative acetylation sites in p65 were mutated to arginine or glutamine. The sites mutated in the present
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study were based on our LC-MS/MS results. We mutated a single site or conducted two-site and three-site
mutations in pé5.

Dual-luciferase reporter assays

HEK293T cells were evenly plated in 24-well plates. After overnight culture, the p65 expression vector (con-
trol or mutant) and the IL-1B promoter reporter vector were transfected into HEK293T cells at a ratio of 3:1
using Lipofectamine 2000 reagent (Invitrogen, USA). Luciferase activity was detected using a Dual-Lucif-
erase Reporter Assay System Kit (TransGen Biotech Co., Ltd., China) (Zhu et al., 2019). To detect the effects
of acetyltransferases on pé5 transcriptional activity, p65 and GCN5, CBP, or PCAF were transfected into
HEK293T cells at a ratio of 1:1 along with the IL-1B8 promoter, and luciferase activity was measured after
24 h. To detect the effects of SIRTT on pé5 transcriptional activity, p65 and SIRT1 were transfected into
HEK293T cells at a ratio of 1:1 along with a pNFkB-Luc reporter plasmid.

EMSA

p65 and various lysine mutants were transferred into HEK293T cells, and cells were collected after 48 h. Nu-
clear protein was prepared and collected with NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific). The protein concentration of each sample was measured by BCA assay (Beyo-
time Biotechnology), and all samples were then adjusted to the same protein level. The sequences used
for 5'-biotin-labeled double-stranded oligomers were as follows: sense sequence, 5-CTAGCGGGA
ATTTCCGGGAATTTCCGGGAATTTCCGGGAATTTCC-3'; anti-sense sequence, 5-GGAAATTCCCGGAA
ATTCCCGGAAATTCCCGGAAATTCCCGCTAG-3'. Then, DNA-protein interactions were detected with a
LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific) (Du et al., 2020).

Immunoprecipitation and coimmunoprecipitation

For immunoprecipitation (IP), the tissue was lysed with Cell Lysis Buffer for Western Blotting and IP (Beyo-
time Biotechnology) for 20 min. Then, 40 uL of anti-ac-K antibody agarose beads (Cytoskeleton, Inc., USA)
was added to the lysate. The mixture was incubated for 12 h at 4°C. The immunoprecipitates were recov-
ered by centrifugation at 3,500 x g for 1 min and washed five times with lysis buffer, after which they were
analyzed via western blotting.

For co-immunoprecipitation (co-IP), cells transfected with pé5-Flag and other acetyltransferases or SIRT1
were harvested at 48 h after transfection and lysed with Cell Lysis Buffer for Western Blotting and IP (Beyo-
time Biotechnology) for 20 min. Then, the lysate was divided into two equal parts. The protein was enriched
by incubation with ANTI-Flag M2 Affinity Gel (Sigma) and mouse IgG-agarose (Sigma), or with Pierce anti-
HA agarose (Thermo Fisher Scientific) and mouse IgG-agarose, for 4 h on a 4°C shaker, after which the su-
pernatant was removed by centrifugation at 3,500 X g for 1 min. The agarose beads were washed five times
with lysis buffer and TBST. Finally, the proteins were detached from the agarose beads using a Flag peptide
(MedChem Express, USA) or HA peptide (MedChem Express) for use in subsequent experiments (Du et al.,
2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as the mean + standard deviation (SD). The statistical analyses between two
groups were performed with independent t-tests, and comparisons between multiple groups were per-
formed with one-way analysis of variance (ANOVA) in SPSS 23.0 software. P< 0.05 was considered to indi-
cate statistical significance. The number of replicates for each experiment are indicated in the figure

legends.
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