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15 Abstract

16 Accumulating evidences indicate that acetate is increased in energy stresses such as
17  diabetes mellitus and prolonged starvation. However, it is largely unknown how and
18  where acetate is produced and what is its biological significance. We observed
19  overproduction of acetate in an amount comparable to ketone bodies in patients and
20 mice with diabetes or starvation. Mechanistically, ACOT 12&8 are dramatically
21 upregulated in liver to convert FFA-derived acetyl-CoA to acetate and CoA. This
22 conversion not only provides large amount of acetate which fuels brain preferentially
23 rather than muscle, but also recycles CoA which is required for sustained fatty acid
24 oxidation and ketogenesis. Taken together, we suggest that acetate is an emerging
25  novel “ketone body” and may be used as a parameter to evaluate the progression of
26  energy stress in the future.

27 Introduction
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28  Homeostasis disorder of energy metabolism associated with emergency status such as
29 untreated diabetes mellitus, prolonged starvation and ischemic heart/brain diseases
30 leads to serious threats to human health (Field et al., 2001; Galgani and Ravussin,
31 2008; Martinic and von Herrath, 2008; Must et al., 1999). In response to such disorder,
32  the metabolic patterns of multiple organs have to be remodelled to rescue the
33 imbalance and bring whole organism through the crises (Denechaud et al., 2008;
34  Fruhbeck et al., 2001; Goldberg et al., 2018; Hirai et al., 2021; Meier and Gressner,
35  2004; Nishimoto et al., 2016; Palikaras et al., 2015; Russell and Cook, 1995). Ketone
36  bodies, namely acetoacetate (AcAc), p-hydroxybutyrate (3-hydroxybutyrate, 3-HB)
37 and acetone, which are overproduced from fatty acids in liver during the conditions of
38  reduced carbohydrate availability such as diabetes and starvation, are released into
39 blood, and serve as a kind of vital alternative metabolic fuel for extrahepatic tissues
40 including brain, skeletal muscle and heart, where they are converted to acetyl-CoA
41 and oxidized in tricarboxylic cycle (TCA) for the provision of large amount of energy
42  (Cabhill, 2006; D'Acunzo et al., 2021; Dentin et al., 2006; Krishnakumar et al., 2008;
43  Puchalska and Crawford, 2017; Robinson and Williamson, 1980). Previous studies
44  have shown that the acetate increased significantly in diabetic status and prolonged
45  starvation (Akanji et al., 1989; Seufert et al., 1984; Todesco et al., 1993), and acetate
46  has been considered as a nutrient that nourishes organism by conversion to acetyl-
47  CoA for further catabolism in TCA (Lindsay and Setchell, 1976; Liu et al., 2018;
48  Schug et al., 2015; Schug et al., 2016). Inversely, acetyl-CoA can also be hydrolyzed
49 to acetate by corresponding acyl-CoA thioesterases (ACOTs) family protein
50  (Swarbrick et al., 2014; Tillander et al., 2017). Unfortunately, it is not very clear
51  where, under what condition and how acetate is produced, and what is its biological
52  significance. Considering the high similarity of acetate and ketone body in their
53  production (from acetyl-CoA) and catabolism (converted back to acetyl-CoA), we
54  thoroughly investigated the production and utilization of acetate with ketone bodies as
55 a control and suggest that acetate is an emerging novel “ketone body” that plays
56  important roles similar to classic Ketone Bodies in the energy stresses such as
57  diabetes mellitus and prolonged starvation.

58 Note: Here our description of acetate as an emerging novel “ketone body” is not
59  aimed to consider it as a real ketone in structure, but to emphasize the high similarity
60 of acetate and the classic Ketone Bodies in the organ (liver) and substrate (fatty acids-
61  derived acetyl-CoA) of their production, the roles they played (as important sources of
62 fuel and energy for many extrahepatic peripheral organs), the feature of their
63  catabolism (converted back to acetyl-CoA and degraded in TCA cycle), as well as the
64  physiological conditions of their production (energy stresses such as prolonged
65  starvation and untreated diabetes mellitus).

66 Results

67 Acetateisdramatically elevated in energy stressesin mammals.
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68  To investigate if acetate is produced as do ketone bodies, we detected the serum
69 glucose, 3-HB, AcAc and other metabolites of 17 diabetes mellitus patients with 8
70  healthy volunteers as control (Figure 1—figure supplement 1A; Figure 1—source
71 data 1). We observed a significant increase of acetate in parallel with the raising of
72 canonical ketone bodies (3-HB and AcAc) and serum glucose in diabetes mellitus
73  patients as compared with healthy control (Figure 1A). We then detected acetate in
74 mouse models and found that the levels of serum acetate and ketone bodies were
75 dramatically elevated to the same extent in streptozotocin (STZ)-induced type |
76  diabetic C57BL/6 (Figure 1B) and BALB/c mice (Figure 1—figure supplement 1B)
77 as well as in type Il diabetic db/db mice (Figure 1—figure supplement 1C). As
78  expected, starvation also leads to marked descending of serum glucose concentration
79 and ascending of serum acetate and ketone bodies’ level in normal C57BL/6 (Figure
80 1C) and BALB/c mice (Figure 1—figure supplement 2). These data demonstrate
81  that serum acetate is boosted to the same extent as the canonical ketone bodies in the
82  energy stresses including diabetes mellitus and starvation. For the sake of simplicity,
83  we designate such acetate hereinafter as energy stress-induced acetate (ES-acetate).

84 ES-acetateisderived from FFAsin mammalian cells.

85  Next we asked from what nutrients ES-acetate is derived. In mammals, serum acetate
86  contains generally three sources: dietary acetate, metabolic product of gut microbiota
87 and the intermediate of intracellular biochemical processes (Schug et al., 2016). As
88 the mice used above were fed with acetate free diet, we thus focused on gut
89 microbiota and endogenous biochemical reaction. To determine whether gut
90 microbiota contribute to the production of ES-acetate, mice were pre-treated with
91  antibiotics to eliminate gut microbes (saline as control) as reported previously (Sivan
92 etal., 2015). We observed that antibiotics pre-treatment failed to obviously affect the
93  acetate production induced by either starvation (Figure 2—figure supplement 1A, B)
94  or diabetes (Figure 2—figure supplement 1C), demonstrating that ES-acetate is
95 mainly produced endogenously. Next we detected acetate secreted in culture medium
96 by several cell lines using NMR (Figure 2—figure supplement 2A, B) and GC-MS
97  (Figure 2—figure supplement 2C, D) and found that these cells showed different
98 ability in producing acetate. Consistently, Liu et al. reported that acetate is derived
99  from glucose in mammalian cells supplied with abundant nutrients (Liu et al., 2018).
100  We observed the secretion of different amounts of U-'3C-acetate after cells were
101 cultured in medium supplemented with U-*C-glucose indeed (Figure 2—figure
102  supplement 3A). Interestingly, we also observed the production of 36.6% of non-U-
103 C-acetate, indicating that this proportion of acetate is derived from nutrients other
104  than glucose (Figure 2—figure supplement 3B). We then examined if the acetate
105  secreted by cultured cells is derived from amino acids (AAs) and free fatty acids
106  (FFAs) upon starvation. After different cells were cultured in Hanks’ balanced salt
107  solutions (HBSS, free for glucose, fatty acids and amino acids) supplemented with
108 FFAs or amino acids for 20 h, supplementation of FFAs (Figure 2—figure
109  supplement 4D, E) rather than amino acids (Figure 2—figure supplement 4A-C)
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110  significantly increased acetate levels, suggesting the major contribution of FFAs to
111 acetate production. To confirm this observation, a series of widely used cell lines and
112 mouse primary hepatocytes (MPH) were cultured in HBSS supplemented with U-"*C-
113 palmitate, followed by detection of secreted U-*C-acetate (Figure 2A). These cell
114 lines displayed quite different ability in conversion of palmitate to acetate and were
115 accordingly divided into FFA-derived acetate-producing cells (FDAPCs: LO,, MPH
116 and AML12, etc.) and no-FFA-derived acetate-producing cells (NFDAPCs: HEK-
117 293T and Huh?, etc.). All of the FDAPCs secreted U-"*C-acetate in a dose-dependent
118 manner of U-*C-palmitate supplemented (Figure 2B-D). We also observed that high
119  fat diet induced a significant rise of acetate production in both normal and STZ-
120  induced diabetic mice (Figure 2E). Taken together, we suggest that acetate can be
121 derived from free fatty acids in the energy stresses.

122 ACOT12 and ACOT8 areinvolved in acetate production in mammalian cells.

123 It was reported that acyl-CoAs with different length of carbon chain could be
124  hydrolyzed to FFAs specifically by corresponding acyl-CoA thioesterases (ACOTS)
125  family proteins (Tillander et al., 2017). Acetyl-CoA, the shortest chain of acyl-CoA
126  and the critical product of B-oxidation, is hydrolyzed to acetate by acyl-CoA
127  thioesterase 12 (ACOT12) (Swarbrick et al., 2014). We next analyzed GEO database
128  and found out that the expression of ACOT1/2/8/12 is upregulated significantly along
129  with the increase of B-oxidation and ketogenesis in mice liver after 24 h of fasting
130  (Figure 3A; Figure 3—figure supplement 1A). To determine which ACOT is
131 responsible for ES-acetate production, we overexpressed a series of ACOTs in HEK-
132 293T cells and observed large amount of acetate production when either ACOT8 or
133  ACOT12 was overexpressed (Figure 3B), indicating the involvement of these two
134  ACOTs in ES-acetate production. Consistently, the protein levels of both ACOT12
135 and ACOTS are upregulated robustly in livers of either starved mice or STZ-induced
136 type | diabetic mice (Figure 3—figure supplement 1B, C). Furthermore, when
137  ACOT12 and ACOT8 were separately overexpressed in NFDAPCs HEK-293T and
138  Huh7, FFAs-derived acetate was significantly increased (Figure 3—figure
139  supplement 1D, E). Similarly, overexpression of wildtype (WT) ACOT12 and
140  ACOTS, rather than their enzyme activity-dead mutants, in HEK-293T (Figure 3C)
141 and Huh7 (Figure 3D) cells drastically increased U-"*C-acetate production derived
142 from U-*C-palmitate (Ishizuka et al., 2004; Swarbrick et al., 2014). On the contrary,
143  knockdown (KD) of ACOT12 or ACOT8 in FDAPCs MPH (Figure 3E, F) and LO,
144  (Figure 3—figure supplement 1F, G) diminished U-'*C-acetate production. These
145  data reveal that ACOT12 and ACOTS are responsible for ES-acetate production.

146  Hepatic ACOT12 and ACOTS8 are responsible for ES-acetate production in

147  energy stresses.
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148  Next we were prompted to figure out which organ and subcellular structure are mainly
149  involved in the generation of ES-acetate. Firstly, we analyzed the expression of
150  ACOTs at mRNA level in various tissues of human and mice by employing GTEXx and
151  GEO databases, individually. ACOT12 is mainly expressed in human liver together
152 with ketogenic enzymes (HMGCS2, HMGCSL, ACAT1 and BDH1), and ACOTS is
153  expressed ubiquitously at a relative high level in most tissues (Figure 4—figure
154  supplement 1). ACOT12 is also expressed mainly in mouse liver and kidney,
155  however ACOT8 seems to be expressed at a much low level in nearly all mouse
156  tissues examined (Figure 4—figure supplement 2A). Different from their expression
157  patterns of MRNA in GEO database, we observed high protein levels of both ACOT12
158 and ACOT8 in mouse liver and kidney (Figure 4—figure supplement 2B).
159  Consistently, adenovirus-mediated liver-targeted knockdown of either ACOT12 or
160 ACOTS8 dramatically abolished acetate production of starved or diabetic C57BL/6
161 mice (Figure 4A-F) and conditional deletion of ACOT12 or ACOTS8 in liver
162  dramatically decreased acetate production in starved mice (Figure 4G-J),
163  demonstrating that liver is the main organ responsible for ES-acetate production.
164  Moreover, U-"C-acetate derived from U-*C-palmitate in glucose free HBSS was
165  diminished by replenishment of glucose (Figure 4—figure supplement 3), in
166  accordance with the concept that as energy sources glucose is preferable to fatty acids.
167  These observations demonstrate that hepatic ACOT12 and ACOTS8 are induced and
168  responsible for ES-acetate production in diabetes mellitus and during starvation.

169 ACOT 12&8-catalyzed acetate production is dependent on FFAs oxidation in

170  both mitochondrion and per oxisome.

171 Then we made efforts to clarify in which subcellular domains acetate is produced.
172 Immunofluorescence (IF) staining and cell fractionation showed that ACOT12 was
173  largely localized in cytosol and ACOT8 mainly in peroxisome (Figure 5A, B). It’s
174  well-known that fatty acids of different chain length can be oxidized to yield acetyl-
175  CoOA in either mitochondria or peroxisome of hepatocyte, and that mitochondrial
176  acetyl-CoA produced in fatty acid oxidation (FAO) is often exported to cytosol in the
177 form of citrate which is further cleaved back to acetyl-CoA by ATP citrate lyase
178  (ACLY) (Figure 5H) (Lazarow, 1978; Leighton et al., 1989; Lodhi and Semenkovich,
179  2014). We thus examined acetate production after mitochondria- or peroxisome-
180  vyielded acetyl-CoA had been blocked. Knockdown or etomoxir inhibition of carnitine
181  palmitoyltransferase 1 (CPT1), the main mitochondrial fatty acids transporter,
182  decreased more than one-half of U-"*C-palmitate-derived U-"*C-acetate production in
183  LO; cell lines, in spite of mitochondria p-oxidation being nearly completely abolished
184  (Figure 5C-E). Similarly, knockdown of ACLY diminished palmitate-derived acetate
185  production to the same extent as CPT1 KD (Figure 5F). Then we knocked down ATP
186  binding cassette subfamily D member 1 (ABCD1), a peroxisome fatty acids
187  transporter, and observed less than one-half decline of *3C-palmitate-derived U-*C-
188  acetate production (Figure 5G). These results together with the localization of
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189  ACOT12 and ACOTS8 suggest that acetyl-CoA produced in FAO of mitochondria and
190  peroxisome is converted to acetate in cytosol by ACOT12 and in peroxisome by
191  ACOTS, individually (Figure 5H).

192  ACOT12& 8-catalyzed recycling of CoA from acetyl-CoA is crucial for

193  sustainablefatty acid oxidation.

194  Afterwards, we tried to explore the biological significance of ES-acetate production in
195  response to energy stresses by detecting a series of serum metabolic parameters.
196  Knockdown of ACOT12 or ACOTS failed to alter the levels of fasted and non-fasted
197  Dblood glucose as well as insulin, implying that these two molecules may not be
198 involved in glucose metabolism on non-energy stresses (Figure 6—figure
199  supplement 1A-C). However, knockdown of them caused significant accumulation of
200 total FFAs and various saturated or unsaturated fatty acids examined while
201  triacylglycerol (TG) was not altered (Figure 6—figure supplement 1D-J).
202  Considering the fact that upon diabetes and prolonged starvation mobilized lipid is
203  mainly transported in the form of plasma albumin-bound fatty acids, rather than TG,
204  these results suggest that ACOT12 and ACOT8 might be required for rapid
205 degradation of fatty acids in these cases. Indeed, we detected attenuated FAO in
206 ACOT12 and ACOT8 knockdown MPH and LO; cells (Figure 6A, B; Figure 6—
207 figure supplement 1K, L). Then we were prompted to identify the mechanism
208 underlying such attenuation of FAO. A clue is the knowledge that reduced free
209 Coenzyme A (CoA) is a crucial coenzyme for many metabolic reactions including
210  those involved in oxidative degradation of fatty acid and maintenance of the balance
211 between reduced CoA pool and oxidized CoA pool is definitely important for the
212 sustainment of those reactions (Sivanand et al., 2018). We spontaneously wanted to
213 know if ACOT12&8-catalyzed conversion of acetyl-CoA to free CoA plays a key role
214 in maintaining free CoA level and the balance between reduced CoA and oxidized
215  CoA. To our surprise, in ACOT12/8 KD MPHs, the levels of reduced CoA was
216  decreased by 75.2% and 68.3%, acetyl-CoA increased for 3.49 and 1.71 folds, and the
217  ratios of reduced CoA to acetyl-CoA declined from 7.62 to 0.41 and 0.89, separately
218  (Figure 6C-E). In accordance with such alteration, other oxidized CoAs (octanoyl-
219  CoA, caproyl-CoA and succinyl-CoA) whose generation requires sufficient reduced
220  CoA as coenzyme were diminished (Figure 6—figure supplement 2A-C). In contrast,
221 metabolites (acetoacetyl-CoA; cholesterol, CHOL; high density lipoprotein
222 cholesterol, HDL-C; low density lipoprotein cholesterol, LDL-C) with acetyl-CoA as
223  the direct substrate for their synthesis were markedly increased (Figure 6—figure
224  supplement 2D-G). It is important to point out that among all oxidized CoA
225  examined, the level of acetyl-CoA is far higher than others and the switch between
226 acetyl-CoA and reduced CoA plays a significant role in regulation of CoA pool
227  balance (Figure 6F; Figure 6—figure supplement 2H). This observation explains
228 why ACOT12- and ACOTS8-catalyzed hydrolysis of acetyl-CoA to free CoA and
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229  acetate is the crucial step for the maintenance of reduced CoA level and sustained
230 FAO.

231  Hydrolysis of acetyl-CoA by ACOT12& 8 is beneficial to ketogenesis.

232  Distinct from other oxidized CoA, HMG-CoA, a key intermediate for ketone bodies’
233  synthesis with acetyl-CoA as a substrate, was declined dramatically in ACOT12 and
234  ACOT8 KD MPHSs, demonstrating that ACOT12/8 may be positive regulators of
235 HMG-CoA level (Figure 7A). Accordingly, the main ketone bodies AcAc and 3-HB
236  were decreased significantly in STZ-induced diabetic mice with knockdown of
237  ACOT12 or ACOTS8 (Figure 7B, C). To clarify the mechanism underlying ACOT12/8
238 regulation of HMG-CoA, we detected the protein level of 3-hydroxy-3-
239  methylglutaryl-CoA synthase 2 (HMGCS2), the key enzyme for HMG-CoA synthesis.
240 Interestingly, HMGCS2 was remarkably downregulated in ACOT12/8 KD MPHSs
241  (Figure 7D-G), indicating that ACOT12&8 are positive regulators of HMGCS2
242  protein level. A previous study shows that HMGCS2 activity is suppressed by
243  acetylation (Wang et al., 2019). We thus examined the acetylation of HMGCS2 and
244  observed a clear increase of its acetylation in ACOT12/8 KD MPHSs (Figure 7H), and
245  such alteration is corresponding to the increase of acetyl-CoA level (Figure 6D), the
246  direct substrate of acetylation. This observation demonstrates that ACOT12&8 are
247  also positive regulators of HMGCS2 activity by hydrolyzing acetyl-CoA to avoid
248  accumulation of acetyl-CoA and over-acetylation of HMGCS2. Taken together, we
249  suggest that upon energy stress, ACOT12/8 are upregulated and in turn enhance the
250 function of HMGCS2 by increasing not only its amount but also its activity,
251  facilitating ketone body production to fuel the extrahepatic tissues.

252  Acetateisbeneficial to extrahepatic tissues during energy stresses.

253 It has been well studied that the ketone bodies are produced mainly in liver in diabetes
254  mellitus and prolonged starvation and in turn fuels crucial extrahepatic organs like
255  brain (Puchalska and Crawford, 2017; Robinson and Williamson, 1980). Given
256  acetate was also reported to serve as an energy substance for cells (Comerford et al.,
257  2014; Mashimo et al., 2014; Schug et al., 2016), we spontaneously want to know
258  whether ES-acetate plays the same role as ketone bodies in the same emergency status.
259  2-C-acetate was injected in starved or STZ-induced diabetic mice intraperitoneally,
260  followed by analysis of **C-labelled metabolic intermediates via LC-MS. **C-acetyl-
261  CoA and *C-incorporated TCA cycle metabolites such as citrate, aconitate, isocitrate,
262  succinate, fumarate and malate were dramatically increased in brain (Figure 8A-G),
263  but decreased in muscle (Figure 8—figure supplement 1) of starved or diabetic mice
264  as compared with untreated control mice, in line with the notion that brain has priority
265  inenergy expenditure during energy stresses. Moreover, we performed intraperitoneal
266 injection of both acetate and 3-HB simultaneously in fasting mice and compared the
267  serum concentration curves of them. Interestingly, acetate took not only less time to
268  reach peak plasma level than 3-HB (5 min vs 12 min), but also much less time to be
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269  eliminated (20 min vs 120 min), implying that acetate may be more rapidly absorbed
270  and consumed than 3-HB by extrahepatic organs of mice (Figure 8H) as previously
271 reported (Sakakibara et al., 2009). These results suggest that acetate is an emerging
272 novel “ketone body” produced in liver from FFA and functioning to fuel extrahepatic
273  organs, in particular brain, in the emergency status such as energy stresses. Next, we
274  wondered the physiological significance of ES-acetate to animal behaviors under
275  energy stresses and performed a list of behavioral tests: forelimb grip force test for
276  assessing forelimb muscle strength, rotarod test for examining neuromuscular
277  coordination, elevated plus maze test (EPMT) for assessing anxiety-related behavior,
278  Y-maze test (YMZT) and novel object recognition (NOR) test for evaluating working
279  memory and cognitive functions. It’s clear that the forelimb strength and running time
280 in rotarod test were dramatically declined in diabetic mice, further deteriorated by
281  knockdown of ACOT12 or ACOTS, and rescued by administration of exogenous
282  acetate (Figure 8—figure supplement 2A, B). Interestingly, the parameters related to
283  muscle force and movement ability in other tests including total distance in YMZT,
284  total entries in YMZT and total distance in NOR test were also decreased in diabetic
285 mice and further worsened by knockdown of ACOT12 or ACOT8 (Figure 8—figure
286 supplement 2E, F and H). These observations demonstrate that ES-acetate is
287  important for muscle force and neuromuscular coordinated movement ability. EPMT
288  test, correct alteration in YMZT and object recognition index in NOR test showed no
289  significant difference among normal mice, diabetic mice and ACOT12/8 KD mice
290  (Figure 8—figure supplement 2C, D and G), indicating that psychiatric, memory
291  and cognitive behaviors is not markedly influenced by ACOT12/8 KD in early stage
292  of diabetes mellitus, possibly due to brain exhibits the highest flexibility in utilizing
293 all kinds of available energy sources such as glucose, ketone body and acetate in
294  energy stresses among all extrahepatic tissues.

295 Discussion

296 It is well known that glucose and ketone bodies are the main fuels for brain in
297  different physiological conditions. In normal condition brain uses glucose as the main
298  energy source. In contrast, it utilizes ketone bodies as an important energy source in
299 the status of energy stress such as diabetes mellitus and prolonged starvation, because
300 in these cases body glucose storage has been already exhausted and gluconeogenesis
301  cannot provide sufficient glucose. As a result, sustained mobilization of stored lipid
302 and the resultant production of ketone bodies from fatty acid oxidation is crucial for
303 nourishing extrahepatic tissues, in particular brain in energy stresses. However,
304  sustained fatty acid oxidation in hepatocyte needs rapid recycling of free CoA which
305 is the crucial co-enzyme for FAO. Our study elucidates that such requirement is
306 satisfied by ACOT12- and ACOTB8-catalized conversion of acetyl-CoA to acetate and
307 CoA. It is important to point out that the significance of ACOT12- and ACOTS8-
308 catalized recycling of free CoA for FAO is analogous to that of lactate dehydrogenase
309  (LDH)-catalyzed recycling of NAD" for glycolysis (Castro et al., 2009; Cerdan et al.,
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310  2006). In addition to providing CoA, this reaction also provide acetate which serves as
311 an energy source to fuel extrahepatic tissues (Figure 8l). As an alternative fuel in
312  emergency status, acetate may be preferred by brain, because it is directly converted
313  to acetyl-CoA by acetyl-CoA synthetase (ACSS), undoubtedly more convenient than
314  acetoacetate and 3-HB which need 2 and 3 enzyme-catalyzed steps to be converted to
315  acetyl-CoA, individually. In this regard, we suggest to consider acetate as an emerging
316 novel “ketone body” and its blood level should be detected, together with classic
317  Ketone Bodies, to indicate the status of FAO in liver and lipid mobilization in adipose
318  tissue upon energy stress.

319  In summary, in this study we clarify where and how acetate is produced in energy
320 stresses and identify the profound biological significance of acetate production
321 catalyzed by ACOT 12&8. More importantly, we suggest that acetate is an emerging
322 novel “ketone body” and may be used as a parameter to evaluate the progression of
323  energy stress in the future.
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324 Materialsand methods

325 Collection of clinical samples

326  Human clinical serum samples were collected based on ethical approval of the clinical
327  research ethics committee of the First Affiliated Hospital of Xiamen University
328  (Xiamen, Fujian, China). The information of patients (diagnosed with type 1l diabetes)
329  and healthy volunteers is provided in Figure 1—source data 1. The serum samples
330 were stored in -80 °C refrigerator and mainly obtained from The First Affiliated
331  Hospital of Xiamen University (China) after obtaining informed consent.

332  Animal studies

333 All animal studies were approved by the Animal Ethics Committee of Xiamen
334  University (China) (acceptance no: XMULAC20190166). BALB/c and C57BL/6
335 mice (6-7 weeks, random sex, in groups) were obtained from Xiamen University
336  Laboratory Animal Center (China). C57BLKS/J-LepR®/LepR™ (db/db) mice were
337 purchased from GemPharmatech Co, Ltd (China). All Animals were kept in SPF
338  condition with 12 h light-dark cycle, free chow and water accessed to standard rodent
339 diet in accordance with institutional guidelines. For STZ induced diabetic models
340 (Gonzalez et al., 2003; Like and Rossini, 1976), mice were randomized and fasted for
341 12 h but water is allowed before intraperitoneal injection of STZ (a single high dose
342  of 150 mg/kg). Note that BALB/c diabetic mice induced by STZ need to be fed with a
343 60 kcal% fat diet (high fat diet, HFD) for acetate detection until the end of experiment.
344  For animal starvation experiment, mice were fasted but water is allowed. For
345 antibiotic treatment experiment, mice were treated with a mixture of antibiotics
346  including 1 mg/ml ampicillin, 5 mg/ml streptomycin and 1 mg/ml colistin in sterile
347  drinking water for 3 weeks before STZ injection or starvation experiment and
348 treatment was continued to the end of experiment (Vetizou et al., 2015). For Cre-
349  Loxp-mediated liver-specific ACOT12 or ACOTS8 knockout mice (Acot12” or Acot8™
350 ), C57BL/6JGpt-Acot12™C1/Gpt and C57BL/6JGpt-Acot8™C"/Gpt mice were
351  purchased from GemPharmatech Co, Ltd (China), and Acot12 /M or Acotg Fo/Flox
352  mice cross with Alb-Cre mice (C57BL/6), confirm efficient deletion of ACOT12 or
353 ACOTS specifically in liver at protein (6-7 weeks, random sex, in groups). For
354  adenovirus-mediated liver-specific RNAi mouse models, injection of 200 uL
355  adenovirus (titer: 10'?) via tail vein was performed in C57BL/6 mice (6-7 weeks,
356  random sex, in groups) and knockdown efficiency in liver was determined by Western
357  Blot after 2 months of injection. Adenoviruses were propagated in QBI-293A cells
358 and purified by cesium chloride density gradient ultracentrifugation. For all animal
359  models, blood was collected from tail vein, followed by detection of glucose with
360 Roche glucometer and other serum components with NMR and MS. Tissue samples
361  of mice were collected at the end of experiment for Western Blot.
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362 Animal behavior analysis

363  Behavior analysis were performed by using age-matched C57BL/6 mice (4 months,
364  random sex, in groups). Diabetes mellitus, as mentioned above, was induced by STZ
365 in normal or adenovirus-mediated liver-specific RNAI mice. Mice were moved to the
366  experimental room 1 h before starting the experiment. All objects or apparatus were
367 thoroughly cleaned with 75% alcohol between trials to remove odors. And all mice
368  exhibited excellent health throughout the study period. For Forelimb Grip Force Test,
369 the forelimb grip forces were measured by a Grip Strength Meter (Ugo Basile, Italy)
370 and the peak force was defined as the average of three successive measurements. The
371  rotarod test was performed by a progressive acceleration setting from 5 to 40 rpm for
372 2 min using a five-lane apparatus (Ugo Basile, Italy). Before rotarod test, all mice
373  were trained under a condition of 5 rpm 2 min daily for 2 days. For acetate rescuing
374  experiments, the forelimb grip force test and rotarod test were conducted after 5 min
375  of intraperitoneal injection of acetate. The Elevated Plus Maze Test (EPMT) was
376  performed with an elevated plus maze (40 cm in length, 10 cm in width, 50 cm in
377  height, Panlad, Spain) which consists of four elevated arms radiating from a central
378  platform, forming a plus shape. Two of the opposed arms were enclosed by a wall of
379 20 cm in height. Each mouse was placed in the same area, and then left to explore the
380 maze for 5 min. The amount of time spent in the open and closed arms was measured
381  with a video-imaging system (Dazzle DVC100 Video). Data analyses were performed
382  using active-monitoring software (smart3.0). Y-Maze Test (YMZT) was carried out
383 using a Y-shaped maze with three light-colored, opaque arms (30 cm in length, 6 cm
384 in width, 5 cm in height, Panlad, Spain) orientated at 120 angles from each other.
385  Each mouse was placed in the same area, and then left to explore the maze for 5 min.
386  The number of entries into the arms and alterations were recorded with a video-
387  imaging system (Dazzle DVC100 Video). Data analyses were performed using active-
388  monitoring software (smart3.0). The one-trial Novel Object Recognition (NOR) Test
389  was carried out using an open-field apparatus (40x40x40 cm, Panlad, Spain) as test
390 box and the protocol consisted of two test sessions separated by an over 20-min delay
391  during which mice were returned to their home cage. In each test session, every
392  mouse was placed in the same area, and then left to explore the open field for 5 min.
393  For the first session, the mice were trained in the arena where two cubes (5 X 5 x 5 cm,
394  familiar object) were placed as objects A and B. For second session, the mice were
395 trained in the arena where one object A and one cylinder (5 cm diameter, 5 cm height,
396 novel object) designated as object C were placed. The time and distance of novel and
397  familiar objects exploration were recorded with a video-imaging system (Dazzle
398 DVC100 Video) during the trials of each session. Data analyses were performed using
399  active-monitoring software (smart3.0). The ratio of object C exploration time to total
400  time represents the object recognition index.

401 Plasmids constructs

402  Full-length cDNAs encoding human ACOTSs (gene ID: 25082 for ACOT1, gene ID:
403 15824 for ACOT2, gene ID: 9637 for ACOT4, gene ID: 24012 for ACOTS, gene ID:
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404 17595 for ACOT9, gene ID: 10617 for ACOT11 and gene ID: 134526 for ACOT12)
405  was obtained from Core Facility of Biomedical Sciences, Xiamen University. Point
406  mutation of ACOT12 (ACOT12 R312E&R313E) (Lu et al., 2019) and ACOTS8
407 (ACOT8 H78A) (Ishizuka et al., 2004) were constructed by PCR-mediated
408  mutagenesis using PrimerSTAR DNA polymerase (Takara). cDNAs for proteins
409  expression were constructed in pLV c¢s2.0 vectors. ShRNAs were constructed in
410  lentivirus-based pLL3.7 vector. ShRNAs against mouse ACOT12 (#5, #6 and #7) and
411 mouse ACOT8 (#1 and #2) were also constructed in pAdEasy-1 (Stratagene) for
412  adenovirus packaging based on The AdEasy™ Technology (He et al., 1998).

413  Cdl culture, transfections and cell treatments

414  Hela, HEK-293T, HT1080, Huh7, LO,, H3255, A549, QBI-293A and HEB cell lines
415  were taken from our laboratory cells bank and authenticated by Short Tandem Repeat
416  (STR) profiling analysis. HCT116, 786-O, HepG2, Hepal-6 and AML12 cell lines
417  were obtained from and authenticated by Cell Bank of the Chinese Academy of
418  Sciences (Shanghai). All cells were examined negative for mycoplasma infection
419 using PCR-based Mycoplasma Detection Kit (Sigma, MP0035-1KT). Mouse
420  embryonic fibroblast cell (MEF) was isolated from embryos of mice at 13.5 days
421  post-coitum and further immortalized by infection of the SV-40 larger T antigen
422  expressing retroviruses. All the cell lines were cultured in DMEM (Gibco) with 10%
423  fetal bovine serum (FBS, Gemini) at 37 °C in incubator containing 5% CO,. HEK-
424 293T was used for transient transfection and lentivirus package with polyethylenimine
425  (PEI, 10 uM, Polyscience) as transfection reagent. The virus-containing medium was
426  collected after 24 hours of transfection, filtered by 0.45 um Steriflip filter (Millipore)
427  and stored at -80 °C for infection. The infected cells were passaged until stable cell
428  lines were constructed. For all kinds of treatment, cells were seeded in 35 mm dishes
429  and cultured for 24 h before treatment. To measure glucose-derived acetate, cells were
430 rinsed with PBS and then incubated in glucose-free DMEM (1 mL, Gibco)
431  supplemented with 10% FBS and 10 mM U-"*C-glucose for 20 h before harvest. To
432  measure fatty acid-derived acetate, cells were rinsed with PBS and then incubated in
433  Hanks' balanced salt solution (HBSS) supplemented with 10% FBS and 500 uM
434  bovine serum albumin (BSA, fatty acids free, Yeasen Biotech)-conjugated free fatty
435  acid (Myristate, Palmitate, Stearate or U-*C-palmitate) for 20 h before harvest. To
436  determine amino acid-derived acetate, cells were rinsed with PBS and then incubated
437 in HBSS supplemented with 10% FBS and 2x or 4x amino acids for 20 h before
438  harvest. 2x amino acids contains double concentrations of amino acids in DMEM and
439  4x contains quadruple concentrations of amino acids in DMEM. HBSS media (1 L,
440  pH 7.4) contains CaCl, (140 mg), MgCl,-6H,O (100 mg), MgSQO,4-7H,0 (100 mg),
441  KCI (400 mg), KH,PO,4 (60 mg), NaHCOj3 (350 mg), NaCl (8 g) and Na;HPO, (48
442  mpg). To determine gluconeogenesis, cells were rinsed with PBS and then incubated in
443  HBSS media (glucose-free) supplemented with 100 nM glucagon (Acmec, G78830)
444  for 4 h before harvest as previously described (Liu et al., 2017).
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445  Adenovirus packaging and infection

446 Sterile linearized recombinant AdEasy™ plasmids were transfected in QBI-293A cell
447  lines with Turbofect transfection reagent for adenovirus packaging as described
448  previously (He et al., 1998). Fresh QBI-293A cells were further infected by the
449  primary adenoviruses for amplification and purification of recombinant adenovirus.
450  The purified adenovirus was used for infection of mouse primary hepatocytes (MPH)
451  invitro and liver cells in vivo.

452  Mouse primary hepatocytes isolation

453  Mouse primary hepatocytes were obtained from C57BL/6 mice by perfusing the liver
454  through the portal vein with calcium-free buffer A (1 mM EGTA and Kreb-Ringer
455  buffer), followed by perfusion with buffer B (collagenase-1VV from Sigma, Kreb-
456  Ringer buffer and 5 mM CaCl,). Hepatic parenchymal cells were maintained in
457  DMEM containing 10% FBS and precipitated by centrifugation (50 g for 3 min). Next,
458  the isolated cells were plated in dishes pre-treated by collagen-1 (CORNING) and
459  cultured in DMEM with 10% FBS at 37 °C in humid incubator containing 5% CO..
460  Kreb-Ringer buffer (1 L, pH 7.4) contains NaCl (7 g), NaHCOs; (3 g), HEPES (5 mM,
461  pH 7.45), Solution C (10 ml) and Glucose (1 g). Solution C contains KCI (480 mM),
462  MgSO; (120 mM) and KH,PO, (120 mM). All buffers and media above contain
463  penicillin (100 1U, Sangon Biotech) and streptomycin (100 mg/ml, Sangon Biotech)
464  (Huangetal., 2011).

465 I mmunoprecipitation and Western Blot

466  Cells or tissues were harvested in a lysis buffer (20 mM Tris-HCI (pH 7.4), 150 mM
467 NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM f-glycerolphosphate, 1
468 mM sodium orthovanadate, 1 mM EGTA, 1% Triton, 1 ug/ml leupeptin, 1 mM
469  phenylmethylsulfonyl fluoride), sonicated and centrifuged at 20,000 g for 15 min at
470  4°C. For immunoprecipitation, incubated the supernatant with corresponding antibody
471 for 12h at 4°C and then incubated with A/G plus-agarose beads (Santa Cruz
472 Biotechnology, Inc.) for 2h at 4°C. For Western Blot, immunoprecipitates or total cell
473  lysates supernatant added with SDS loading buffer, boiled for 10 min and separated
474 by SDS-PAGE, followed by transferring to PVDF membranes (Roche). The PVDF
475 membranes were incubated with specific antibodies for 3 h and proteins were
476  visualized by enhanced chemiluminescence (ECL) system. The intensity of blots was
477  analyzed by using Image J.

478  Subcdlular fraction purification

479  For subcellular fraction purification, the Peroxisome Isolation kit (Sigma) was used to
480 isolate peroxisomes from primary hepatocytes by referring to the protocol provided by
481  Sigma-Aldrich. The isolated subcellular fractions were lysed with lysis buffer and
482  analyzed by Western Blot.
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483  Immunofluorescence

484  LO; cells grown on coverslips at 30%-40% of confluence were washed with PBS and
485  fixed in 4% paraformaldehyde for 10 min. The fixed cells were treated with 0.2%
486  Triton X-100 in PBS for 10 min at room temperature to permeabilize membrane and
487  then incubated with 5% BSA in TBST (20 mM Tris, 150 mM NacCl, and 0.1% Tween
488  20) for 1h to block non-specific binding sites. Next cells were incubated with primary
489  antibodies diluted in TBST containing 5% BSA for 1 h at room temperature and
490  washed three times with 0.02% Triton-X100 in PBS, followed by incubation with
491  fluorescent secondary antibodies for 1h. After washed three times with 0.02% Triton-
492 X100 in PBS, all coverslips were counterstained with DAPI and mounted on
493  microscope slides with 90% glycerol. Images were captured by Leica TCS SP8
494  confocal microscope at pixels of 1024x1024.

495  Biochemical analyses

496  To prepare mouse serum, mouse blood was collected into 1.5 mL Eppendorf tube and
497  allowed to clot for 30 min at 4°C. Then samples were centrifuged for 30 min (1300 g)
498  at 4°C and the serum layer was carefully moved into a new 1.5 mL Eppendorf tube.
499  Plasma levels of TG, CHOL, HDL-C and LDL-C were measured in Clinical
500 Laboratory of Zhongshan Hospital, affiliated to Xiamen University. Plasma insulin
501  levels were measured using the MOUSE INS-1055 ELISA KIT (Meikebio) with a
502  standard curve, following the manufacturer’s protocol. Plasma total FFAs levels were
503  measured using the free fatty acid (FFA) content assay kit (Beijing Boxbio Science &
504  Technology) with a standard curve, following the manufacturer’s protocol and each
505 FFA was measured by gas chromatography mass spectrometry. Fasted, mice were
506 fasted for 12 h; Non-fasted, mice were fed normally.

507  Gas Chromatography M ass Spectrometry

508 To identify the acetate produced by cells, metabolites in culture medium were
509 subjected to acidification and extraction, followed by analysis using gas
510  chromatography mass spectrometry (GC-MS) as previously described with some
511  optimization (Fellows et al., 2018). First, equal propionic acid and butyric acid were
512  added to cell cultured media (100 pL) as internal reference in Eppendorf tubes.
513  Subsequently, 40 mg of sodium chloride, 20 mg of citric acid and 40 uL of 1 M
514  hydrochloric acid were added to acidize metabolites. After acidification, acetate,
515  propionic acid and butyric acid were liable to be extracted by 200 uL of n-butanol.
516  Next, the tubes were vortexed for 3 min and centrifuged at 20,000 g for 20 min. The
517  supernatant was transferred to HPLC vial and 1 uL mixture was determined.

518  Mouse serum was extracted as mentioned above and subjected to measurement of free
519 fatty acids (FFAs) levels employing GC-MS. In brief, 30 uL of cold mouse serum was
520 transferred to new 1.5 mL Eppendorf tubes and 500 uL of cold 50% methanol
521  (containing 2.5 pg/mL tridecanoic acid as internal reference) was added to the
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522  samples, followed by addition of 500 uL of cold chloroform. Next, samples were
523  vortexed at 4 °C for 10 min and centrifuged (12000 g) at 4 °C for 20 min to separate
524  the phase. The chloroform phase containing the total fatty acid content was separated
525  and lyophilized by nitrogen. Dried fatty acid samples were esterified with 100 uL 1%
526  sulfuric acid in methanol for 60 min at 80 °C and extracted by addition of 100 pL n-
527 hexane. The supernatant was transferred to HPLC vial and 1 puL mixture was
528  determined.

529  Analysis was performed using an Agilent 7890B gas chromatography system coupled
530 to an Agilent 5977B mass spectrometric detector (MSD) and a fused-silica capillary
531  DB-FFAP with dimensions of 30 mx0.25 mm internal diameter (i.d.) coated with a
532  0.25 pum thick layer. The initial oven temperature was 50 °C, then ramped to 110 °C at
533 arate of 15 °C min™, to 180 °C at a rate of 5 °C min", to 240 °C at a rate of 15 °C
534 min, and finally held at 240 °C for 10 min. Helium was used as a carrier gas at a
535  constant flow rate of 1 mL min~* through the column. The temperatures of the front
536 inlet, transfer line, and electron impact (EI) ion source were set at 240 °C, 260 °C, and
537 230 °C, respectively. The electron energy was —70 eV, and the mass spectral data was
538  collected in a full scan mode (m/z 30 - 300).

539  Liquid chromatography-mass spectr ometer

540  The metabolites of TCA cycle were determined by Liquid chromatography-mass
541  spectrometer (LC-MS) as described (Hui et al., 2020). To prepare the samples for
542  measurement of metabolites in tissues, the equivalent tissues of brain or muscle were
543  quenched by pre-cold methanol solution (methanol: ddH,0=4:1) and homogenated,
544  followed by centrifugation (12,000 g, 20 min). The supernatants were collected in
545 new Eppendorf tubes and dried at 4 °C and the pellets were resuspended in
546  acetonitrile solution (acetonitrile: ddH,O=1:1) and transferred to HPLC vial. To
547  prepare the samples for measurement of intracellular metabolites of in vitro cultured
548  cells, the medium was discarded and cells cultured in 35 mm dish were gently washed
549  twice by cold PBS, followed by the addition of pre-cold methanol solution (methanol:
550 ddH,0=4:1, containing 160 ng/mL U-"*C-glutamine as internal reference) to each
551  well. Samples were then handled as described above for measurement of tissue
552  metabolites. For analysis of metabolites in above prepared samples, the liquid
553  chromatography with SCIEX ExionLC AD was prepared and all chromatographic
554  separations were performed with a Millipore ZIC-pHILIC column (5 um, 2.1x100
555  mm internal dimensions, PN: 1.50462.0001). The column was maintained at 40°C and
556  the injection volume of all samples was 2 uL. The mobile phase that consisted of 15
557  mM ammonium acetate and 3 ml/L Ammonium Hydroxide (> 28%) in LC-MS grade
558  water (mobile phase A) and LC-MS grade 90% (v/v) acetonitrile in HPLC water
559  (mobile phase B) ran at a flow rate of 0.2 mL/min. The ingredients were separated
560  with the following gradient program: 95% B for 2 min, then changed to 45% B within
561 13 min (linear gradient) and maintained for 3 min, then changed to 95% B directly
562 and maintained for 4 min. The flow rate was 0.2 mL/min. The QTRAP mass
563  spectrometer used an Turbo V ion source. The ion source was run in negative mode
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564  with a spray voltage of -4,500 V, with Gas1 40 psi, Gas2 50 psi and Curtain gas 35 psi.
565  Metabolites were measured using the multiple reactions monitoring mode (MRM).
566  The relative amounts of metabolites were analyzed by MultiQuant Software Software
567  (AB SCIEX).

568 NMR measurements

569  To prepare the culture medium samples for NMR analysis, medium harvested after
570 treatment of cells were centrifuged (12000 g at 4 °C for 10 min) and the supernatants
571 (400 pL) were transferred into 5 mm NMR tubes for NMR measurement. The clinical
572 serum samples (200 pL) were thawed on ice, mixed with 200 uL NMR buffer (50 mM
573  sodium phosphate buffer, pH 7.4 in D,O) and centrifuged (12000 g) at 4 °C for 10
574  min. The supernatants (400 uL) were transferred into 5 mm NMR tubes for NMR
575  measurement. For preparation of mice blood sample, 25 uL blood was mixed with 75
576  uL saline immediately, and centrifuged (3000 g) at 4 °C for 10 min. The supernatants
577 (100 pL) were mixed with 300 uL. NMR buffer and transferred into 5 mm NMR tubes
578 for NMR measurement. An internal-tube containing 200 uL D,O (used for field-
579  frequency lock) with 1 mM sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 (TSP)
580  was used to provide the chemical shift reference (6 0.00) and quantify the metabolites.
581  NMR measurements were performed on a Bruker Avance 111 850 MHz spectrometer
582  (Bruker BioSpin, Germany) equipped with a TCI cryoprobe at 25 °C provided by
583  College of Chemistry and Chemical Engineering (Xiamen University) and a Bruker
584  Avance Ill 600 MHz spectrometer (Bruker BioSpin, Germany) provided by Core
585  Facility of Biomedical Sciences (Xiamen University). One dimensional (1D) CPMG
586  spectra were acquired using the pulse sequence [RD-90°- (1-180°-1) , -ACQ] with
587  water suppression for culture medium and serum samples. For the purpose of
588  metabolite resonance assignments, two dimensional (2D) *H-'3C heteronuclear single
589 quantum coherence (HSQC) spectra were recorded on selected NMR samples.
590 Identified metabolites were confirmed by a combination of 2D NMR data and the
591  Human Metabolome Data Base (HMDB).

592  Fatty acid oxidation measurement

593  Fatty acid oxidation was carried out as previous described (Li et al., 2018). Briefly,
594  cells were cultured in 35 mm dish and rinsed twice with PBS to remove the residue
595  medium. 1 mL reaction buffer (119 mM NaCl, 10 mM HEPES (pH 7.4), 5 mM KClI,
596 2.6 mM MgSO, 25 mM NaHCO3, 2.6 mM KH,PO, 2 mM CaCl,, 1 mM BSA-
597  congregated oleic acid and 0.8 pCi/mL [9,10-*H(N)]-oleic acid) was added in dish to
598 incubate cells at 37 °C for 12 h, followed by centrifugation (1000 g, 5 min) to obtain
599  supernatant. Then, 192 pL of 1.3 M perchloric acid was added to 480 uL of
600  supernatant. The mixture was centrifuged (20,000 g, 5 min) and 240 pL supernatant
601  was mixed with 2.4 mL of scintillation liquid and 3H radioactivity, followed by
602 measurement with liquid scintillation counter (Tri-Carb 2008TR, Perkins Elmer,
603  USA), provided by Center of Major Equipment and Technology (COMET), State Key
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604  Laboratory of Marine Environmental Science, Xiamen University.
605 Databaseanalysis

606 The data of GSE72086 (Goldstein et al., 2017) by RNA-Seq was downloaded from
607 the public NCBI Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/), analyzed
608 Dby limma package (Ritchie et al., 2015) and visualized by ggplot2 and ggrepel
609 packages in R (version 3.6.3). GSE72086 contains 6 samples: 3 fed treatments and 3
610 fasted-24h treatments. Here, the probe with the greatest p value was chosen to
611  determine the differential gene expression for multiple probes corresponding to the
612  same gene. Adjusted p value <0.05 and |log fold change (log FC) [>1 were chosen as
613  the threshold value.

614  The tissue-specific mMRNA expression of target gene was analyzed by using GTEx
615  database (www.gtexportal.org) for the human data and GSE24207 of GEO database
616  for the mice data as reported (Fagerberg et al., 2014; Thorrez et al., 2011).

617  Statistical analysis

618  The two-tailed Student’s t test was used to analyze difference between two groups
619  with Graphpad Prism 8 and Excel. One-way ANOVA was used to compare values
620 among more than two groups with Graphpad Prism 9 and R (version 3.6.3).
621  Difference was considered significant if p value was lower than 0.05 (*P<0.05;
622 **P<0.01; ***P<0.001; ****P<0.0001).
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773  The Excel spreadsheet provided contains the source data pertaining to the patient
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782  Figure 2—figure supplement 4
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784  Figure3

785  Figure3—sourcedata 1l

786  Complete, unedited immunoblots, as well as immunoblots including sample and band
787 identification, are provided for the immunoblots presented in Figure 3.

788  Figure 3—figure supplement 1

789  Figure 3—figure supplement 1—source data 1

790  Complete, unedited immunoblots, as well as immunoblots including sample and band

791  identification, are provided for the immunoblots presented in Figure 3—figure
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792  supplement 1.

793

794  Figured

795 Figure4—sourcedata 1

796  Complete, unedited immunoblots, as well as immunoblots including sample and band
797  identification, are provided for the immunoblots presented in Figure 4.

798  Figure4—figure supplement 1

799  Figure4—figure supplement 2

800  Figure4—figure supplement 2—source data 1

801  Complete, unedited immunoblots, as well as immunoblots including sample and band
802 identification, are provided for the immunoblots presented in Figure 4—figure
803  supplement 2.

804  Figure4—figure supplement 3

805

806 Figure5

807 Figure5—sourcedatal

808 Complete, unprocessed immunoblots displaying sample and band identification are
809 presented in Figure 5, along with the corresponding raw data for immunostaining.

810

811  Figure6

812  Figure 6—figure supplement 1

813  Figure 6—figure supplement 2
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Figure7
Figure 7—source data 1
Complete, unedited immunoblots, as well as immunoblots including sample and band

identification, are provided for the immunoblots presented in Figure 7.

Figure8

Figure 8—figure supplement 1

Figure 8—figure supplement 2

24


https://doi.org/10.1101/2023.03.23.533947
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533947; this version posted June 26, 2023. The copyright holder for this preprint
(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
available under aCC-BY 4.0 International license.

824  Figure 1. Acetateis produced at a level comparable with ketone bodies in energy
825  stresses.

826  (A) Enrichment of glucose, 3-HB, AcAc and acetate in clinical serum samples from
827  healthy volunteers and patients with diabetes mellitus (Health, n=8; Diabetes, n=17).
828  (B) Enrichment of glucose, 3-HB, AcAc and acetate in the serum of STZ-induced
829  diabetic mice (C57BL/6, n=5). (C) The levels of acetate, 3-HB, AcAc and glucose in
830 the serum of C57BL/6 mice (n=5) starved for indicated time course. Abbreviations: 3-
831 HB, 3-hydroxybutyrate; ACcAc, acetoacetate; NT, untreated control; STZ,
832  streptozotocin.

833  Values are expressed as mean+SD and analyzed statistically by two-tailed unpaired
834  Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant

835 difference).
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Figure 2. Acetateisderived from FFAsin mammalian cells.

(A) The amount of U-C-acetate secreted by indicated cells cultured in U-*3C-
palmitate-containing HBSS for 20 h (n=3). (B-D) The amount of U-'3C-acetate
secreted by MPH (B), LO, (C) and AML12 (D) cells cultured in HBSS supplemented
with increasing doses of U-**C-palmitate for 20 h (n=3). (E) Enrichment of acetate in
the serum of untreated or STZ-induced diabetic C57BL/6 mice (n=10) fed with or
without high fat diet (HFD). Abbreviations: MPH, mouse primary hepatocytes; UD,
undetectable; STZ, streptozotocin.

Values are expressed as mean+SD and analyzed statistically by two-tailed unpaired
Student’s t test (A, E) or one-way ANOVA (B-D), individually (*P<0.05, **P<0.01,

***pP<(.001, ****P<0.0001, n.s., no significant difference).
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847  Figure3. ACOT12 and ACOT8 areinvolved in acetate production in mammalian
848  cdlls.

849  (A) Heatmap showing hepatic differentially expressed genes between fed group and
850 fasted group, RNAseq analysis data from Goldstein et al. (2017). (B) The secretion of
851 acetate (upper panel) by HEK-239T cell lines overexpressing various ACOTs and the
852  protein levels of expressed ACOTs (lower panel). (C, D) HEK-293T (C) and Huh7 (D)
853  cell lines overexpressing control vector, wildtype (WT) ACOT12 and ACOTS or their
854 enzyme activity-dead mutants (Mut) were cultured in HBSS containing U-*C-
855 palmitate for 20 h, followed by detection of U-"*C-acetate. (E, F) U-'*C-acetate
856 secreted by ACOT12- or ACOT8-knockdown MPH after incubation in U-3C-
857  palmitate-containing HBSS for 20 h. Abbreviations: sShACOT12, short hairpin RNA
858  targeting mouse ACOT12 gene; shACOTS, short hairpin RNA targeting mouse
859  ACOTS8 gene. UD, undetectable; ACOT8 Mut, ACOT8 H78A mutant; ACOT12 Mut,
860 ACOT12 R312E mutant.

861  Values are expressed as meantSD (n=3) of three independent experiments and
862 analyzed using unpaired Student’s t test (*P<0.05, **P<0.01, ***P<0.001,

863  ****P<(.0001, n.s., no significant difference)
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864 Figure4. ACOT12 and ACOTS8 areresponsible for acetate production in energy
865  stresses.

866 (A, C) ACOT12 in mice (C57BL/6) liver was knocked down by adenovirus-based
867 shRNA, followed by detection of ACOT12 protein with Western Blot (A) and
868  evaluation of knockdown efficiency by calculating ACOT12 level relative to p-actin
869 (C). (B, D) The knockdown efficiency of ACOT8 was determined as that of ACOT12.
870 (E) Enrichment of serum acetate in normal and 16 h fasting mice (C57BL/6) with
871  adenovirus-mediated knockdown of ACOT12 or ACOTS in liver. (F) Enrichment of
872  serum acetate in STZ-induced diabetic mice (C57BL/6) with adenovirus-mediated
873  knockdown of ACOT12 or ACOTS in liver. (G, H) ACOT12 (G) or ACOT8 (H) in
874  mice (C57BL/6) liver was conditionally deleted by Cre-Loxp in liver, followed by
875  detection of ACOT12 and ACOTS protein with Western Blot. (I, J) Enrichment of
876  serum acetate in normal and 16 h fasting mice (C57BL/6) with Cre-Loxp-mediated
877  conditional deletion of ACOT12 (I) or ACOT8 (J) in liver.

878  Results are expressed as mean+SD of three independent experiments in (C, D), n=10
879  mice per group in (E, F) and n=6 mice per group in (I, J), and analyzed by using
880  unpaired Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no

881  significant difference).
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882 Figure 5. Acetate production is dependent on FFAs oxidation in both
883 mitochondrion and peroxisome.

884  (A) Co-immunostaining of Flag-ACOT8 with peroxisome marker catalase and Flag-
885 ACOT12 with cytosol marker GAPDH in LO; cells. Nuclei were stained with DAPI.
886  Scale bars represent 10 um. (B) The protein levels of ACOT12 and ACOTS in the
887  subcellular fractions of MPH cells. Abbreviations: Lyso, lysosome; ER, endoplasmic
888 reticulum; Mito, mitochondria; Perox, peroxisome. (C, D) U-"*C-acetate production
889 (C) and the relative B-oxidation rate (D) in carnitine palmitoyltransferase 1A
890  (CPT1A)-knockdown LO, cells cultured in HBSS containing U-*C-palmitate for 20 h.
891  (E) U-"C-acetate production (left) and the relative p-oxidation rate (right) of LO>
892  cells cultured in U-**C-palmitate-containing HBSS w/wo CPT1 inhibitor etomoxir (20
893  uM) for 20 h. (F) U-*C-acetate production in ATP citrate lyase (ACLY)-knockdown
894  LO; cells cultured in HBSS supplemented with U-**C-palmitate for 20 h. (G) U-*C-
895  acetate production in ATP binding cassette subfamily D member 1 (ABCD1)-
896  knockdown LO; cells cultured in HBSS containing U-"*C-palmitate for 20 h. (H) A
897  schematic diagram depicting the mitochondrion and peroxisome pathways of acetate
898  production from FFAs oxidation in hepatocytes. Very long- and long-chain fatty acids
899 (VL/LCFAS) is transported through ABCD1 into peroxisome where it is further
900 degraded into medium-chain fatty acids (MCFAs) via fatty acid oxidation (FAO)
901  process, accompanied by production of acetyl-CoA which is further converted to
902 acetate by peroxisome-localized ACOT8. MCFAs generated in peroxisome are

903  exported into cytosol and absorbed directly by mitochondria. Cytosolic acyl-CoA
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904 derived from medium- and long-chain fatty acids (M/LCFAS) is transferred into
905 mitochondria through CPT1A. All fatty acids and acyl-CoA in mitochondria undergo
906 FAO to be degraded to acetyl-CoA. Then acetyl-CoA together with oxaloacetate is
907  synthesized to citrate in TCA cycle, and citrate is exported into cytosol where it is
908 lysed to acetyl-CoA by ACLY. Acetyl-CoA is finally converted to acetate by cytosol-
909 localized ACOT12.

910  Values in (C-G) are expressed as mean=SD (n=3) of three independent measurements.
911 *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by two-tailed unpaired Student’s t
912  ftest.

913
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914  Figure6. ACOT12 and ACOT 8 serve to maintain CoA pool for sustained FAO.
915 (A, B) MPHs knocked down for ACOT12 (A) or ACOTS8 (B) were cultured in glucose
916  free reaction buffer containing 0.8 uCi/mL [9,10-*H(N)]-oleic acid for 20 h, followed
917 by determination of the relative f-oxidation rate. (C) Relative abundance of reduced
918  CoA in MPHs knocked down for ACOT12 or ACOTS. (D) Relative abundance of
919  acetyl-CoA in MPHs knocked down for ACOT12 or ACOTS. (E) The ratio of reduced
920 CoA to acetyl-CoA in MPHs knocked down for ACOT12 or ACOTS. (F) Relative
921  abundance of reduced CoA and various oxidized CoA in MPHs. Abbreviations: Ac-
922  CoA, acetyl-CoA; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA.

923  Values are expressed as meantSD (n=3) of three independent experiments and
924 analyzed using unpaired Student’s t test (*P<0.05, **P<0.01, ***P<0.001,

925  ****pP<(.0001, n.s., no significant difference).
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926 Figure 7. ACOT12 and ACOTS8 are required for ketone bodies production in
927  STZ-induced diabetes.

928 (A) Relative abundance of HMG-CoA in MPHs knocked down for ACOT12 or
929 ACOT8 (n=3). (B, C) Serum levels of AcAc (B) and 3-HB (C) in STZ-induced
930 diabetic C57BL/6 mice with adenovirus-mediated knockdown of ACOT12 or ACOT8
931 inliver. (D, E) The protein levels of HMGCS2 in MPHs knocked down for ACOT12
932 (D) and ACOTS (E). (F, G) ACOT12 (F) and ACOT8 (G) in mice (C57BL/6) liver
933  were knocked down by adenovirus-based shRNA, followed by detection of HMGCS2
934  protein with Western Blot. (H) Western Blot (upper panel) and evaluation of the
935 relative acetylation (Ac-Lys) level by calculating HMGCS2 acetylation relative to
936 HMGCS2 (lower panel). Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl-
937 CoA; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2.

938  Results are expressed as mean+SD of three independent experiments in (A) and n=10
939  mice per group in (B, C), and analyzed by using unpaired Student’s t test (*P<0.05,

940 **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant difference).
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941  Figure 8. Brain exhibitsincreased acetate consumption during energy stresses.
942  (A-G) Relative abundance of **C-acetyl-CoA (A), “*C-citrate (B), **C-aconitate (C),
943  “C-isocitrate (D), *C-succinate (E), “*C-fumarate (F) and **C-malate (G) in the brain
944  of starved or diabetic mice (C57BL/6) was determined 1 h after intraperitoneal
945  injection of 2-"*C-acetate (310 mg/kg). (H) The abundance of acetate and 3-HB in the
946  serum of fasting mice (C57BL/6) after intraperitoneal injection (acetate 300 mg/kg, 3-
947  HB 520 mg/kg). (I) A working model describing the biological significance of
948 ACOT12- and ACOTB8-catalized conversion of acetyl-CoA to acetate and CoA. In the
949  status of energy stress such as diabetes mellitus and prolonged starvation, body takes
950 at least two advantages by converting acetyl-CoA to acetate and CoA: 1) CoA is
951  required for sustained FAO and ketone bodies production in liver; 2) acetate serves as
952  anovel ketone body to fuel extrahepatic tissues, particularly brain.

953  Values in (A-H) are expressed as mean+SD (n=5 mice per group in (A-G) and n=7
954  mice per group in (H)) and analyzed statistically by employing unpaired Student’s t

955  test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant difference).
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956  Figure 1—figure supplement 1. Increased level of acetatein diabetes mellitus.
957  (A) Typical 2D *H-*C HSQC spectrum of clinical serum sample. (B) The levels of
958  serum glucose, 3-HB, AcAc and acetate in STZ-induced diabetic mice (BALB/c, n=5
959  per group). (C) The levels of serum glucose, 3-HB and acetate in db/db mice
960 (C57BL/6, n=6 per group). Abbreviations: 3-HB, 3-hydroxybutyrate; AcAc,
961  acetoacetate; STZ, streptozotocin.

962 Values in (B, C) are expressed as mean+SD and analyzed statistically by two-tailed
963  unpaired Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no

964  significant difference).
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Figure 1—figure supplement 2. Increased level of acetate in fasting mice.

The levels of acetate, 3-HB, AcAc and glucose in the serum of BALB/c mice starved
for indicated time course.

Values are presented as mean+SD (n=>5). Statistics were performed employing two-
tailed unpaired Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s.,

no significant difference).

35


https://doi.org/10.1101/2023.03.23.533947
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533947; this version posted June 26, 2023. The copyright holder for this preprint
(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
available under aCC-BY 4.0 International license.

971  Figure 2—figure supplement 1. Acetate is increased independently of gut
972  microbiota upon energy stress.

973  (A) The levels of serum glucose and acetate of C57BL/6 mice pretreated with
974  antibiotics for 3-weeks and then starved for additional 24 h (n=5). (B) The levels of
975 serum glucose and acetate of BALB/c mice pretreated with antibiotics for 3-weeks
976  and then starved for another 12 h (n=5). (C) Serum glucose and acetate levels of STZ-
977  induced diabetic mice pretreated with antibiotics for 3-weeks (C57BL/6, n=5).

978  Values are expressed as mean+SD. Statistical analyses were carried out by using two-
979 tailed unpaired Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s.,

980  no significant difference).
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981 Figure 2—figure supplement 2. Acetate is secreted by in vitro cultured
982 mammalian cdls.

983  (A) Acetate secreted by various cells cultured in fresh DMEM medium for 20 h was
984  detected by employing NMR. (B) A typical NMR 2D *H-**C HSQC spectrum of
985  culture medium in which HCT116 cells were culture for 20 h. (C, D) The same cells
986 as in (A) were detected for the production of acetate, propanoate and butyrate with
987  GC-MS. Propanoate and butyrate were used as an internal control.

988  Values in (A, C) are expressed as mean+SD (n=3) of three independent experiments.
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989  Figure 2—figure supplement 3. Acetate is derived from other nutrients besides
990 glucose.

991  (A) The amount of U-"C-acetate secreted by indicated cells cultured in U-**C-
992  glucose-containing medium for 20 h. Values are expressed as mean=SD (n=3) of three
993  independent experiments. UD, undetectable. (B) 1D *H NMR CPMG spectra of

994  aqueous extracts from medium of LO, cells cultured with U-*3C-glucose for 20 h.
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995  Figure 2—figure supplement 4. ES-Acetate ismainly derived from FFAs.

996  (A) Arepresentative 1D *H NMR CPMG spectra of aqueous extracts from the DMEM
997  medium with 4xAAs in which LO, cells were cultured for 20 h. (B, C) The acetate
998  production of primary hepatocyte (MPH) (B) and LO, (C) cells cultured in Hanks’
999 balanced salt solution (HBSS, free for glucose, fatty acids and amino acids)
1000  supplemented with or without indicated doses of amino acids (AAs) for 20 h. (D, E)
1001  The acetate production of MPH (D) and LO, (E) cells cultured in HBSS with or
1002  without 500 uM of indicated free fatty acids (FFAs) (C14:0, Myristate; C16:0,
1003  Palmitate; C18:0, Stearate) for 20 h.

1004  Values are expressed as mean+SD (n=3) of three independent measurements for (B-E).
1005  Statistics in (B-E) were analyzed by using two-tailed unpaired Student’s t test

1006  (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant difference).
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1007  Figure 3—figure supplement 1. ACOT12 and ACOT8 areresponsible for acetate
1008  production during energy stress.

1009  (A) VWolcano plot of RNAseq analysis data from Goldstein et al. (2017) (Goldstein et
1010  al., 2017). Taxa with fold change >2 and p-value< 0.05 are labeled in red and taxa
1011 with fold change < -2 and p-value < 0.05 are labeled in green. (B, C) ACOT12 and
1012  ACOTS8 in livers of C57BL/6 mice with STZ-induced type | diabetes or 48 h
1013  starvation were detected by Western Blot (B) and their protein levels relative to f3-
1014  actin are analyzed (C). ACOT, acyl-CoA thioesterase. (D, E) HEK-293T (D) and
1015  Huh7 (E) cell lines overexpressing ACOT12 or ACOT8 were cultured in medium
1016  containing indicated FFAs for 20 h, followed by detection of acetate secretion (n=3).
1017 (F) The enrichment of U- *C-acetate in LO, cells knocked down and further rescued
1018 for ACOT12 expression and then cultured in medium supplemented with U-C-
1019  palmitate for 20 h (n=3). (G) The enrichment of U-"*C-acetate in LO; cell lines
1020  knocked down for ACOT8 and cultured in medium containing U-"*C-palmitate for 20
1021 h (n=3).

1022  Values are expressed as mean+SD of three independent experiments. *P<0.05,

1023  **P<0.01, ***P<0.001, ****P<0.0001 by two-tailed unpaired Student’s t test.
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Figure 4—figure supplement 1. The expression profile of ACOTs and ketogenetic
enzymesin human liver.
Heatmap from GTEX database represents the expression levels of ACOTs and

ketogenetic genes in a variety of normal human tissues.
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Figure 4—figure supplement 2. The expression profile of ACOTs and ketogenetic
enzymesin mouse liver.

(A) Heatmap from GEO database represents the expression levels of ACOTs and
ketogenetic genes in normal mouse tissues indicated. (B) The protein levels of

ACOT12 and ACOTS in different tissues of mice (C57BL/6).

42


https://doi.org/10.1101/2023.03.23.533947
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.23.533947; this version posted June 26, 2023. The copyright holder for this preprint
(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
available under aCC-BY 4.0 International license.

1033  Figure 4—figure supplement 3. FFA-derived acetate is diminished by
1034  supplementation of glucose.

1035 (A, B) NMR detection of the amount of U-"*C-acetate secreted by MPH (A) and LO,
1036 (B) cell lines after incubation in U-**C-palmitate-containing HBSS supplemented with
1037  or without (w/wo) glucose (20 mM) for 20 h. UD, undetectable.

1038  Values are expressed as mean+SD (n=3) of three independent measurements. *P<0.05,

1039  **P<0.01, ***P<0.001, ****P<0.0001 by two-tailed unpaired Student’s t test.
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1040  Figure 6—figure supplement 1. ACOT12 and ACOTS8 are involved in the
1041  catabolism of fatty acid.

1042  (A-D) Serum levels of fasted blood glucose (A), non-fasted blood glucose (B), insulin
1043  (C) and total FFA (D) of C57BL/6 mice with adenovirus-mediated knockdown of
1044  ACOT12 or ACOTS. Fasted, mice were fasted for 12 h; Non-fasted, mice were fed
1045 normally. (E-l) Serum free fatty acids’ levels determined by GC-MS. (J) Serum levels
1046  of triacylglycerol (TG) of C57BL/6 mice with adenovirus-mediated knockdown of
1047  ACOT12 or ACOTS8. (K, L) LO; cell lines knocked down for ACOT12 (K) or
1048 ACOTS8 (L) were cultured in glucose free reaction buffer containing 0.8 pCi/mL
1049 [9,10- H(N)]-oleic acid for 20 h, followed by determination of the relative B-
1050  oxidation rate (n=3).

1051  Results are expressed as meanzSD of n=10 mice per group in (A-J) and three
1052  independent experiments in (K, L), and analyzed by using unpaired Student’s t test

1053  (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant difference).
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1054  Figure 6—figure supplement 2. ACOT12 and ACOTS8 serve to maintain CoA
1055  pool for sustained FAO.

1056  (A-D) Relative abundance of octanoyl-CoA (A), caproyl-CoA (B), succinyl-CoA (C)
1057  and acetoacetyl-CoA (D) in MPHs knocked down for ACOT12 or ACOT8 (n=3). (E-
1058  G) Serum levels of cholesterol (CHOL) (E), high density lipoprotein cholesterol
1059 (HDL-C) (F) and low density lipoprotein cholesterol (LDL-C) (G) of C57BL/6 mice
1060  with adenovirus-mediated knockdown of ACOT12 or ACOTS8. (H) Relative
1061  abundance of reduced CoA, acetyl-CoA and other oxidized CoA (octanoyl-CoA,
1062  caproyl-CoA, succinyl-CoA, acetoacetyl-CoA and HMG-CoA) in MPHs knocked
1063  down for ACOT12 or ACOT8. HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA (n=3).
1064  Results are expressed as mean+SD of three independent experiments in (A-D, H) and
1065 n=10 mice per group in (E-G), and analyzed by using unpaired Student’s t test

1066  (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant difference).
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1067  Figure 8—figure supplement 1. Accumulation of acetate derivativesin muscle is
1068 retarded under energy stress.

1069  Relative abundance of **C-acetyl-CoA (A), **C-citrate (B), *C-aconitate (C), “*C-
1070  isocitrate (D), **C-succinate (E), **C-fumarate (F) and **C-malate (G) in the muscle of
1071 diabetic and starved mice (C57BL/6) was determined 1 h after intraperitoneal
1072 injection of 2-"*C-acetate (310 mg/kg).

1073  Values are expressed as mean+SD of (n=5 mice per group). *P<0.05, **P<0.01,

1074  ***pP<0.001, ****P<0.0001 and n.s. P> 0.05 by unpaired Student’s t test.
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1075  Figure 8—figure supplement 2. Behavior analyses of diabetic mice with KD of
1076 ACOT12or ACOTS.

1077 (A, B) Normalized forelimb strength in forelimb grip force test (A) and total running
1078  time in the rotarod test (B) were determined in STZ-induced diabetic C57BL/6 mice
1079  which were knocked down for ACOT12 or ACOT8 in liver and injected
1080 intraperitoneally w/wo acetate (300 mg/kg). (C) Total time spent in the open arms
1081  during the elevated plus maze test of the diabetic C57BL/6 mice w/wo adenovirus-
1082  mediated knockdown of ACOT12 or ACOTS in liver. (D-F) The percentage of correct
1083 alterations (D), total distance moved (E) and total number of entries into each arm (F)
1084 in the Y-maze test in the same mice as in (C). (G, H) The novel object preference
1085 index (G) and total distance travelled (H) in NOR test were determined in the same
1086  mice as in (C).

1087  Results in (A-H) are expressed as box-plot (box extending from the 25th to 75th
1088  percentiles with whiskers indicating the minimum and maximum, and lines in boxes
1089 indicating the median) of n=10 mice per group, and analyzed by using unpaired
1090  Student’s t test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s., no significant
1091  difference).

1092
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