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Abstract 19 

Differences in dietary fatty acid saturation impact glucose homeostasis and insulin sensitivity in 20 

vertebrates. Excess dietary intake of saturated fatty acids (SFAs) induces glucose intolerance and 21 

metabolic disorders. In contrast, unsaturated fatty acids (UFAs) elicit beneficial effects on insulin 22 

sensitivity. However, it remains elusive how SFAs and UFAs signal differentially toward insulin 23 

signaling to influence glucose homeostasis. Here, using a croaker model, we report that dietary 24 

palmitic acid (PA), but not oleic acid or linoleic acid, leads to dysregulation of mTORC1 signaling 25 

which provokes systemic insulin resistance and glucose intolerance. Mechanistically, using 26 

croaker primary myocytes, mouse C2C12 myotubes and HEK293T cells, we show that 27 

PA-induced mTORC1 activation is dependent on mitochondrial fatty acid β oxidation. Notably, PA 28 

profoundly elevates acetyl-CoA derived from mitochondrial fatty acid β oxidation which 29 

intensifies Tip60-mediated Rheb acetylation. Subsequently, the induction of Rheb acetylation 30 

facilitates hyperactivation of mTORC1 which enhances serine phosphorylation of IRS1 and 31 

simultaneously inhibits transcription of IRS1 through impeding TFEB nuclear translocation, 32 

leading to impairment of insulin signaling. Furthermore, targeted abrogation of acetyl-CoA 33 

produced from fatty acid β oxidation or Tip60-mediated Rheb acetylation by pharmacological 34 

inhibition and genetic knockdown rescues PA-induced insulin resistance. Collectively, this study 35 

reveals a conserved acetylation-dependent mechanistic insight for understanding the link between 36 

fatty acids and insulin resistance, which may provide a potential therapeutic avenue to intervene in 37 

the development of T2D. 38 

  39 
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Introduction 40 

Insulin resistance, which is considered as a dominant hallmark of type 2 diabetes (T2D)1, is 41 

related to a variety of metabolic disorders, such as obesity, atherosclerosis and hypertension2,3. 42 

The pathogenesis of insulin resistance is associated with genetic mutations including PPARG, 43 

IRS1, TCF7L2 and OTUD3. However, the behavioral and environmental factors can also 44 

contribute to insulin resistance in numerous ways4,5. Accumulating evidence have shown that 45 

elevated dietary intake of saturated fatty acids (SFAs) is closely correlated with an increased risk 46 

of T2D6,7, and palmitic acid (PA), as one of the most abundant circulating SFAs, is also known to 47 

trigger the development of insulin resistance8-12. On the contrary, dietary intake of unsaturated 48 

fatty acids (UFAs) has not been associated with inducing glucose intolerance and may even be 49 

beneficial for insulin sensitivity13. However, the precise mechanisms underlying the different 50 

effects of SFAs and UFAs on insulin signaling and glucose homeostasis are not well established. 51 

  Eukaryotes cells have evolved a well-established mechanism to sense the availability of certain 52 

nutrients in diet to maintain metabolic homeostasis. mTORC1, which is a central hub of nutrient 53 

signaling, integrates a variety of environmental inputs to control cell growth and metabolism14,15. 54 

Dysregulation of mTORC1 is associated with a variety of diseases, including T2D, cancer, 55 

nonalcoholic fatty liver, Huntington’s disease and Parkinson's disease16-18. The correlation 56 

between mTORC1 and T2D is mainly dependent on the existence of several negative feedback 57 

mechanisms from mTORC1 and its downstream targets to insulin signaling, which restrain the 58 

hyperactivation of mitogenic and anabolism signaling to maintain cellular homeostasis under 59 

physiological conditions19. Ribosomal S6 kinase (S6K)1, which is a pivotal downstream of 60 

mTORC1 has been shown to impair insulin signaling by inducing phosphorylation-dependent 61 

degradation of insulin receptor substrate 1 (IRS1) 20,21. Moreover, mTORC1 mediates the 62 

phosphorylation and activation of growth factor receptor-bound protein 10 (Grb10), also resulting 63 

in the suppression of insulin signaling22,23. Furthermore, imidazole propionate, a metabolite 64 

produced by the gut microbiota, is reported to provoke insulin resistance through inducing 65 

mTORC1 activation and subsequent phosphorylation and degradation of IRS124. A growing body 66 

of evidence has elucidated that mTORC1-induced insulin resistance is related to the 67 

phosphorylation and degradation of IRS1. However, whether mTORC1 can affect IRS1 in other 68 

manners such as transcriptional regulation under physiological or pathological conditions remains 69 
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elusive. 70 

As the major regulator of cell growth and metabolism, mTORC1 activity is tightly controlled by 71 

a diverse set of upstream signals. Two sets of small G proteins, termed the Rheb and Rag GTPases 72 

which integrate the signals from growth factors and nutrients to modulate mTOR kinase activity 73 

and intracellular localization respectively, form a center of the regulatory network for 74 

mTORC125-30. In addition to the two direct modulations, extensive posttranslational modifications 75 

including phosphorylation, acetylation and ubiquitination of mTORC1 components and their 76 

associated proteins also influence the activity of mTORC131. Recently, acetylation has been shown 77 

to play a vital role in the regulation of mTORC1 activity. Increased acetylation of Raptor by 78 

leucine activates mTORC1 signaling which leads to inhibition of autophagy32,33. Consistently, 79 

hepatic Acox1 deficiency reduces mTORC1 activity by inhibiting Raptor acetylation under 80 

starvation and high fat diet (HFD) conditions in mice34. Moreover, the acetylation levels of Rheb 81 

are reported to be enhanced during FBS treatment, contributing to the activation of mTORC135. 82 

Although the mechanism by which upstream signals such as amino acids regulate mTORC1 has 83 

been elucidated, it is still unclear how certain fatty acids modulate mTORC1 activity and whether 84 

acetylation modification is involved in the regulation of mTORC1 signaling under fatty acid 85 

stimulation. 86 

  Teleost fish have evolved conserved systems for nutrient- and pathogen-sensing36, which play a 87 

central role in maintaining energy homeostasis and resisting pathogenic infection. In addition, our 88 

previous work found that teleost fish evolved well-conserved lipid metabolism and acetylation 89 

modification systems37-39. However, teleost fish have a poor capacity to utilize glucose and are 90 

considered to be susceptible to insulin resistance under numerous pathological conditions40,41. 91 

Thus, these properties make teleost fish an appropriate model for investigating the pathogenesis of 92 

insulin resistance. In this study, using croaker as a in vivo model combined with croaker primary 93 

myocyte and mouse C2C12 myotube as in vitro models, we found that dietary PA-rich diet 94 

provokes insulin resistance by inducing hyperactivation of mTORC1. Furthermore, PA-induced 95 

mTORC1 activation was dependent on acetyl-CoA derived from mitochondrial fatty acid β 96 

oxidation and Tip60-mediated Rheb acetylation. Simultaneously, we also found that mTORC1 97 

could inhibit IRS1 transcription by hindering the nuclear translocation of TFEB, which provided a 98 

novel insight into the negative feedback that emanated from mTORC1 to IRS1. Thus, in 99 
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vertebrates, we demonstrated a conserved acetylation-dependent stress mechanism in response to 100 

SFA stimulation, which may provide an attractive strategy to intervene in the development of 101 

T2D. 102 

 103 

Results 104 

PA, but not oleic acid or linoleic acid, induces systemic and cellular insulin resistance 105 

To investigate which fatty acids can provoke insulin resistance, we challenged large yellow 106 

croaker with a control (CON), PA rich (PO), oleic acid (OA) rich (OO) or linoleic acid (LA) rich 107 

(LO) diet for 10 weeks. There was no significant difference in the final body weight between fish 108 

fed CON diet and PO, OO or LO diet (Figures 1A, S1A and S1B). However, the levels of 109 

nonesterified free fatty acid (NEFA) in plasma (Figures 1B, S1C and S1D) and triglyceride (TG) 110 

in liver (Figures 1C, S1E and S1F) and skeletal muscle (Figures 1D, S1G and S1H) were elevated 111 

significantly in fish fed PO, OO or LO diet compared with CON diet, indicating that PA, OA and 112 

LA rich feeding may induce aberrant lipid deposition. As abnormal accumulation of intracellular 113 

lipids is associated with the development of insulin resistance42,43, we assayed the effect of dietary 114 

different fatty acids on glucose homeostasis and insulin sensitivity. Compared with CON diet, PO 115 

diet strongly elevated fasting blood glucose levels (Figure 1E) and plasma insulin concentrations 116 

(Figure 1F), whereas OA or LA diets had no significant effects (Figures S1I-S1L). Moreover, 117 

glucose tolerance (Figure 1G) and insulin tolerance (Figure 1H) were impaired by PO diet, as 118 

revealed via the glucose tolerance test (GTT) and the insulin tolerance test (ITT). Furthermore, 119 

immunoblotting assays also showed that PO diet, but not OA or LA diet, diminished the 120 

phosphorylation levels of AKT in the liver and skeletal muscle (Figures 1I, S1M and S1N), which 121 

plays a vital role in insulin signaling. These results suggest that dietary PA leads to systemic 122 

insulin resistance in fish, but not OA or LA.  123 

To further investigate the role of PA in glucose homeostasis and insulin sensitivity, fish 124 

myocytes and mouse differentiated C2C12 myotubes were treated with PA. In line with the in vivo 125 

results, PA treatment increased the TG levels of fish myocytes (Figure 1J). Moreover, glucose 126 

uptake stimulated by insulin was inhibited under PA treatment in fish myocytes (Figure 1K), as 127 

unveiled by 2-deoxy-D-glucose (2-DG) uptake assays. Likewise, PA treatment reduced the 128 

phosphorylation levels of AKT in a dose-dependent manner (Figure 1L) and impeded insulin from 129 
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boosting the phosphorylation of AKT in fish myocytes and C2C12 myotubes (Figure 1M). To 130 

determine whether OA or LA can impair cellular insulin signaling, we also treated cells with OA 131 

or LA but found that both treatments failed to inhibit glucose uptake (Figures S1O and S1P) and 132 

phosphorylation of AKT with or without insulin stimulation (Figures S1Q-S1T). Together, these 133 

results indicate that PA provokes systemic and cellular insulin resistance, whereas OA or LA had 134 

no effect on glucose homeostasis and insulin sensitivity. 135 

 136 

Hyperactivation of mTORC1 contributes to PA-induced insulin resistance 137 

To elucidate the underlying mechanism of insulin resistance induced by PA, we assayed the 138 

activities of AKT downstream signaling pathways under PA treatment. Notably, unlike other AKT 139 

downstream substrates (GSK3β and AS160), PA treatment failed to decrease the levels of 140 

phosphorylated S6K, an indicator of mTORC1 activity, under insulin stimulation (Figure 1M). 141 

Considering that mTORC1 can lead to feedback inhibition of insulin signaling44,45, we speculated 142 

that mTORC1 is involved in PA-induced insulin resistance. To confirm this hypothesis, we 143 

therefore estimated the effect of PO diet on mTORC1 signaling and found that the 144 

phosphorylation levels of S6K and S6 were strongly promoted in skeletal muscle of fish fed PO 145 

diet (Figure 2A). Moreover, in cultured cells, PA treatment elevated the phosphorylation levels of 146 

S6K and S6 in a time- and dose-dependent manner (Figures 2B and 2C), revealing that PA can 147 

provoke hyperactivation of mTORC1.  148 

To further investigate the role of mTORC1 during PA-induced insulin resistance, fish myocytes 149 

and C2C12 myotubes were incubated with rapamycin, a potent mTORC1 inhibitor. The results 150 

showed that rapamycin treatment indeed prevented PA-induced mTORC1 activation (Figure 2D). 151 

Meanwhile, the suppression of insulin stimulated-glucose uptake by PA treatment was restored 152 

upon rapamycin treatment (Figure 2E). Furthermore, insulin-intensified phosphorylation of AKT 153 

was improved when mTORC1 was inhibited by rapamycin (Figure 2F). These results indicated 154 

that PA-induced insulin resistance is associated with the activation of mTORC1. Further 155 

confirming this notion, fish myocytes were treated with the mTORC1 activator MHY1485. As 156 

expected, MHY1485 treatment enhanced mTORC1 activity (Figure 2G) and restrained insulin 157 

from boosting the phosphorylation of AKT in the presence or absence of PA (Figure 2H). Given 158 

that OA or LA did not alter glucose homeostasis and insulin sensitivity, we also assayed the effect 159 
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of OA or LA on mTORC1 signaling. The results showed that OA and LA failed to induce 160 

mTORC1 activity in vivo (Figure S2A and S2B) and in vitro (Figure S2C and S2D). These results 161 

suggest that the difference in mTORC1 regulation among PA, OA or LA may lead to divergent 162 

effects on insulin signaling, and that also further illustrate the relevance between activation of 163 

mTORC1 and diet-induced insulin resistance. 164 

 165 

Mitochondrial fatty acid β oxidation is required for PA-induced mTORC1 activation and 166 

insulin resistance 167 

The above results showed that the induction of mTORC1 signaling occurred after 8 h of PA 168 

stimulation (Figure 2B). Thus, we speculated that activation of mTORC1 by PA may not be 169 

related to its role as a signaling molecule but dependent on its metabolic pathway. Considering 170 

that fatty acids must first form fatty acid-CoA in order for anabolism or catabolism to proceed, we 171 

detected the contents of acyl-CoA and acylcarnitine using LC–MS. The results showed that PA 172 

treatment increased the contents of short/medium-chain acyl-CoA and acylcarnitine (Figures 3A 173 

and S3A), indicating that PA may induce mitochondrial fatty acid β oxidation. Moreover, seahorse 174 

real-time cell metabolic analysis showed that PA treatment enhanced mitochondrial OCR and 175 

elevated maximal oxygen consumption rates compared with OA or LA treatment (Figure 3B). 176 

Similarly, in comparison with CON diet, fish fed PO diet exhibited higher mRNA expression 177 

levels of fatty acid β oxidation-related genes in muscle (Figure 3C). However, OO or LO diet 178 

failed to increase mRNA levels of fatty acid β oxidation-related genes (Figure S3B and S3C). 179 

Furthermore, compared with OA or LA treatment, PA-induced increase of fatty acid oxidation 180 

gene expressions was more robust in vitro (Figures 3D, 3E, S3D and S3E). Thus, these results 181 

revealed that compared with OA or LA, PA may be preferred to enter the mitochondria for fatty 182 

acid β oxidation and that PA-induced mTORC1 activation is associated with mitochondrial fatty 183 

acid β oxidation possibly.  184 

Considering that CPT1B and CPT2 are rate-limiting enzymes of fatty acid β oxidation in 185 

muscle, we suppressed CPT1B and CPT2 by pharmacological inhibition and genetic knockdown 186 

to block fatty acid oxidation (Figure 3F). The results showed that intraperitoneal injection of 187 

dsCPT1B in fish strongly reduced the expression of CPT1B and inhibited the activity of mTORC1 188 

in muscle (Figure 3G). Moreover, respectively incubating fish myocytes and C2C12 myotubes 189 
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with etomoxir or perhexiline maleate, two potent CPT1 inhibitors, attenuated the induction of 190 

mTORC1 signaling under PA treatment (Figures 3H and 3I). Similarly, CPT1B and CPT2 191 

knockdown by small interfering RNA (siRNA) (Figures S3F-S3I) also abrogated the activation of 192 

mTORC1 under PA treatment in C2C12 myotubes (Figures 3J and 3K). These results suggest that 193 

PA-provoked mTORC1 activation is dependent on mitochondrial fatty acid β oxidation and that 194 

the different effects of fatty acid β oxidation among PA, OA or LA may contribute to divergent 195 

effects on mTORC1 regulation. 196 

  Given that hyperactivation of mTORC1 signaling may account for insulin resistance, we 197 

validated whether the inhibition of mitochondrial fatty acid β oxidation contributed to the recovery 198 

of insulin sensitivity under PA treatment. As expected, the suppression of insulin-stimulated 199 

glucose uptake by PA treatment was relieved in fish myocytes with pharmacological inhibition of 200 

fatty acid β oxidation (Figure 3L). Consistently, the phosphorylation levels of AKT were enhanced 201 

in the muscle of fish with intraperitoneal injection of dsCPT1B (Figure 3G). Furthermore, 202 

inhibition of CPT1 by pharmacological inhibitors or siRNA knockdown also improved the 203 

suppression of insulin increased phosphorylation of AKT under PA treatment in fish myocytes and 204 

C2C12 myotubes (Figures 3M-3O). Collectively, these results demonstrate that mitochondrial 205 

fatty acid β oxidation plays a vital role in PA-induced mTORC1 activation and subsequent insulin 206 

resistance. 207 

 208 

Acetyl-CoA derived from mitochondrial fatty acid β oxidation enhances Rheb acetylation to 209 

boost mTORC1 activation and insulin resistance 210 

As acetyl-CoA is the major and final metabolite of mitochondrial fatty acid β oxidation46, we 211 

investigated whether fatty acid β oxidation produced acetyl-CoA mediated the induction of 212 

mTORC1 signaling and insulin resistance. Compared with CON diet, PO diet strongly increased 213 

acetyl-CoA levels in muscle (Figure 4A). Likewise, PA treatment significantly elevated the levels 214 

of intracellular acetyl-CoA in a dose-dependent manner in fish myocytes (Figure 4B). Moreover, 215 

fatty acid β oxidation blocked by perhexiline maleate diminished the induction of acetyl-CoA 216 

levels under PA treatment (Figure 4C). Furthermore, we directly measured the contribution of PA 217 

to the total cellular acetyl-CoA pool using metabolic flux assays. The results showed that 218 

exceeding 60% of the acetyl-CoA pool was PA derived and exceeding 50% of the other 219 
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short/medium-chain fatty acid-CoA pools were PA derived (Figure 4D). Thus, these results 220 

indicated that acetyl-CoA derived from mitochondrial fatty acid β oxidation may play a potential 221 

role in PA-induced hyperactivation of mTORC1. Given that ATP citrate lyase (ACLY) governs 222 

“citrate transport” and is responsible for acetyl-CoA transfer from mitochondria (Figure 4E), 223 

dsRNA-mediated ACLY knockdown was performed in vivo and the results showed that dsACLY 224 

decreased the activity of mTORC1 in muscle (Figure 4F). Similarly, inhibition of ACLY with 225 

BMS-303141 restrained the induction of mTORC1 under PA treatment in fish myocytes (Figure 226 

4G) and ACLY knockdown by siRNA (Figures S4A and S4B) also abrogated PA-induced 227 

mTORC1 activation in C2C12 myotubes (Figures 4H). Furthermore, sodium acetate treatment 228 

which can enhance acetyl-CoA levels via acetyl-CoA synthetase 2 (ACSS2), promoted mTORC1 229 

activation in a dose-dependent manner in fish myocytes and C2C12 myotubes (Figure 4I). Notably, 230 

impaired PA-induced mTORC1 activation by the inhibition of fatty acid β oxidation was rescued 231 

by sodium acetate treatment in fish myocytes and C2C12 myotubes (Figure 4J). These results 232 

indicated that PA-provoked mTORC1 activation is dependent on the acetyl-CoA derived from 233 

mitochondrial fatty acid β oxidation. 234 

  Considering that acetyl-CoA is the direct acetyl donor of acetylation47 and that upregulation of 235 

Rheb or Raptor acetylation contributes to mTORC1 activation48, we measured the acetylation 236 

levels of Rheb and Raptor under PA treatment to further investigate the exact mechanism of 237 

acetyl-CoA mediated-mTORC1 activation. PA treatment elevated the acetylation levels of Rheb in 238 

a dose-dependent manner (Figure 4K), but had no effect on the acetylation levels of Raptor 239 

(Figures S4C and S4D) in fish myocytes and C2C12 myotubes. Furthermore, acetylation levels of 240 

Rheb were elevated in the muscle of fish fed PO diet compared with CON diet (Figure 4L). 241 

Consistently, inhibition of fatty acid β oxidation by perhexiline maleate attenuated PA-stimulated 242 

Rheb acetylation (Figure 4M). However, fish myocytes and C2C12 myotubes with sodium acetate 243 

addition exhibited enhanced Rheb acetylation (Figure 4N). Together, these results suggest that 244 

acetyl-CoA produced by fatty acid β oxidation activates mTORC1 signaling through increasing 245 

Rheb acetylation. 246 

  Next, we investigated the role of acetyl-CoA in PA-induced insulin resistance. As expected, the 247 

phosphorylation levels of AKT were enhanced in the muscle of fish with dsACLY injection 248 

(Figure 4F) and sodium acetate addition blocked the recovery of insulin-stimulated glucose uptake 249 
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and phosphorylation levels of AKT by perhexiline maleate under PA condition (Figures 4O and 250 

4P). Moreover, inhibition of ACLY with BMS-303141 promoted insulin-stimulated 251 

phosphorylation levels of AKT in the presence of PA (Figure 4Q). These results indicate that 252 

acetyl-CoA derived from fatty acid β oxidation mainly mediates PA-induced mTORC1 activation 253 

and insulin resistance. 254 

 255 

Tip60 regulates mTORC1 activity and insulin sensitivity through acetylating Rheb under PA 256 

treatment 257 

As an increase in acetyl-CoA can activate lysine acetyltransferases (KATs) which are responsible 258 

for protein acetylation49, we further identified which KATs mediated the acetylation of Rheb under 259 

PA treatment. The mRNA expression levels of cbp, gcn5 and tip60 were elevated in fish myocytes 260 

and C2C12 myotubes under PA treatment (Figures 5A and 5B). Therefore, inhibitors of CBP/P300 261 

(C646 and spermidine), GCN5 (MB-3) and Tip60 (MG149) were used to evaluate whether these 262 

KATs mediated the regulation of mTORC1 signaling under PA condition. Inhibiting CBP/P300 or 263 

GCN5 did not reduce the activity of mTORC1 under PA condition in C2C12 myotubes (Figures 264 

S5A-S5C). In contrast, treated fish myocytes and C2C12 myotubes with the Tip60 inhibitor 265 

MG149 prevented the induction of mTORC1 activity under PA treatment (Figure 5C), and Tip60 266 

knockdown by siRNA also blocked PA-induced mTORC1 activation in C2C12 myotubes (Figures 267 

5D, S5D and S5E), suggesting that Tip60 may be involved in the regulation of mTORC1 activity 268 

under PA treatment. To further investigate whether the regulation of mTORC1 by Tip60 is 269 

dependent on the acetylation of Rheb, the interaction between Tip60 and Rheb was analyzed via 270 

co-immunoprecipitation assays. The results showed that Tip60 can interact with Rheb in 271 

HEK293T cells (Figure 5E). Moreover, overexpressed Tip60 reinforced the acetylation of Rheb 272 

and phosphorylation levels of S6K in HEK293T cells (Figure 5F). Furthermore, pharmacological 273 

inhibition of Tip60 by MG149 treatment or Tip60 knockdown by siRNA also impaired 274 

PA-induced acetylation of Rheb (Figures 5G and 5H). Notably, OA and LA treatments had no 275 

effect on the mRNA expression of tip60, further confirming the role of Tip60 in the regulation of 276 

mTORC1 signaling (Figures S5F and S5G). These results strongly supported the notion that Tip60 277 

mediated the acetylation of Rheb under PA treatment. 278 

Since the above results demonstrated that Rheb acetylation is associated with insulin resistance 279 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2023. ; https://doi.org/10.1101/2023.08.18.553816doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.18.553816
http://creativecommons.org/licenses/by/4.0/


11 
 

in PA condition, we explored whether Tip60 was a potential therapeutic target for insulin 280 

resistance. Inhibition of Tip60 by MG149 attenuated PA-induced suppression of insulin-stimulated 281 

glucose uptake in C2C12 myotubes (Figure 5I). Consistently, inhibition of Tip60 by MG149 282 

treatment or siRNA knockdown restored insulin-stimulated phosphorylation levels of AKT in the 283 

presence of PA (Figures 5J and 5K). Together, these results suggest that Tip60, which mediates the 284 

regulation of Rheb acetylation, may be a novel therapeutic target for insulin resistance. 285 

 286 

Negative regulation of IRS1 by mTORC1 is associated with PA-induced insulin resistance 287 

To further investigate the mechanism of insulin resistance induced by mTORC1 activation under 288 

PA treatment, we measured the effect of PA on IRS1 phosphorylation, considering that mTORC1 289 

signaling is reported to provoke IRS1 serine phosphorylation50,51. The results showed that PO diet 290 

intensified the S636/S639 phosphorylation in fish muscle, compared with CON diet (Figure 6A). 291 

In line with the in vivo results, PA treatment elevated S636/S639 phosphorylation but decreased 292 

the Y612 phosphorylation of IRS1 in a dose-dependent manner in fish myocytes and C2C12 293 

myotubes (Figure 6B). Moreover, incubating fish myocytes and C2C12 myotubes with rapamycin 294 

or Torin1 (mTOR inhibitor) blocked the increase of IRS1 S636/S639 phosphorylation levels 295 

induced by PA treatment (Figure 6C), and MHY1485 treatment aggravated the induction of IRS1 296 

S636/S639 phosphorylation levels under PA treatment (Figure 6D). Thus, these results indicated 297 

that PA-induced alteration of IRS1 phosphorylation which may contribute to insulin resistance is 298 

dependent on mTORC1 signaling. Intriguingly, we observed that the protein levels of IRS1 were 299 

reduced under PA treatment (Figures 6A and 6B), raising the possibility that PA may impede the 300 

transcription of IRS1. Therefore, we further detected the mRNA levels of irs1 under PA condition 301 

and found that fish fed PO diet had significantly lower mRNA levels of irs1 in muscle compared 302 

with CON diet (Figure 6E). Likewise, PA treatment strongly reduced the mRNA levels of irs1 in 303 

fish myocytes and C2C12 myotubes (Figures 6F and 6G). Nevertheless, PA had no effect on the 304 

mRNA levels of insr and irs2 in vivo and in vitro (Figures 6E-6G). Furthermore, rapamycin and 305 

Torin1 treatments attenuated the decrease of irs1 mRNA levels under PA treatment in fish 306 

myocytes and C2C12 myotubes (Figure 6H). These results indicate that PA-induced mTORC1 307 

activation contributes to the inhibition of IRS1 transcription. Given the role of IRS1 in insulin 308 

signaling, we also analyzed the expression of IRS1 under OA and LA treatments. The results 309 
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showed that OA or LA treatment failed to reduce the mRNA levels of irs1 in vivo (Figure S6A) 310 

and in vitro (Figure S6B). Collectively, these results imply that alteration of IRS1 phosphorylation 311 

and transcription by mTORC1 is involved in the insulin resistance induced by PA. 312 

 313 

PA inhibits the nuclear translocation of TFEB to impede IRS1 transcription 314 

Given that downstream transcription factors of mTORC1 mediate the regulation of gene 315 

transcription, we explored which downstream transcription factor is involved in the inhibition of 316 

IRS1 transcription under PA treatment. Dual luciferase experiments in HEK293T cells showed 317 

that TFEB had the strongest ability to elevate the luciferase activity of the IRS1 promoter among 318 

the crucial downstream transcription factors of mTORC1 (Figure 7A). Moreover, TFEB enhanced 319 

the promoter activity of IRS1 in a dose-dependent manner (Figure 7B), and mutations of the 320 

predicted TFEB binding site 4 and site 6 in IRS1 promoter significantly reduced the promoter 321 

activity of IRS1 in HEK293T cells (Figure 7C). Furthermore, ChIP and EMSA experiments in 322 

HEK293T cells verified that TFEB can directly bind to the IRS1 promoter at site 4 and site 6 323 

(Figures 7D and 7E). Importantly, overexpression of TFEB in fish myocytes also strongly 324 

increased the protein expression levels of IRS1 (Figure 7F). These results suggest that TFEB can 325 

promote IRS1 transcription through binding to the IRS1 promoter region. Next, the effect of PA on 326 

TFEB cellular localization was assayed via cell fractionation analyses and the results showed that 327 

PA treatment prevented the nuclear translocation of TFEB in fish myocytes and C2C12 myotubes 328 

(Figure 7G). Considering that mTORC1 controls TFEB nuclear translocation by phosphorylating 329 

TFEB at Ser21152, fish myocytes and C2C12 myotubes were treated with rapamycin or Torin1 in 330 

the presence of PA. These two inhibitors improved the nuclear translocation of TFEB under PA 331 

treatment (Figure 7H), suggesting that PA-induced mTORC1 activation contributes to defective 332 

nuclear translocation of TFEB, which may induce suppression of IRS1 transcription and 333 

subsequent insulin resistance. To further prove this notion, cultured cells were treated with TFEB 334 

activator 1, a synthesized curcumin derivative that can specifically bind to TFEB and induce 335 

TFEB nuclear translocation53. The results showed that TFEB activator 1 treatment blocked the 336 

decline in IRS1 mRNA and protein expression levels under PA condition (Figures 7I and 7J). 337 

Furthermore, insulin-stimulated phosphorylation levels of AKT in the presence of PA were 338 

attenuated by TFEB activator 1 treatment in fish myocytes and C2C12 myotubes (Figure 7K). 339 
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Taken together, these results indicate that mTORC1 activation induced by PA leads to cytoplasmic 340 

localization of TFEB which inhibits IRS1 transcription and causes insulin resistance. 341 

 342 

Discussion 343 

Dietary habits can affect the metabolic homeostasis and are associated with multiple diseases. 344 

Previous studies in mammals have shown that dietary HFD can lead to severe insulin resistance 345 

and glucose intolerance54,55, indicating a strong correlation between lipid overload and the 346 

development of T2D13. However, not all types of fatty acids can induce insulin resistance. Studies 347 

in humans have shown that replacing a monounsaturated fatty acid (MFA) diet with a SFA diet can 348 

lead to the impairment of insulin pathway, and in human skeletal muscle, dietary PA also induces 349 

more extreme insulin resistance than OA6,56. These studies suggest that the divergent effects of 350 

fatty acids on insulin signaling may depend on saturation, whereas the underlying mechanisms 351 

remain largely obscure. Here, consistent with previous studies, we found that PA (SFA) 352 

contributed to systemic and cellular insulin resistance, but OA (MFA) or LA (polyunsaturated fatty 353 

acid) had no impact on the insulin sensitivity in vivo and in vitro. Notably, we also observed that 354 

in contrast to other AKT downstream kinases, the activity of mTORC1 was boosted in a time- and 355 

dose-dependent manner under PA treatments. However, OA and LA failed to promote mTORC1 356 

activity. Moreover, inhibition of mTORC1 by rapamycin attenuated PA-induced insulin resistance, 357 

while activating mTORC1 by MHY1485 aggravated PA-induced insulin resistance. These results 358 

indicate that SFA-induced insulin resistance is dependent on the hyperactivation of mTORC1. 359 

  mTORC1 is a critical connection between nutritional status and metabolic control. As several 360 

amino acid sensors have been identified in recent years, the mechanisms of amino acid-induced 361 

mTORC1 activation have been well established15. However, progress in determining the 362 

mechanisms of fatty acid-induced mTORC1 activation is limited. Only one recent study suggested 363 

that PA can induce the activation of mTORC1 through STING1-TBK1-SQSTM1 pathway57, and 364 

another study indicated that fatty acid-mediated regulation of mTORC1 activity was dependent on 365 

the de novo synthesis of phosphatidic acid58. But it is still unknown whether there are other 366 

mechanisms involved in the activation of mTORC1 by fatty acids. In this study, we found that 367 

blocked mitochondrial fatty acid β oxidation inhibited PA-induced mTORC1 activation. Moreover, 368 

we also discovered that the reduction of mTORC1 activity by blocking fatty acid β oxidation was 369 
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rescued through sodium acetate treatment under PA conditions and suppression of ACLY 370 

diminished PA-induced mTORC1 activation. Thus, these results indicate that PA-induced 371 

mTORC1 activation is dependent on mitochondrial fatty acid β oxidation and that acetyl-CoA 372 

plays a crucial role in coupling mitochondrial fatty acid oxidation and mTORC1 activity. 373 

  Growing lines of evidence suggested a strong link between mitochondrial fatty acid oxidation 374 

and mTORC1 signaling59. As a central regulator of anabolism, mTORC1 is considered to inhibit 375 

fatty acid β oxidation pathway for energy storage or ketogenesis60. Several studies revealed that 376 

restrained mTORC1 by rapamycin induced fatty acid β oxidation in rat hepatocytes through 377 

increasing expression of fatty acid β oxidation related enzymes61,62. Likewise, mice with 378 

whole-body knockout of S6K1 showed enhanced fatty acid β oxidation and increased expression 379 

levels of CPT1 in isolated adipocytes21, and S6K1/S6K2 double-knockout mice also exhibited 380 

elevated fatty acid β oxidation of in isolated myoblasts by activating AMPK60. Furthermore, a 381 

recent study has established that FOXK1 can mediate the inhibition of fatty acid β oxidation by 382 

mTORC163. Thus, these collective data revealed that fatty acid β oxidation was restrained by 383 

mTORC1. However, conversely, the role of mitochondrial fatty acid oxidation in the regulation of 384 

mTORC1 is still controversy. A study in prostate cancer cells suggested that inhibited fatty acid β 385 

oxidation by etomoxir reduced mTORC1 activity64, and another study found that deleting CPT1B 386 

specifically in skeletal muscle of mice suppressed mTORC1 by provoking AMPK activation65. 387 

Consistent with these studies, our results showed that acetyl-CoA derived from mitochondrial fatty 388 

acid β oxidation induced mTORC1 activation under PA treatment, indicating that acetyl-CoA may 389 

be a novel insight linking fatty acid β oxidation and mTORC1 signaling. Paradoxically, unlike 390 

other studies, a recent study found that mice with heart specific CPT2-deficient exhibited 391 

induction of mTORC1 pathway. Thus, the effects of fatty acid β oxidation on mTORC1 pathway 392 

are complicated and may differ under variable physiological and pathological conditions. Further 393 

studies are needed to determine the sophisticated mechanisms underlying the regulation of fatty 394 

acid β oxidation on mTORC1 signaling. 395 

In this study, we also found that PA, OA or LA had different effects on mitochondrial fatty acid 396 

β oxidation. Using LC–MS, we showed that PA treatment increased the contents of 397 

short/medium-chain acyl-CoA and acylcarnitine in comparison with OA or LA treatment. 398 

Moreover, seahorse real-time cell metabolic analysis showed that PA treatment elevated 399 
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mitochondrial OCR and maximal oxygen consumption rates compared with OA or LA. Likewise, 400 

PA-induced increase of fatty acid oxidation-related gene expressions was more robust than OA or 401 

LA in vivo and in vitro. Thus, these results suggested that although all three fatty acids can be 402 

oxidation in mitochondria, PA may be preferred to enter the mitochondria for fatty acid β 403 

oxidation, compared with OA or LA. Previous studies have found that OA is more inclined to 404 

synthesize triglycerides to induce the formation of lipid droplets than PA66,67. Likewise, we also 405 

found that OA significantly increased the contents of 18:1-CoA in comparison with PA. Thus, we 406 

speculate that, after entering the cell, OA is more preferentially synthesized to triglyceride for 407 

storage than fatty acid oxidation. Moreover, LA is considered to be a precursor of arachidonic acid, 408 

and can be converted to a myriad of bioactive compounds called eicosanoids68. Similarly, we 409 

found that LA markedly elevated the contents of 18:2-CoA/18:3-CoA. Thus, we conjecture that 410 

LA preferentially synthesizes functional lipids compared to entering mitochondria for fatty acid 411 

oxidation. Together, differences in the levels of acetyl-CoA produced by these three fatty acids 412 

may be related to their metabolic pathway preferences. There may be two reasons for why PA 413 

prefers to enter mitochondrial for fatty acid oxidation. On one hand, due to differences in the 414 

structure of PA, OA and LA, the substrate affinity of CPT1B to these fatty acyl-CoAs may be 415 

different, that may contribute to the different rates of fatty acid to enter into mitochondria. On the 416 

other hand, in contrast to the β-oxidation of SFAs, the β-oxidation of UFAs requires the 417 

involvement of 2,4-dienoyl-CoA reductase69, and thus the β-oxidation of SFAs may be more 418 

efficient. However, the current understanding of differences in fatty acid oxidation between SFAs 419 

and UFAs is insufficient, so more studies are needed in the future to further explore the underling 420 

mechanisms behind these differences. 421 

Previous studies have shown that impaired mitochondrial fatty acid oxidation contributes to 422 

insulin resistance and that improved mitochondrial fatty acid oxidation capacity can ameliorate 423 

insulin resistance provoked by diet or obesity70,71. However, some studies challenged this theory 424 

by showing that CPT1B or CPT2 muscle-specific knockout mice exhibited resistance to 425 

diet-induced insulin resistance72,73. Moreover, mice lacking malonyl-CoA decarboxylase (MCD), 426 

an enzyme that stimulates fatty acid oxidation by reducing malonyl-CoA-mediated restriction of 427 

CPT1, exhibited improved glucose intolerance provoked by diet74. In the present study, we 428 

observed that restraining fatty acid β oxidation enhanced insulin-stimulated glucose uptake and 429 
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phosphorylation of AKT under PA conditions. Furthermore, sodium acetate addition blocked the 430 

recovery of insulin-stimulated glucose uptake and phosphorylation of AKT by perhexiline maleate. 431 

Thus, our results indicate that PA-induced insulin resistance is dependent on mitochondrial fatty 432 

acid β oxidation and that targeting fatty acid β oxidation may be a potential therapeutic strategy 433 

for SFA diet-induced insulin resistance. These results also further reveal a novel role for 434 

acetyl-CoA in mediating the link between fatty acid β oxidation and insulin resistance. 435 

Acetyl-CoA is not only a metabolite of the TCA cycle, but also serves as a substrate for 436 

acetylation modification. Several studies have revealed that acetyl-CoA derived from fatty acid 437 

oxidation can regulate cellular functions under physiological or pathological conditions by altering 438 

protein acetylation modifications. For example, acetyl-CoA derived from fatty acid oxidation 439 

promoted lymphangiogenesis by facilitating the acetylation of histones by histone 440 

acetyltransferase p300 at lymphangiogenic genes75, and acetyl-CoA produced by fatty acid 441 

oxidation contributed to aggressive growth of glioblastoma multiforme by upregulating 442 

NF-κB/RelA acetylation76. Our previous study also showed that acetyl-CoA derived from fatty 443 

acid oxidation increased p65 acetylation to intensify inflammation77. In addition, acetylation 444 

modification can also regulate mTORC1 activity through acetylating mTORC1 components or 445 

their associated proteins including Raptor and Rheb32,35. Therefore, we hypothesized that 446 

acetylation modification may mediate PA-induced mTORC1 activity. The results showed that PA 447 

enhanced the acetylation levels of Rheb in a dose-dependent manner but had no effect on Raptor 448 

acetylation. Likewise, restriction of fatty acid oxidation attenuated the induction of Rheb 449 

acetylation under PA treatment and sodium acetate treatment aggravated Rheb acetylation in the 450 

presence or absence of PA treatment. As previous studies have shown that Rheb acetylation is 451 

essential for mTORC1 activation and that Rheb is also a highly conserved protein35, we consider 452 

that acetyl-CoA derived from fatty acid oxidation upregulates Rheb acetylation which induces 453 

mTORC1 activation under PA condition. 454 

In addition to the substrate acetyl-CoA, acetylation modification usually requires the 455 

engagement of acetyltransferases. A recent study showed that CBP has the strongest ability to 456 

acetylate Rheb in HEK293T cells35. However, in the present study, inhibition of CBP by C646 and 457 

spermidine failed to alleviate PA-induced mTORC1 activation, suggesting that other 458 

acetyltransferases may mediate Rheb acetylation under PA condition. Subsequent results found 459 
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that suppression of Tip60 by pharmacological inhibitors or siRNA knockdown relieved the 460 

induction of mTORC1 under PA treatment. Consistently, suppression of Tip60 by MG149 461 

treatment or siRNA knockdown reduced PA-induced Rheb acetylation. Furthermore, Co-IP assays 462 

also demonstrated the interaction between Tip60 and Rheb. Taken together, these results indicate 463 

that Tip60 mediates Rheb acetylation to activate mTORC1 signaling under PA condition. In line 464 

with our results, a recent study also found that Tip60 can regulate triacylglycerol synthesis by 465 

acetylating lipin 1 in response to fatty acids stimulation78. Therefore, Tip60 may be a vital node 466 

connecting fatty acid sensing and acetylation modification. In this study, we found that acetyl-CoA 467 

derived from mitochondrial fatty acid β oxidation fueled Tip60-mediated Rheb acetylation to 468 

induce mTORC1 activation under PA treatment, which may provide novel insight into the 469 

mechanism of lipid sensing by mTORC1. Furthermore, we also found that reducing Rheb 470 

acetylation by inhibiting ACLY or Tip60 ameliorated PA-induced insulin resistance. Considering 471 

that chronic suppression of mTORC1 by pharmacological inhibitors such as rapamycin leads to 472 

glucose intolerance through hindering mTORC2, targeting mitochondrial fatty acid β oxidation 473 

mediated acetyl-CoA production or Tip60-mediated Rheb acetylation may provide novel 474 

therapeutic opportunities for lipid surplus induced T2D.  475 

Aberrant regulation of mTORC1 is associated with the development of T2D. Numerous studies 476 

have unveiled that mTORC1 activation induces phosphorylation-dependent degradation of IRS1 477 

to impede insulin signaling20,21. However, whether mTORC1 signaling regulates the transcription 478 

of IRS1 remains elusive. Consistent with these studies, our current results also showed that PA 479 

treatment reinforced the S636/S639 phosphorylation of IRS1 in an mTORC1-dependent manner. 480 

Notably, the mRNA expression of irs1 was decreased by PA and rapamycin or Torin1 treatment 481 

upregulated the mRNA expression of irs1 under PA treatment, indicating that mTORC1 signaling 482 

also mediated the transcriptional regulation of IRS1. Furthermore, we identified TFEB may play 483 

an important role in IRS1 transcription and this notion was strongly supported by the results from 484 

ChIP and EMSA assays. Moreover, current study also showed that PA treatment inhibited the 485 

nuclear translocation of TFEB by activating mTORC1 pathway and that enhancing TFEB 486 

expression by TFEB activator 1 attenuated PA-induced glucose intolerance and insulin resistance. 487 

Consistent with our results, a study in adipose tissue macrophages showed that lysosomal stress 488 

response provokes TFEB-GDF15 to protect against obesity and insulin resistance79. Therefore, 489 
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besides regulating lysosomal biogenesis and autophagy, TFEB also serves as a vital modulator of 490 

glucose homeostasis and insulin sensitivity, which may provide a novel mechanistic clue for 491 

developing therapeutic strategies to combat T2D. 492 

In summary, our work unveils an evolutionarily conserved mechanism by which mitochondrial 493 

fatty acid β oxidation flux of acetyl-CoA induces mTORC1 activation through enhancing 494 

Tip60-mediated Rheb acetylation under PA condition. Subsequently, hyperactivation of mTORC1 495 

boosted serine phosphorylation of IRS1 and inhibited TFEB-mediated transcription of IRS1, 496 

leading to insulin resistance (Figure 8). These findings may provide insight for understanding the 497 

mechanism of SFA- or lipid surplus-induced insulin resistance and open a promising therapeutic 498 

avenue to improve insulin sensitivity and glucose tolerance. 499 

 500 

Methods 501 

Animal studies 502 

Four-month-old large yellow croakers of similar size (mean weight 15.67 ± 0.11 g) were obtained 503 

from the Aquatic Seeds Farm of the Marine and Fishery Science and Technology Innovation Base 504 

(Ningbo, Zhejiang, China) and bred in floating sea cages at 26.8 ± 3°C, 30.8-35.7‰ salinity and 505 

6–7 mg/L dissolved oxygen. The fish were randomly divided into four groups that were fed 506 

diverse experimental diets. Four isonitrogenous (42% crude protein) and isolipidic (12% crude 507 

lipid) experimental diets were formulated, containing control diet (fish oil as a source of dietary 508 

fat) which is suitable for large yellow croaker growth, PA rich diet (palm oil as a source of dietary 509 

fat), OA rich diet (olive oil as a source of dietary fat) and LA rich diet (soybean oil as a source of 510 

dietary fat). The fatty acid profiles of these four diets are listed in Table S1. The male and female 511 

fish were fed each diet twice a day at 05:00 and 17:00 for 10 weeks. At the end of the feeding trial, 512 

MS222 (1:10, 000; Sigma, USA) was used to anesthetize the fish, and the liver, muscle and 513 

plasma of these fish were sampled for subsequent analysis. 514 

  DsRNA was synthesized using the TranscriptAid T7 High Yield Transcription Kit (Thermo 515 

Fisher Scientific, USA) according to the manufacturer’s instructions. Fish were intraperitoneally 516 

injected with dsRNA-control, dsRNA-CPT1B or dsRNA-ACLY for 36 h at a dose of 2 μg/g 517 

according to the body weight. Sampling collection was the same as described above. 518 

In the current study, all experimental procedures performed on fish were conducted in strict 519 
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accordance with the Management Rule of Laboratory Animals (Chinese Order No. 676 of the 520 

State Council, revised 1 March 2017). 521 

 522 

Cell culture 523 

Primary myocytes were isolated from large yellow croaker according to the following methods. 524 

Muscle tissues were removed and placed in sterile phosphate buffer (PBS, Biological Industries, 525 

Israel) containing penicillin (Solarbio, China) and streptomycin (Solarbio, China). Then, tissues 526 

were cut into small pieces in Dulbecco’s modified Eagle medium/Ham’s F12 medium (1:1) 527 

(DMEM/F12, Biological Industries) and washed twice with DMEM/F12 medium to remove serum. 528 

Subsequently, tissues were digested with 0.2% trypsin (Thermo Fisher Scientific, USA) for 20 min 529 

and washed twice with DMEM/F12 medium. Later, after digestion with 0.1% trypsin for another 530 

10 min and neutralization with DMEM/F12 medium with fetal bovine serum (FBS, Biological 531 

Industries), the cell precipitates were resuspended in DMEM complete medium composed of 532 

DMEM/F12 medium supplemented with 15% FBS, 100 U penicillin and 100 mg/mL streptomycin. 533 

The cell suspension was inoculated into a six-well culture plate and incubated at 28°C under 5% 534 

CO2. 535 

Mouse C2C12 myoblast cells were obtained from the Cell Bank of the Chinese Academy of 536 

Sciences (Shanghai, China) and were cultured in Dulbecco’s modified Eagle medium (DMEM, 537 

Biological Industries) supplemented with 10% fetal bovine serum, 100 units/mL penicillin and 538 

100 mg/mL streptomycin within an atmosphere of 5% CO2 at 37°C. To induce differentiation and 539 

myotube formation, 10% fetal bovine serum was substituted by 2% horse serum (Gibco, USA) in 540 

DMEM with penicillin and streptomycin. After 5 days, the differentiated myotubes were used for 541 

subsequent assays. 542 

HEK293T cells were obtained from the Cell Bank of the Chinese Academy of Sciences 543 

(Shanghai, China) and were cultured in DMEM supplemented with 10% FBS, 100 units/mL 544 

penicillin and 100 mg/mL streptomycin at 37°C with 5% CO2. 545 

 546 

Cell treatments 547 

For PA, OA or LA in vitro treatment, fatty acid free BSA (Equitech-Bio, USA) was dissolved in 548 

FBS-free DMEM at room temperature according the ratio 1:100 (1 g fatty-acid free BSA: 100 ml 549 
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FBS-free DMEM). 500 mg PA (Merck, Cat#P0500), OA (Merck, Cat#O1008) or LA (Merck, 550 

Cat#L1376) was dissolved in 10 ml ethanol to obtain PA, OA or LA stock solution respectively. 551 

Then PA, OA or LA stock solution was blow-drying with nitrogen gas and was dissolved in 0.1 M 552 

NaOH and warming at 75°C until clear to obtain 100 mM PA, OA or LA solution. Subsequently, 553 

100 mM PA, OA or LA solution was added to 1% BSA solution according the ratio 1:100 (100 554 

mM PA:1% BSA, v/v) at 50°C. Finally, the mixture was filtered using a 0.45 μM filter and stored 555 

at -20°C. Fatty acid treatment was carried out by incubating fish primary myocytes or C2C12 556 

myotubes with serum free media containing the indicated concentrations of PA, OA or LA for 12 557 

h-24 h. 558 

For insulin in vitro treatment, insulin powder (Merck, USA) was dissolved in hydrochloric acid 559 

(pH=2) to obtain 1 mg/ml stock solution. Insulin stimulation was performed by treating fish 560 

primary myocytes or C2C12 myotubes with 100 nM insulin for 5 min. 561 

For rapamycin or Torin1 in vitro treatment, rapamycin (Med Chem Express, #HY-10219, USA) 562 

or Torin1 (Med Chem Express, #HY-13003, USA) was dissolved in dimethyl sulfoxide (DMSO, 563 

Solarbio, China) to obtain 1 mM stock solution respectively. To inhibit mTORC1, 500 nM 564 

rapamycin or 500 nM Torin1 treatment was added to the culture medium of fish primary myocytes 565 

or C2C12 myotubes for 12 h in the presence or absence of PA. 566 

For MHY1485 in vitro treatment, MHY1485 (Med Chem Express, #HY-B0795, USA) was 567 

dissolved in DMSO (Solarbio, China) to obtain 10 mM stock solutions. To activate mTORC1, 10 568 

μM MHY1485 was added to the culture medium of fish primary myocyte for 12 h in the presence 569 

or absence of PA. 570 

For etomoxir or perhexiline maleate in vitro treatments, etomoxir (Med Chem Express, 571 

#HY-50202, USA) or perhexiline maleate (Med Chem Express, #HY-B1334A, USA) was 572 

dissolved in DMSO (Solarbio, China) to obtain 50 mM stock solution respectively. To inhibit 573 

mitochondrial fatty acid β oxidation, 50 μM etomoxir or 25 μM perhexiline maleate was added to 574 

the culture medium of fish primary myocytes or C2C12 myotubes for 12 h in the presence or 575 

absence of PA. 576 

For BMS-303141 treatment, BMS-303141 (Med Chem Express, #HY-16107, USA) was 577 

dissolved in DMSO (Solarbio, China) to obtain 25 mM stock solutions. To inhibit ACLY, 25 μM 578 

BMS-303141 was added to the culture medium of fish primary myocytes for 12 h in the presence 579 
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or absence of PA. 580 

For sodium acetate treatment, sodium acetate (Merck, #S2889, USA) was dissolved in ultrapure 581 

water from a Milli-Q water system to obtain 5M stock solution. To increase the content of cellular 582 

acetyl-CoA, the indicated concentrations of sodium acetate were added to the culture medium of 583 

fish primary myocytes and C2C12 myotubes for 12 h in the presence or absence of PA. 584 

For C646, spermidine or MB-3 treatment, C646 (Med Chem Express, #HY-13823, USA), 585 

spermidine (Med Chem Express, #HY-B1776, USA) or MB-3 (Merck, #M2449, USA) was 586 

dissolved in DMSO (Solarbio, China) to obtain 50 mM stock solution respectively. To inhibit 587 

CBP/P300, the indicated concentrations of C646 or spermidine were added to the culture medium 588 

of C2C12 myotubes for 12 h in the presence of PA. To inhibit GCN5, the indicated concentrations 589 

of MB-3 were added to the culture medium of C2C12 myotubes for 12 h in the presence of PA. 590 

  For MG149 treatment, MG149 (Med Chem Express, #HY-15887, USA) was dissolved in 591 

DMSO (Solarbio, China) to obtain 150 mM stock solution. To inhibit Tip60, 150 μM MG149 was 592 

added to the culture medium of fish primary myocytes or C2C12 myotubes for 12 h in the 593 

presence or absence of PA. 594 

  For TFEB activator 1 treatment, TFEB activator 1 (Med Chem Express, #HY-135825) was 595 

dissolved in DMSO (Solarbio, China) to obtain 10 mM stock solution. To activate TFEB, 15 μM 596 

TFEB activator 1 was added to the culture medium of fish primary myocytes and C2C12 597 

myotubes for 12 h in the presence or absence of PA. 598 

 599 

siRNA transfection 600 

C2C12 cells were seeded in plates with DMEM containing 10% FBS and then differentiated for 5 601 

days with DMEM containing 2% horse serum. Differentiated myotubes were transiently 602 

transfected with siRNAs (siRNAs against CPT1B, CPT2, ACLY or Tip60 and scramble siRNA 603 

were commercially synthesized (GenePharma, China)) using Lipofectamine™ RNAiMAX 604 

(Invitrogen, USA) according to the manufacturer’s instructions. Knockdown efficiency was 605 

verified by quantitative PCR and immunoblotting. The siRNA sequences used are listed in Table 606 

S2. 607 

 608 

NEFA, TG, glucose and insulin content assays 609 
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The plasma NEFA level was measured by Non-esterified Fatty Acids (NEFA) Assay Kit according 610 

to the manufacturer’s instructions (Nanjing Jiancheng Bio-Engineering Institute, China). The TG 611 

content was analyzed by Triglyceride (TG) Content Assay Kit (Applygen Technologies Inc., 612 

China). The fasted blood glucose and insulin contents were tested by Glucose Assay Kit 613 

(Applygen Technologies Inc., China) and Fish INS ELISA Assay Kit (CUSABIO Technology, 614 

USA) according to the manufacturer’s instructions. 615 

 616 

ITT and GTT 617 

Assays were carried out on large yellow croaker fed CON diet or PO diet after 10 weeks. For 618 

GTTs, fish were fasted for 24 h and then intraperitoneally injected with glucose (0.9g/kg body 619 

weight). Blood was sampled at 0 h, 0.5 h, 1 h, 2 h, 4 h and 8 h after injection with glucose. For 620 

ITTs, fish were fasted for 24 h and then intraperitoneally injected with insulin (0.052mg/kg body 621 

weight). Blood was sampled at 0 h, 0.5 h, 1 h, 2 h, 4 h and 8 h after injection with insulin. 622 

 623 

Glucose uptake 624 

Glucose uptake was detected by 2-DG uptake assays using a Glucose Uptake-Glo™ Assay 625 

(Promega, J1341, USA) according to the manufacturer’s instructions. In brief, cells plated in 626 

96-well plates were incubated with the indicated treatments without serum or glucose and 627 

stimulated with 100 nM insulin for 1 h. Then after treatment with 2-DG for 10 min, cells were 628 

lysed in stop buffer and neutralized with neutralization buffer. The lysates were treated with 629 

2DG6P detection reagent and luminescence was recorded in 0.5 s intervals. 630 

 631 

Acyl-CoA and acyl-carnitine quantification by LC/MS 632 

Fish myocytes were incubated with 800 μM PA, OA or LA for 12 h before collection and freezing. 633 

Analysis of acyl-CoAs and acyl-carnitines was carried out at LipidALL Technologies as 634 

previously described80. Briefly, 300 µL of extraction buffer containing isopropanol, 50 mM 635 

KH2PO4, 50 mg/mL BSA (25:25:1 v/v/v) acidified with glacial acetic acid was added to cells. 636 

Next, 19:0-CoA and d3-16:0-carnitine was added as internal standards and lipids were extracted 637 

by incubation at 4 °C for 1 h at 1500 rpm. Following this, 300 µL of petroleum ether was added 638 

and the sample was centrifuged at 12000 rpm for 2 min at 4 °C. The upper phase was removed. 639 
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The samples were extracted two more times with petroleum ether as described above. To the lower 640 

phase finally remaining, 5 µL of saturated ammonium sulfate was added followed by 600 µL of 641 

chloroform:methanol (1:2 v/v). The sample was then incubated on a thermomixer at 450 rpm for 642 

20 min at 25 °C, followed by centrifugation at 12000 rpm for 5 min at 4 °C. Clean supernatant 643 

containing long-chain acyl-CoAs was transferred to fresh tube and subsequently dried in the 644 

SpeedVac under OH mode (Genevac). To improve recovery of polar short-chain CoAs, the 645 

remaining pellet was extracted with 1 ml trichloroacetic acid. The acidic extract was purified by 646 

solid phase extraction using Oasis HLB 1cm3 (30 mg) SPE columns from Waters. The purified 647 

extract containing polar CoAs was dried in a SpeedVac under OH mode. The two extracts were 648 

combined and resuspended in methanol:water (9:1 v/v) containing 0.05% acetic acid, and 649 

analyzed on a Shimadzu 40X3B-UPLC coupled to Sciex QTRAP 6500 Plus. 650 

 651 

Metabolic flux analysis 652 

For metabolic-tracing analyses, fish myocytes were exposed to 800 μM [U-13C16]-palmitate 653 

(Merck, #605573, USA) for 24 h. Analysis of acyl-CoAs was carried out at LipidALL 654 

Technologies as previously described80 and follow the same steps as described in the acyl-CoA 655 

and acyl-carnitine quantification by LC/MS.  656 

 657 

Oxygen consumption rate (OCR) measurement 658 

Oxygen consumption rate (OCR) was measured using the seahorse XF 24 Flux Analyzer 659 

(Seahorse Biosciences, USA) according to the manufacturer's protocol. Briefly, fish myocytes 660 

were planted in a XF24-well plate (Seahorse Biosciences, USA) and were treated with PA, OA or 661 

LA for 12 h before OCR measurement. Then myocytes were incubated with unbuffered assay 662 

media at 37°C in ambient CO2 for 1 h. The OCRs of different states were measured by treating 663 

myocytes with oligomycin (1.5 μM), FCCP (2 μM) and antimycin & rotenone (0.5 μM), 664 

respectively. Myocytes were then collected for determinations of protein content (BCA). 665 

 666 

RNA extraction and reverse transcriptase-quantitative PCR (RT-qPCR) 667 

Total RNA from tissues and cells was extracted using TRIzol reagent (Takara, Japan) and were 668 

reversed transcribed into first-strand cDNA using the PrimeScript RT Reagent Kit (Takara) 669 
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according to the manufacturer’s instructions. RT-qPCR was carried out using SYBR qPCR 670 

MasterMix (Vazyme, China). To calculate the expression of genes, the mRNA expression of genes 671 

was normalized to the expression of the β-actin gene and the comparative cycle threshold (CT) 672 

method (2−▵▵CT method) was employed. The primers used for qPCR are listed in Table S2. 673 

 674 

Acetyl-CoA measurement 675 

The intracellular acetyl-CoA content was assayed using an Acetyl-Coenzyme A Assay Kit 676 

(MAK039, Sigma) according to the manufacturer’s instructions. Briefly, the samples were 677 

deproteinized by perchloric acid and the Acetyl-CoA Quencher, and Quench Remover were added 678 

to the samples to correct for background. Then the samples were mixed with reaction buffer and 679 

incubated for 10 min at 37°C. The fluorescence was tested using a plate reader and the following 680 

settings: λex535 nm; λem 587 nm. 681 

 682 

Western blot analysis 683 

Total proteins were extracted from tissues and cells using RIPA lysis buffer (Solarbio, China) 684 

containing protease and phosphatase inhibitors (Roche, Germany). Nuclear protein was collected 685 

using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, USA) 686 

according to the manufacturer’s instructions. Equivalent amounts of denatured protein 687 

homogenate were resolved by SDS-PAGE on 10% polyacrylamide gels and transferred to a 688 

polyvinylidene difluoride membrane (Millipore, USA). After blocking at room temperature for 2 h, 689 

the membranes were incubated with primary antibodies overnight. Then the membranes were 690 

incubated with secondary antibodies and visualized with BeyoECL Plus Reagent (Beyotime 691 

Biotechnology, China). Antibodies against Phospho-AKT (Ser473) (#4060), Phospho-AKT 692 

(Thr308) (#13038), AKT (#9272), Phospho-S6K (Thr389) (#9205), S6K (#9202), Phospho-S6 693 

(Ser240/244) (#5364), S6 (#2217), Phospho-GSK-3β (Ser9) (#5558), GSK-3β (#12456), 694 

Phospho-AS160 (Thr642) (#8881), AS160 (#2670), Rheb (#13879), Raptor (#2280), 695 

Phospho-IRS-1 (Ser636/639) (#2388), IRS1 (#3407), PCNA (#13110), Acetylated-Lysine (#9441), 696 

DYKDDDDK Tag (#14793) and HA Tag (#3724) were purchased from Cell Signaling 697 

Technology (USA). Antibodies against CPT1B (#22170-1-AP), CPT2 (#26555-1-AP) and Tip60 698 

(#10827-1-AP) were purchased from Proteintech (USA). Antibodies against Phospho-IRS1 (Y612) 699 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2023. ; https://doi.org/10.1101/2023.08.18.553816doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.18.553816
http://creativecommons.org/licenses/by/4.0/


25 
 

(#MAB7314) was purchased from RnD systems (USA). Antibody against TFEB (#NB100-1030) 700 

was obtained from Novus (USA). Antibody against GAPDH (#TA-08) and HRP-conjugated 701 

secondary antibodies were purchased from Golden Bridge Biotechnology (China). 702 

 703 

Plasmid constructs 704 

For expression plasmids, the open reading frames (ORFs) of ATF4, PPARα, PPARγ, TFEB and 705 

HIF1α of the large yellow croaker were amplified and subcloned into the PCS2 vector. A FLAG 706 

tag was inserted into the pcDN13.1-TFEB expression plasmid. The pcDNA3.1-Tip60 (mouse)-HA 707 

plasmid was purchased from Youbio (China) and the pEnCMV-RHEB (mouse)-3×FLAG plasmid 708 

was purchased from Miaolingbio (China). For reporter plasmids, the IRS1 wild-type promoter 709 

fragment was cloned from the large yellow croaker genomic DNA and then subcloned into the 710 

PGL6 vector. The TFEB binding sites on the IRS1 promoter fragment were predicted using the 711 

online JASPAR (http://jaspar.genereg.net/) and the IRS1 mutated-type promoter fragments 712 

(PGL6-1-mut, PGL6-2-mut, PGL6-3-mut, PGL6-4-mut, PGL6-5-mut, PGL6-6-mut) were 713 

generated by in vitro site-directed mutagenesis (Vazyme, China). The primers used are listed in 714 

Table S2. 715 

 716 

Immunoprecipitation (IP) and co-immunoprecipitation (Co-IP) 717 

For IP analyses, after treatment, cells were lysed with Cell Lysis Buffer for Western Blotting and 718 

IP (Beyotime Biotechnology, China) for 20 min. Then, moderate amounts of anti-ac-K antibody 719 

agarose beads (Cytoskeleton, Inc., USA) were added to the lysate and incubated for 12 h at 4°C. 720 

The immunoprecipitates were washed five times with lysis buffer and mixed with loading buffer. 721 

Then, the denatured mixture was analyzed by immunoblotting. 722 

For Co-IP, HEK293T cells were lysed with Cell Lysis Buffer for Western Blotting and IP 723 

(Beyotime Biotechnology, China) for 20 min after transfection with Rheb-Flag and Tip60-HA for 724 

48 h. Then, the lysate was incubated with ANTI-Flag M2 Affinity Gel (Sigma, USA) or Pierce 725 

anti-HA agarose (Thermo Fisher Scientific, USA) at 4°C for 4 h. After washing with the lysis 726 

buffer and TBST five times, the binding components were eluted using the Flag peptide 727 

(MedChem Express, USA) or HA peptide (MedChem Express, USA) and analyzed by 728 

immunoblotting. 729 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2023. ; https://doi.org/10.1101/2023.08.18.553816doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.18.553816
http://creativecommons.org/licenses/by/4.0/


26 
 

 730 

Dual-luciferase reporter assay 731 

HEK293T cells were seeded in 24-well plates and transfected with the expression vector, the 732 

promoter reporter vector and the pRL-CMV Renilla luciferase plasmid using Lipofectamine 2000 733 

reagent (Invitrogen, USA). After transfection for 24 h, cells were harvested and the luciferase 734 

activity was measured using the Dual-Luciferase Reporter Assay SystemKit (TransGen Biotech 735 

Co., Ltd., China) according to the manufacturer’s instructions. 736 

 737 

Chromatin immunoprecipitation assay (ChIP) 738 

The pcDNA3.1-TFEB-Flag vector and PGL6-IRS1 promoter vector were co-transfected into 739 

HEK293T cells. After 48 h, the HEK293 cells were fixed with formaldehyde at 37°C for 10 min 740 

and were analyzed using a ChIP Assay kit (Beyotime Biotechnology, China) according to the 741 

manufacturer’s instructions. Immunoprecipitated DNA was assayed using primers specific for the 742 

IRS1 promoter region by PCR. The primers used for ChIP are listed in Table S2. 743 

 744 

Electrophoretic mobility shift assay (EMSA) 745 

HEK293T cells were transfected with the PCS2-TFEB vector. After 48 h, the nuclear protein was 746 

collected with NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, 747 

USA). The sequences of 5′-biotin-labeled double-stranded oligomers are listed in Table S2. Then, 748 

the DNA-protein interaction was detected with a LightShiftTM Chemiluminescent electrophoretic 749 

mobility shift assay (EMSA) kit (Thermo Fisher Scientific, USA). The primers used for EMSA are 750 

listed in Table S2. 751 

 752 

Statistical analysis 753 

The data are presented as the means ± SEM and were analyzed using independent t-tests for two 754 

groups and one-way ANOVA with Tukey’s test for multiple groups in SPSS 23.0 software. p< 0.05 755 

was considered to indicate statistical significance. The number of replicates for each experiment is 756 

indicated in the figure legends. 757 

 758 
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Figures 972 

Figure 1 973 

 974 

Figure 1. Palmitic acid triggers systemic and cellular insulin resistance 975 
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(A-F, I) Fish were fed with control (CON) or palmitic acid (PA) rich (PO) diet for 10 weeks. After 976 

12 h fasting, final body weight and blood glucose were measured; plasma, liver and muscle 977 

samples were collected.  978 

(A) Final body weight of fish fed CON or PO diet for 10 weeks (n=10).  979 

(B) Plasma nonesterified free fatty acid (NEFA) of fish fed different diets (n=8).  980 

(C and D) TG levels in liver (C) and skeletal muscle (D) were measured in fish fed different diets 981 

(n=6).  982 

(E and F) Blood glucose (E) and plasma insulin levels (F) were measured in fasted fish fed 983 

different diets (n=6).  984 

(G and H) Glucose tolerance (GTT, G) and insulin tolerance tests (ITT, H) were evaluated in fish 985 

after treatment with different diets (n=6).  986 

(I) Phosphorylation levels of AKT were measured by immunoblotting in liver and skeletal muscle 987 

of fish fed different diets (n=6).  988 

(J) TG levels in fish myocytes were analyzed under control or PA treatment (n=3).  989 

(K) Insulin-stimulated glucose uptake was detected by 2-DG uptake assays under control or PA 990 

treatment for 12 h in fish myocytes (n=3).  991 

(L) Phosphorylation levels of AKT in fish myocytes and C2C12 myotubes were tested by 992 

immunoblotting in the presence of the indicated concentrations of PA for 12 h (n=3).  993 

(M) Phosphorylation levels of the indicated proteins in fish myocytes and C2C12 myotubes were 994 

detected by immunoblotting (n=3). Cells were pretreated with control or PA for 12 h, and then 995 

stimulated with insulin for 5 min. The results are presented as the mean ± SEM and were analyzed 996 

using independent t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S1. 997 
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Figure 2 999 

 1000 

Figure 2. Hyperactivation of mTORC1 is associated with PA-induced insulin resistance 1001 

(A) mTORC1 pathway activity was measured by immunoblotting for the phosphorylation of S6K 1002 

and S6 in skeletal muscle of fish fed CON or PO diet (n=6).  1003 
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(B) mTORC1 pathway activity was tested by immunoblotting in fish myocytes under control or 1004 

PA treatment for 8 h, 12 h and 24 h (n=3).  1005 

(C) mTORC1 pathway activity was assayed by immunoblotting in fish myocytes and C2C12 1006 

myotubes in the presence of the indicated concentrations of PA for 12 h (n=3).  1007 

(D) mTORC1 pathway activity was analyzed by immunoblotting in fish myocytes and C2C12 1008 

myotubes under control or PA treatment in the presence or absence of rapamycin for 12 h (n=3).  1009 

(E) Insulin-stimulated glucose uptake was detected by 2-DG uptake assays in fish myocytes under 1010 

control or PA treatment with or without rapamycin for 12 h (n=3).  1011 

(F) Phosphorylation levels of AKT in fish myocytes and C2C12 myotubes were detected by 1012 

immunoblotting (n=3). Cells were pretreated with control or PA treatment in the presence or 1013 

absence of rapamycin for 12 h, and then stimulated with insulin for 5 min.  1014 

(G) mTORC1 pathway activity was measured by immunoblotting in fish myocytes under control 1015 

or PA treatment with or without MHY1485 for 12 h (n=3).  1016 

(H) Phosphorylation levels of AKT in fish myocytes were tested by immunoblotting (n=3). Cells 1017 

were pretreated with control or PA treatment in the presence or absence of MHY1485 for 12 h, 1018 

and then stimulated with insulin for 5 min. The results are presented as the mean ± SEM and were 1019 

analyzed using independent t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S2. 1020 
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Figure 3 1022 

 1023 

Figure 3. Mitochondrial fatty acid β oxidation is required for PA-induced mTORC1 1024 

activation and insulin resistance 1025 
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(A) Heat map of the contents of acyl-CoAs and acyl-carnitines in fish myocytes treated with PA, 1026 

OA or LA for 12h. The relative fold change for each factor in each sample is represented as the 1027 

relative average increase (red) or decrease (blue) (n=3). 1028 

(B) Oxygen consumption rate (OCR) traces as measured by seahorse XF 24 Flux Analyzer in fish 1029 

myocytes treated with PA, OA or LA for 12h (n=3). 1030 

(C) Relative mRNA levels of mitochondrial fatty acid β oxidation-related genes were analyzed by 1031 

quantitative PCR in the muscle of fish fed CON or PO diet (n=4).  1032 

(D and E) Relative mRNA levels of mitochondrial fatty acid β oxidation-related genes were 1033 

measured by quantitative PCR in fish myocytes (B) and C2C12 myotubes (C) with control or PA 1034 

treatment for 12 h (n=3).  1035 

(F) Schematic representation of the main cellular pathways involved in mitochondrial fatty acid β 1036 

oxidation. 1037 

(G) The activities of mTORC1 and AKT were analyzed via immunoblotting in fish with 1038 

intraperitoneal injection of control dsRNA or dsRNA targeting CPT1B for 36 h (n=6).  1039 

(H) The activities of mTORC1 and AKT were assayed by immunoblotting in fish myocytes and 1040 

C2C12 myotubes treated with control or etomoxir treatment in the presence or absence of PA for 1041 

12 h (n=3).  1042 

(I) The activities of mTORC1 and AKT were assayed by immunoblotting in fish myocytes and 1043 

C2C12 myotubes treated with control or perhexiline maleate treatment in the presence or absence 1044 

of PA for 12 h (n=3).  1045 

(J) The activity of mTORC1 signaling was examined by immunoblotting in C2C12 myotubes 1046 

transfected with control siRNA or siRNA against CPT1B in the presence or absence of PA (n=3).  1047 

(K) The activity of mTORC1 signaling was measured by immunoblotting in C2C12 myotubes 1048 

transfected with control siRNA or siRNA against CPT2 in the presence or absence of PA (n=3).  1049 

(L) Insulin-stimulated glucose uptake was detected by 2-DG uptake assays in fish myocytes under 1050 

control or perhexiline maleate in the presence or absence of PA for 12 h (n=3).  1051 

(M) AKT phosphorylation levels in fish myocytes and C2C12 myotubes were tested by 1052 

immunoblotting (n=3). Cells were pretreated with control or perhexiline maleate treatment in the 1053 

presence or absence of PA for 12 h, and then stimulated with insulin for 5 min.  1054 

(N) AKT phosphorylation levels in fish myocytes were tested by immunoblotting (n=3). Cells 1055 
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were pretreated with control or etomoxir treatment in the presence or absence of PA for 12 h, and 1056 

then stimulated with insulin for 5 min.  1057 

(O) AKT phosphorylation levels in C2C12 myotubes were measured by immunoblotting (n=3). 1058 

Cells were transfected with control siRNA or siRNA against CPT1B and pretreated with control or 1059 

PA treatments for 12 h, and then stimulated with insulin for 5 min. The results are presented as the 1060 

mean ± SEM and were analyzed using independent t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). 1061 

See also Figure S3. 1062 
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Figure 4 1064 

 1065 
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Figure 4. Acetyl-CoA derived from mitochondrial fatty acid β oxidation triggers mTORC1 1066 

activation and insulin resistance through enhancing Rheb acetylation 1067 

(A) Acetyl-CoA levels were measured in the muscle of fish fed CON or PO diet (n = 6).  1068 

(B) Acetyl-CoA levels in fish myocytes were measured in the presence of the indicated 1069 

concentrations of PA for 12 h (n = 3).  1070 

(C) Acetyl-CoA levels were measured in fish myocytes under control or PA treatment with or 1071 

without perhexiline maleate for 12 h (n = 3).  1072 

(D) Acetyl-CoAs labeling pattern from fish myocytes treated with [U-13C16]-labeled palmitate (n = 1073 

5). 1074 

(E) Schematic representation of the main cellular pathways involved in ACLY-governed citrate 1075 

transport and ACSS2-mediated acetyl-CoA production. 1076 

(F) The activities of mTORC1 and AKT were assayed via immunoblotting in fish with 1077 

intraperitoneal injection of control dsRNA or dsRNA targeting ACLY for 36 h (n=6).  1078 

(G) The activity of mTORC1 was tested by immunoblotting in fish myocytes with control or 1079 

BMS-303141 treatment in the presence or absence of PA for 12 h (n=3).  1080 

(H) The activity of mTORC1 signaling was analyzed by immunoblotting in C2C12 myotubes 1081 

transfected with control siRNA or siRNA against ACLY under control or PA treatment (n=3).  1082 

(I) The activity of mTORC1 signaling was measured by immunoblotting in fish myocytes and 1083 

C2C12 myotubes with the indicated concentrations of sodium acetate under control or PA 1084 

treatment for 12 h (n=3).  1085 

(J) The activity of mTORC1 signaling was measured by immunoblotting in fish myocytes and 1086 

C2C12 myotubes under control or perhexiline maleate treatment with or without sodium acetate 1087 

addition in the presence or absence of PA for 12 h (n=3).  1088 

(K) Immunoblotting of Rheb acetylation and S6K phosphorylation in fish myocytes and C2C12 1089 

myotubes treated with the indicated concentrations of PA for 12 h (n=3).  1090 

(L) Immunoblotting of Rheb acetylation in the muscle of fish fed CON or PO diet (n = 5).  1091 

(M) Immunoblotting of Rheb acetylation and S6K phosphorylation in fish myocytes and C2C12 1092 

myotubes treated with control or perhexiline maleate treatment in the presence or absence of PA 1093 

for 12 h (n=3).  1094 

(N) Immunoblotting of Rheb acetylation and S6K phosphorylation in fish myocytes and C2C12 1095 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2023. ; https://doi.org/10.1101/2023.08.18.553816doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.18.553816
http://creativecommons.org/licenses/by/4.0/


42 
 

myotubes treated with the indicated concentrations of sodium acetate in the presence or absence of 1096 

PA for 12 h (n=3).  1097 

(O) Insulin-stimulated glucose uptake was detected by 2-DG uptake assays in fish myocytes under 1098 

control or perhexiline maleate treatment with or without sodium acetate addition in the presence or 1099 

absence of PA for 12 h (n=3).  1100 

(P) AKT phosphorylation levels were tested by immunoblotting in fish myocytes (n=3). Cells 1101 

were pretreated under control or perhexiline maleate treatment with or without sodium acetate 1102 

addition in the presence or absence of PA for 12 h, and then stimulated with insulin for 5 min.  1103 

(Q) AKT phosphorylation levels were detected by immunoblotting in fish myocytes (n=3). Cells 1104 

were pretreated with control or BMS-303141 treatment in the presence or absence of PA for 12 h, 1105 

and then stimulated with insulin for 5 min. The results are presented as the mean ± SEM and were 1106 

analyzed using independent t-tests (*p < 0.05, **p < 0.01, ***p < 0.001) and Tukey’s tests (bars 1107 

bearing different letters are significantly different among treatments (p < 0.05)). See also Figure 1108 

S4. 1109 
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Figure 5 1111 

1112 

 1113 

Figure 5. Tip60 regulates mTORC1 activity and insulin sensitivity through acetylating Rheb 1114 

under PA treatment 1115 
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(A) Relative mRNA levels of acetyltransferase genes (cbp, gcn5, pcaf and tip60) were analyzed by 1116 

quantitative PCR in fish myocytes under control or PA treatment (n=3).  1117 

(B) Relative mRNA levels of acetyltransferase genes (cbp, gcn5, pcaf and tip60) were analyzed by 1118 

quantitative PCR in C2C12 myotubes with control or PA treatment (n=3).  1119 

(C) Immunoblotting of S6K phosphorylation in fish myocytes and C2C12 myotubes treated with 1120 

control or MG149 treatment in the presence or absence of PA for 12 h (n=3).  1121 

(D) The activity of mTORC1 signaling was measured by immunoblotting in C2C12 myotubes 1122 

transfected with control siRNA or siRNA against Tip60 under control or PA treatment (n=3).  1123 

(E) HEK293T cells were transfected with plasmids as indicated, and the protein was extracted for 1124 

co-immunoprecipitation (Co-IP) to assay the interaction between Rheb and Tip60.  1125 

(F) HEK293T cells were transfected with FLAG-Rheb together with or without HA-Tip60 1126 

plasmids in the presence or absence of PA, and acetylation levels of Rheb and phosphorylation 1127 

levels of S6K were measured via immunoblotting.  1128 

(G) Immunoblotting of Rheb acetylation and S6K phosphorylation in fish myocytes and C2C12 1129 

myotubes treated with control or MG149 treatment in the presence or absence of PA for 12 h 1130 

(n=3).  1131 

(H) Immunoblotting of Rheb acetylation and S6K phosphorylation in C2C12 myotubes 1132 

transfected with control siRNA or siRNA against Tip60 under control or PA treatment (n=3).  1133 

(I) Insulin-stimulated glucose uptake was measured by 2-DG uptake assays in fish myocytes 1134 

treated with control or MG149 in the presence or absence of PA for 12 h (n=3).  1135 

(J) AKT phosphorylation levels were assayed by immunoblotting in fish myocytes and C2C12 1136 

myotubes (n=3). Cells were pretreated with control or MG149 treatment in the absence or 1137 

presence of PA for 12 h, and then stimulated with insulin for 5 min.  1138 

(K) AKT phosphorylation levels were assayed by immunoblotting in C2C12 myotubes (n=3). 1139 

Cells were transfected with control siRNA or siRNA against Tip60 and pretreated with control or 1140 

PA for 12 h, and then stimulated with insulin for 5 min. The results are presented as the mean ± 1141 

SEM and were analyzed using independent t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). See also 1142 

Figure S5. 1143 
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Figure 6 1145 

 1146 

Figure 6. PA-induced insulin resistance is dependent on the negative regulation of IRS1 by 1147 

mTORC1 1148 

(A) Immunoblotting of IRS1 phosphorylation and protein levels in the muscle of fish fed CON or 1149 

PO diet (n=6).  1150 

(B) IRS1 phosphorylation and protein levels were assayed by immunoblotting in fish myocytes 1151 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2023. ; https://doi.org/10.1101/2023.08.18.553816doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.18.553816
http://creativecommons.org/licenses/by/4.0/


46 
 

and C2C12 myotubes treated with the indicated concentrations of PA for 12 h(n=3).  1152 

(C) IRS1 phosphorylation and protein levels were measured by immunoblotting in fish myocytes 1153 

and C2C12 myotubes treated with rapamycin or Torin1 treatment in the presence or absence of PA 1154 

for 12 h (n=3).  1155 

(D) IRS1 phosphorylation and protein levels were tested by immunoblotting in fish myocytes 1156 

treated with control or MHY1485 treatment in the presence or absence of PA for 12 h (n=3).  1157 

(E) Relative mRNA levels of insa, insb, irs1 and irs2 were tested by quantitative PCR in the 1158 

muscle of fish fed CON or PO diet (n=4).  1159 

(F) Relative mRNA levels of insa, insb, irs1 and irs2 were analyzed by quantitative PCR in fish 1160 

myocytes under control or PA treatments for 12 h and 24 h (n=3).  1161 

(G) Relative mRNA levels of insr, irs1 and irs2 were measured by quantitative PCR in C2C12 1162 

myotubes under control or PA treatments for 12 h and 24 h (n=3).  1163 

(H) Relative mRNA levels of irs1 were analyzed by quantitative PCR in fish myocytes and C2C12 1164 

myotubes treated with control, rapamycin or Torin1 in the presence or absence of PA for 12 h 1165 

(n=3). The results are presented as the mean ± SEM and were analyzed using independent t-tests 1166 

(*p < 0.05, **p < 0.01, ***p < 0.001) and Tukey’s tests (bars bearing different letters are 1167 

significantly different among treatments (p < 0.05)). See also Figure S6. 1168 
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Figure 7 1170 

 1171 

Figure 7. PA inhibits the nuclear translocation of TFEB to impede IRS1 transcription 1172 

(A) Relative dual luciferase activity analysis was conducted to measure the effect of ATF4, PPARα, 1173 
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PPARγ, TFEB and HNF1α on IRS1 promoter activity in HEK293T cells (n=3).  1174 

(B) Relative dual luciferase activity analysis was conducted to measure the effect of TFEB at 1175 

different concentration gradients on IRS1 promoter activity in HEK293T cells (n = 3).  1176 

(C) Relative dual luciferase activity analysis was performed to test the effect of TFEB on IRS1 1177 

promoter activity with mutation of the predicted binding sites in HEK293T cells (n = 3).  1178 

(D and E) The binding between TFEB and the predicted region of the IRS1 promoter was 1179 

demonstrated by EMSA (D) and ChIP (E) in HEK293T cells.  1180 

(F) TFEB and IRS1 protein levels were measured by immunoblotting in fish myocytes transfected 1181 

with pCS2 (empty vector) or pCS2-TFEB plasmids (n = 3).  1182 

(G) TFEB nuclear translocation was assayed by immunoblotting nuclear fractions of fish 1183 

myocytes and C2C12 myotubes treated with control or PA treatment for 12 h (n = 3).  1184 

(H) TFEB nuclear translocation was tested by immunoblotting nuclear fractions of fish myocytes 1185 

and C2C12 myotubes treated with control, rapamycin or Torin1 treatment in the presence or 1186 

absence of PA for 12 h (n = 3).  1187 

(I) Relative mRNA levels of tfeb and irs1 were analyzed by quantitative PCR in fish myocytes 1188 

treated with control or TFEB activator 1 treatment in the presence or absence of PA for 12 h (n = 1189 

3).  1190 

(J) IRS1 protein levels and the phosphorylation of AKT were tested by immunoblotting in fish 1191 

myocytes treated with control or TFEB activator 1 treatment in the presence or absence of PA for 1192 

12 h (n = 3).  1193 

(K) AKT phosphorylation levels were measured by immunoblotting in fish myocytes and C2C12 1194 

myotubes (n = 3). Cells were pretreated with control or TFEB activator 1 treatment in the presence 1195 

or absence of PA for 12 h, and then stimulated with insulin for 5 min. The results are presented as 1196 

the mean ± SEM and were analyzed using independent t-tests (*p < 0.05, **p < 0.01, ***p < 1197 

0.001) and Tukey’s tests (bars bearing different letters are significantly different among treatments 1198 

(p < 0.05)). 1199 
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 1201 

Figure 8. A working model of how excessive PA induces insulin resistance. 1202 
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Supplementary Information File 1204 

 1205 

Tip60-mediated Rheb acetylation links palmitic acid with mTORC1 activation and insulin 1206 

resistance 1207 
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Figures S1 to S6 1218 

Tables S1 and S2 1219 
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Figure S1 1221 

 1222 

Figure S1. OA and LA have no effect on systemic and cellular glucose homeostasis and 1223 

insulin sensitivity. Related to Figure 1.  1224 

(A-N) Fish were fed control (CON), oleic acid (OA) rich (OO) or linoleic acid (LA) rich (LO) diet 1225 
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for 10 weeks. After 12 h fasting, final body weight and blood glucose were measured; plasma, 1226 

liver and muscle samples were collected.  1227 

(A and B) Final body weight of fish fed CON, OO or LO diet for 10 weeks (n=10).  1228 

(C and D) Plasma nonesterified free fatty acid (NEFA) of fish fed different diets (n=8).  1229 

(E-H) TG levels in liver (E and F) and skeletal muscle (G and H) were tested in fish after 1230 

treatment with different diets (n=6).  1231 

(I-L) Blood glucose (I and J) and plasma insulin levels (K and L) were detected in fasted fish fed 1232 

different diets (n=6).  1233 

(M-N) Phosphorylation levels of AKT in the liver and skeletal muscle of fish fed different diets 1234 

were measured by immunoblotting (n=6).  1235 

(O and P) Insulin-stimulated glucose uptake of fish myocytes was measured by 2-DG uptake 1236 

assays under control, OA or LA treatment for 12 h (n=3).  1237 

(Q and R) Phosphorylation levels of AKT in fish myocytes were evaluated by immunoblotting in 1238 

the presence of the indicated concentrations of OA or LA for 12 h (n=3).  1239 

(S and T) Phosphorylation levels of AKT in fish myocytes were detected by immunoblotting (n=3). 1240 

Cells were pretreated with control, OA or LA for 12 h, and then stimulated with insulin for 5 min. 1241 

The results are presented as the mean ± SEM and were analyzed using independent t-tests (*p < 1242 

0.05; **p < 0.01).  1243 
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Figure S2 1245 

 1246 

Figure S2. OA and LA have no effect on mTORC1 activity. Related to Figure 2.  1247 

(A and B) mTORC1 pathway activity was measured by immunoblotting for the phosphorylation 1248 

of S6K and S6 in skeletal muscle of fish fed CON, OO or LO diet for 10 weeks (n=6).  1249 

(C and D) mTORC1 pathway activity was analyzed by immunoblotting in fish myocytes treated 1250 

with the indicated concentrations of OA or LA for 12 h (n=3). The results are presented as the 1251 

mean ± SEM and were analyzed using independent t-tests (*p < 0.05). 1252 

 1253 
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Figure S3 1255 

 1256 
Figure S3. Mitochondrial fatty acid β oxidation is required for PA-induced mTORC1 1257 

activation and insulin resistance. Related to Figure 3. 1258 

(A) The levels of acyl-CoA and acylcarnitine in fish myocytes treated with PA, OA or LA for 12h 1259 

(n=3). 1260 

(B and C) Relative mRNA levels of mitochondrial fatty acid β oxidation-related genes were 1261 

measured by quantitative PCR in the muscle of fish fed CON, OO or LO diet (n=4).  1262 

(D and E) Relative mRNA levels of mitochondrial fatty acid β oxidation-related genes were 1263 

examined by quantitative PCR in C2C12 myotubes with control, OA or LA treatment for 12 h 1264 

(n=3).  1265 

(F and G) Relative mRNA (A) and protein (B) levels of CPT1B were analyzed by quantitative 1266 

PCR and immunoblotting in C2C12 myotubes transfected with control siRNA or siRNA against 1267 

CPT1B for 48 h (n=3).  1268 

(H and I) Relative mRNA (H) and protein (I) levels of CPT2 were tested by quantitative PCR and 1269 

immunoblotting in C2C12 myotubes transfected with control siRNA or siRNA against CPT2 for 1270 
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48 h (n=3). The results are presented as the mean ± SEM and were analyzed using independent 1271 

t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). 1272 
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Figure S4 1274 

 1275 

Figure S4. Acetyl-CoA derived from mitochondrial fatty acid β oxidation triggers mTORC1 1276 

activation and insulin resistance through enhancing Rheb acetylation. Related to Figure 4. 1277 

(A and B) Relative mRNA (A) and protein (B) levels of ACLY were analyzed by quantitative PCR 1278 

and immunoblotting in C2C12 myotubes transfected with control siRNA or siRNA against ACLY 1279 

for 48 h (n=3).  1280 

(C and D) Immunoblotting of Raptor acetylation in fish myocytes (C) and C2C12 myotubes (D) 1281 

with the indicated concentrations of PA for 12 h (n=3). The results are presented as the mean ± 1282 

SEM and were analyzed using independent t-tests (**p < 0.01, ***p < 0.001). 1283 
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Figure S5 1285 

 1286 

Figure S5. Tip60 regulates mTORC1 activity and insulin sensitivity through acetylating 1287 

Rheb under PA treatment. Related to Figure 5.  1288 

(A) The activity of mTORC1 signaling was measured by immunoblotting in C2C12 myotubes 1289 

treated with the indicated concentrations of CBP/P300 inhibitor c646 under control or PA 1290 

treatment for 12 h (n=3).  1291 

(B) The activity of mTORC1 signaling was tested by immunoblotting in C2C12 myotubes treated 1292 

with the indicated concentrations of CBP/P300 inhibitor spermidine under control or PA treatment 1293 

for 12 h (n=3).  1294 

(C) The activity of mTORC1 signaling was tested by immunoblotting in C2C12 myotubes treated 1295 

with the indicated concentrations of GCN5 inhibitor MB-3 under control or PA treatment for 12 h 1296 

(n=3). 1297 

(D and E) Relative mRNA (D) and protein (E) levels of Tip60 were analyzed by quantitative PCR 1298 

and immunoblotting in C2C12 myotubes transfected with control siRNA or siRNA against Tip60 1299 

for 48 h.  1300 

(F) Relative mRNA levels of tip60 were analyzed by quantitative PCR in fish myocytes under the 1301 
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indicated concentrations of OA treatment for 12 h (n=3).  1302 

(G) Relative mRNA levels of tip60 were detected by quantitative PCR in fish myocytes under the 1303 

indicated concentrations of LA treatment for 12 h (n=3). The results are presented as the mean ± 1304 

SEM and were analyzed using independent t-tests (*p < 0.05, **p < 0.01). 1305 
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Figure S6 1307 

 1308 

Figure S6. The effect of OA and LA on the relative mRNA levels of irs1. Related to Figure 6. 1309 

(A) Relative mRNA levels of irs1 were tested by quantitative PCR in the muscle of fish fed CON, 1310 

OO or LO diet (n=4).  1311 

(B) Relative mRNA levels of irs1 were analyzed by quantitative PCR in C2C12 myotubes under 1312 

the indicated concentrations of OA or LA treatment for 12 h (n=3). The results are presented as the 1313 

mean ± SEM and were analyzed using independent t-tests (*p < 0.05). 1314 
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Table S1. Fatty acid profiles of the experimental dietsa.  1316 

Fatty acid  CON LO OO PO 

C14:0 8.08 2.06 1.97 1.64 

C16:0 (PA) 36.88 27.21 28.76 56.95 

C18:0 6.69 7.03 5.26 5.07 

C20:0 0.16 0.26 0.23 0.07 

∑SFA 51.81 36.56 36.22 63.73 

C16:1n-7 3.63 0.74 0.85 0.48 

C18:1n-9 (OA) 11.49 16.85 46.95 22.21 

∑MUFA 15.12 17.59 47.8 22.69 

C18:2n-6 (LA) 9.97 32.58 10.58 11.27 

C20:4n-6 0.19 0.04 0.02 0.02 

∑n-6 PUFA 10.16 32.62 10.6 11.29 

C18:3n-3 1.22 2.53 0.81 0.41 

C20:5n-3 (EPA) 4.4 1.67 1.43 0.94 

C22:6n-3 (DHA) 4.22 1.02 0.82 0.51 

∑n-3 PUFA 9.84 5.22 3.06 1.86 

n-3/n-6PUFA 0.97  0.16  0.29  0.16  

Σn-3LC-PUFA 8.62 2.69 2.25 1.45 

aFatty acid content is expressed as % total fatty acids. 1317 

CON, control diet; LO, LA-rich diet; OO, OA-rich diet; PO, PA-rich diet; SFA, saturated fatty 1318 

acids; MUFA, mono-unsaturated fatty acids; n-6 PUFA, n-6 poly-unsaturated fatty acids; n-3 1319 

PUFA, n-3 poly-unsaturated fatty acids. 1320 
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Table S2. Sequences of the primers used in this study.  1322 

Target genes primer sequences (5' to 3') 

For clone  

PGL6-IRS1-F CTAACTGGCCGGTACCGCTAGCCAAGGGTTCACGCT

CACATTCA 

PGL6-IRS1-R CTACGCGTGAGCTCCTCGAGACTACAACTACCGCTG

CGATGC 

PCS2-TFEB-F CGATTCGAATTCAAGGCCTCTCGAGATGGCCTCACG

CATCGG 

PCS2-TFEB-R CTCACTATAGTTCTAGAGGCTCGAGCTACAATATGTC

TCCGTCCTCTATACTGA 

pcDNA3.1-TFEB-Flag-F AACTTAAGCTTGGTACCGAGCTCGATGGCCTCACGC

ATCGG 

pcDNA3.1-TFEB-Flag-R GAATTCCACCACACTGGACTAGTGCAATATGTCTCC

GTCCTCTATACCTTATCGTCGTCATCCTTGTAATCTG

A 

For ChIP  

TFEB-IRS1-pro-site4-CHIP-F TAACTTAATTGTGTTTACATGGTG 

TFEB-IRS1-pro-site4-CHIP-R ATTTATATCTTTGATTTTTTGGAT 

TFEB-IRS1-pro-site6-CHIP-F GTCGGTGTGTTTCTACCTCATCGT 

TFEB-IRS1-pro-site6-CHIP-R GAGCGGTTTAATCCAATTTACTGC 

For EMSA  

Bio-TFEB-IRS1-pro-site4-F TCACTTACTAACATGTGAACACGTATTA 

Bio-TFEB-IRS1-pro-site4-R TAATACGTGTTCACATGTTAGTAAGTGA 

Bio-TFEB-IRS1-pro-site6-F AGCAGGACAGGCCTGTGATGTGCAGTAA 

Bio-TFEB-IRS1-pro-site6-R TTACTGCACATCACAGGCCTGTCCTGCT 

For RT-qPCR  

For large yellow croaker  

β-actin-F TTATGAAGGCTATGCCCTGCC 

β-actin-R TGAAGGAGTAGCCACGCTCTGT 

cbp-F GCCTTCGGGCTTTATCTGTG 

cbp-R TCTGGGTGGTTCTGCCTTTT 

gcn5-F ATTACTGGAAGCTGGAGACGC 

gcn5-R CGTGGTAGGCTGTCGTTACTCT 

tip60-F GACTCCAAAGGCTTCCACAT 

tip60-R TGAGACCAGTAAGAGCGATAGG 

pcaf-F GTGGGCAAAGGGAAGGAACT  

pcaf-R GCATGTCAGCCATGAACAAC 

cpt1b-F AGTGGCTGATGATGGTTATGGTGTG 

cpt1b-R GCTGGAGAACTTGCTGGAGATGTG 

cpt2 GAAGGGCGGGAAGGAACAGT 

cpt2 CCAAGTAGCGCATGGCAAAC 

acads-F ACGAGTGGGTGCTGAATGG 

acads-R TGGATGAGGCTCTGATGCCCAACTT 
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acat1-F CGTTGCACCCATTGATTTCC  

acat2-R GCCTCGTTGATCTCCCACAT 

acat2-F CCTGACAGACGCCTTCCAT 

acat2-R CCTTCACCTCCACTGAACCTTGTCT 

ehhadh-F CCGTGGAGGTCCCATGTTCT 

ehhadh-R GGCTGCCACTGGCCACGAGCCTCCT 

insa-F TTTCCACTACAACTCCAAACTCTGC 

insa-R CCACTTGACCATTATTTTATCGCTC 

insb-F TGGGCGATTGCTGATGTTGAT 

insb-R GAGGGTTTGGAGGCATTGGTG 

irs1-F CCAGTCGTTGGCTGTTTCGG 

irs1-R ACCATCTTGGGGGCTTGTTG 

irs2-F GCCTGGAGTATTATGAAAGCGAGAA 

irs2-R TCAGCTATGAGATCAGTCAGAACCG 

tfeb-F GGCTAGGCGACCTGAGTGGA 

tfeb-R CTGGATCTGCGGCTGGAGT 

For mouse  

β-actin-F TAAGGCCAACCGTGAAAAAG 

β-actin-R ACCAGAGGCATACAGGGACA 

cpt1b-F CCCGAGCAGTGCCGGGAAGC 

cpt1b-R GAAATGAGCCAGCTGTAGGG 

cpt2-F TGCCCAGGCTGCCTATCCCTAAACT 

cpt2-R GCTCCTTCCCAATGCCGTTCTCAAAAT 

echs1-F CAACGAGCTGACCTTCTCTG 

echs1-R AGGGCTCTTGCTGGAAATATC 

acaa2-F GACTTCTCTGCCACCGATTTA 

acaa2-R TTGCCCACGATGACACTATC 

acot1-F CGATGACCTCCCCAAGAACA 

acot1-R CCAAGTTCACCCCCTTTGGA 

insr-F ATGGGCTTCGGGAGAGGAT 

insr-R GGATGTCCATACCAGGGCAC 

irs1-F CGATGGCTTCTCAGACGTG 

irs1-R CAGCCCGCTTGTTGATGTTG 

irs2-F CTGCGTCCTCTCCCAAAGTG 

irs2-R GGGGTCATGGGCATGTAGC 

tfeb-F CCACCCCAGCCATCAACAC 

tfeb-R CAGACAGATACTCCCGAACCTT 

cbp-F TCCCTACTCCCTCCTCTGTGAC 

cbp-R TTGGCTCTGACTTCTGCTCTGT 

pcaf-F CGTCCACAAAGAAGAAGATGC 

pcaf-R CCAGATGCCAGTAGTTGATGC 

gcn5-F GCCGCTATCTGGGCTACATCA 

gcn5-R CTCCTTGCCCTTCTCCTTTCC 

acads-F TGGCGACGGTTACACACTG 
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acads-R GTAGGCCAGGTAATCCAAGCC 

tip60-F GGGGAGATAATCGAGGGCTG 

tip6-R TCCAGACGTTTGTTGAAGTCAAT 

acly-F CGGGAGGAAGCTGATGAATATG 

acly-R GTCAAGGTAGTGCCCAATGAA 

For siRNA  

ACLY GCAAAGAACUCCUGUACAATT 

CPT1B CCUGGAAGAAACGCCUUAUTT 

CPT2 CCCGAAGUCUGAGUAUAAUTT 

Tip60 UGAGAUUGAUGGACGGAAATT 
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