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ABSTRACT 22 
Regular exercise elicits adaptations in glucose and lipid metabolism that allow the body 23 

to meet energy demands of subsequent exercise bouts more effectively and mitigate metabolic 24 
diseases including fatty liver. Energy discharged during the acute exercise bouts that comprise 25 
exercise training may be a catalyst for liver adaptations. During acute exercise, liver 26 
glycogenolysis and gluconeogenesis are accelerated to supply glucose to working muscle. Lower 27 
liver energy state imposed by gluconeogenesis and related pathways activates AMP-activated 28 
protein kinase (AMPK), which conserves ATP partly by promoting lipid oxidation. This study 29 
tested the hypothesis that AMPK is necessary for liver glucose and lipid adaptations to training. 30 
Liver-specific AMPKα1α2 knockout (LAKO) and wild type (WT) mice completed sedentary 31 
and exercise training protocols. Liver nutrient fluxes were quantified at rest or during acute 32 
exercise following training. Liver metabolites and molecular regulators of metabolism were 33 
assessed. Training increased liver glycogen in WT mice, but not in LAKO mice. The inability to 34 
increase glycogen led to lower glycogenolysis, glucose production, and circulating glucose 35 
during acute exercise in trained LAKO mice. Deletion of AMPKα1α2 attenuated training-36 
induced declines in liver diacylglycerides. In particular, training lowered the concentration of 37 
unsaturated and elongated fatty acids comprising diacylglycerides in WT mice, but not in LAKO 38 
mice. Training increased liver triacylglycerides and the desaturation and elongation of fatty acids 39 
in triacylglycerides of LAKO mice. These lipid responses were independent of differences in 40 
tricarboxylic acid cycle fluxes. In conclusion, AMPK is required for liver training adaptations 41 
that are critical to glucose and lipid metabolism. 42 
 43 
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 46 
NEW & NOTEWORTHY 47 

This study shows that the energy sensor and transducer, AMP-activated protein kinase, is 48 
necessary for an exercise training-induced: i) increase in liver glycogen that is necessary for 49 
accelerated glycogenolysis during exercise, ii) decrease in liver glycerolipids independent of 50 
TCA cycle flux, and iii) decline in the desaturation and elongation of fatty acids comprising liver 51 
diacylglycerides. The mechanisms defined in these studies have implications for use of regular 52 
exercise or AMPK-activators in patients with fatty liver.  53 54 
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INTRODUCTION 55 
Exercise accelerates liver glucose production to match the higher rate of muscle glucose 56 

uptake (1, 2). The increased liver glucose production is accomplished by a rise in both liver 57 
glycogenolysis and gluconeogenesis (1-6). De novo synthesis of glucose via gluconeogenesis is 58 
energetically costly and contributes to the elevated hydrolysis of ATP to ADP and AMP during 59 
exercise (7). To mitigate this energy discharge and support the increased gluconeogenic flux, 60 
fatty acid oxidation within the liver is stimulated (5, 6, 8). Thus, acute exercise requires that the 61 
liver transform the potential energy in fatty acids to the common energy currency of ATP (9). 62 
Importantly, the repeated provocation of energy discharge by the individual exercise bouts that 63 
comprise training is associated with liver glucose and lipid metabolic adaptations that allow the 64 
body to better meet the energy demands of subsequent acute exercise. Training increases liver 65 
glycogen, elevates capacity and flexibility to dispose of lipids in mitochondrial oxidative 66 
metabolism pathways, and decreases lipogenesis (8-16). These adaptations in glucose and lipid 67 
metabolism may also support the efficacy of training to mitigate liver steatosis and maintain 68 
glycemic control in obesity and diabetes (7-11). While the metabolic adaptations of the liver to 69 
training and their public health implications have been investigated, the extent to which the 70 
repeated energy discharge of exercise mediates liver adaptations to training and the key 71 
underlying molecular mechanisms of action remain to be clearly defined.  72 

Prior work has indicated that intracellular sensing and responses to protect against a more 73 
severe fall in energy state are critically reliant on AMP-activated protein kinase (AMPK) (17). 74 
AMPK is a heterotrimeric serine/threonine kinase consisting of a catalytic α subunit and 75 
regulatory β and γ subunits (18). The α subunit exists as one of two isoforms (α1 and α2) in 76 
hepatocytes and is the site of kinase activity that is stimulated by a lowered energetic state (19, 77 



5  

20). More specifically, ATP and ADP hydrolysis results in AMP accumulation which binds to 78 
the γ subunit resulting in a conformational change that promotes activation by the 79 
phosphorylation of threonine residue 172 of the α subunits (18). Once activated, AMPK-80 
mediated phosphorylation events control cellular metabolism in a manner that favors restoration 81 
of ATP (21). These include promotion of carbohydrate and lipid catabolic pathways (21). In 82 
addition to regulation by energy state, the β subunit of AMPK contains a carbohydrate-binding 83 
module that binds to glycogen, which is suggested to inhibit AMPK (22). Importantly, the 84 
activation of AMPK during acute exercise is closely linked to a decline in ATP and glycogen (5, 85 
23).  86 

Given that AMPK is a sensor and transducer of energy discharge elicited during acute 87 
exercise, this study tested the hypothesis that hepatic AMPK is necessary for key liver glucose 88 
and lipid adaptations to repeated exercise bouts (i.e., exercise training). This was accomplished 89 
by studying mice with a liver-specific knockout of AMPK α1 and α2 subunits (LAKO) and wild 90 
type (WT) littermates that were untrained or underwent exercise training. In vivo isotope 91 
infusions combined with 2H/13C metabolic flux analysis quantified liver glucose and 92 
mitochondrial oxidative fluxes at rest and during exercise. In addition, the importance of AMPK 93 
on key metabolite concentrations and the expression of molecular regulators of liver nutrient 94 
metabolism were examined. The results of this study show that liver glycogen and glycerolipid 95 
adaptations to regular exercise are dependent on hepatic AMPK. 96 

 97 
MATERIALS AND METHODS  98 
Mouse models and husbandry 99 
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The Vanderbilt University Animal Care and Use Committee approved all mouse 100 
procedures. Mice with a double hepatic knockout of AMPK α1 and α2 subunits were created by 101 
breeding mice expressing Cre recombinase under control of the albumin promoter (B6.Cg-102 
Tg(Alb-cre)21Mgn/J) with C57BL6/J mice harboring AMPK α1 and α2 alleles flanked by loxP  103 
sites (5). Floxed AMPKα1α2 littermates of LAKO mice that did not have transgenic Cre 104 
recombinase were used as WT control mice. Deletion of AMPK α1 and α2 subunits in the liver 105 
of mice was confirmed by both PCR genotyping and immunoblotting. Male mice receiving 106 
Laboratory Rodent Diet (LabDiet® 5001, St. Louis, MO, USA) and water ad libitum were 107 
studied. Mice were housed on natural soft cellulose bedding (BioFresh™ Comfort Bedding, 108 
Ferndale, WA, USA) under temperature- and humidity-controlled conditions and a 12-hour 109 
light/dark cycle. 110 
 111 
Exercise stress test 112 

Mice completed two exercise stress tests. The first was performed at 29 weeks of age and 113 
completed 24 hours prior to the start of a 6-week exercise training protocol. The second was 114 
performed 24 hours following the completion of the 6-week training protocol. The stress test 115 
protocols were completed to define the maximal running speed of mice as previously described 116 
(5, 24). Briefly, mice were acclimated to running on an enclosed single lane treadmill (Columbus 117 
Instruments, Columbus, OH, US) by performing two 10-min exercise bouts at 10 m/min (0% 118 
incline) 24 and 48 hours prior to the first exercise stress test and the second stress test in 119 
untrained mice. For the exercise stress test, mice were placed in the same enclosed single lane 120 
treadmill. Following a 10-min sedentary period, mice initiated running at 10 m·min-1 (0% 121 
incline). The treadmill belt speed was increased by 4 m·min-1 every 3 min until exhaustion. 122 
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Exhaustion was defined as the point in which the mouse remained on the shock grid at the 123 
posterior of the treadmill for more than five continuous seconds. 124 
 125 
Exercise training protocol 126 

Fig. 1A provides a schematic representation of the training protocol and timeline. Mice 127 
completed a 60 min treadmill running bout, five days a week for six weeks. The treadmill 128 
running speed was 45% of the mouse’s initial maximal running speed during the first week of 129 
training and increased progressively by 5% of the maximal running speed each week such that 130 
the mice were running at 70% of their initial maximal running speed during the sixth week of 131 
training. Untrained mice were placed into an enclosed treadmill in which the treadmill belt did 132 
not move. Like the trained mice, the intervention in untrained mice was five days per week, 60 133 
min per day for six weeks.   134 
 135 
Body composition 136 

The first body composition measurements were obtained via an mq10 nuclear magnetic 137 
resonance analyzer (Bruker Corporation, Billerica, MA, US) in 29-week-old mice prior to the 138 
first acclimation exercise bout of the stress test procedures. The second measurement was 139 
determined in 35-week-old mice prior to the final 60-min treadmill running bout. 140 
 141 
Surgical procedures 142 

Twenty-four hours following the final exercise stress test, a cohort of trained mice 143 
underwent vascular catheter implantation procedures (25). Briefly, catheters were implanted in 144 
the jugular vein and carotid artery for infusions and sampling, respectively. The exteriorized 145 
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ends of the implanted catheters were flushed with 200 U·ml-1 heparinized saline and 5 mg·ml-1 146 
ampicillin and sealed with stainless-steel plugs. Following surgery, mice were housed 147 
individually and provided 10 days of post-operative recovery prior to stable isotope infusions 148 
studies being performed. To prevent detraining during the 10-day surgical recovery period, mice 149 
completed five, 60-minute treadmill running bouts at 45% of their maximal running speed 150 
determined from the second exercise stress test on days 3 to 8 following the surgical procedures.  151 
 152 
Stable isotope infusions  153 

Stable isotope infusions were performed at rest and during acute exercise. The purpose of 154 
acute exercise was to study nutrient fluxes during a stimulus that is likely to expose adaptations 155 
to training should they exist. All mice were within 10% of pre-surgical weight prior to stable 156 
isotope infusions. Beginning in the first hour of the light cycle both food and water were 157 
withdrawn for the entirety of the experiment (9 hours). Four hours into the fast, mice were placed 158 
in an enclosed single lane treadmill and the exteriorized catheters were connected to infusion 159 
syringes. Following a one-hour acclimation period, an 80 μl arterial blood sample was obtained 160 
to determine natural isotopic enrichment of plasma glucose. Immediately after this sample 161 
acquisition, a stable isotope infusion protocol was initiated to allow for the quantification of 162 
endogenous glucose production and associated oxidative fluxes as previously performed (5, 6, 163 
26-30). Briefly, a 2H2O (99.9%)-saline bolus containing [6,6-2H2]glucose (99%) was infused 164 
over 25 minutes to concurrently label the H2O pool and provide a [6,6-2H2]glucose prime (440 165 
μmol·kg-1). An independent, continuous infusion of [6,6-2H2]glucose (4.4 μmol·kg-1·min-1) was 166 
started following the 2H2O-saline bolus and [6,6-2H2]glucose prime. A primed (1.1 mmol·kg-1), 167 
continuous (0.055 mmol·kg-1·min-1) intravenous infusion of [U-13C]propionate (99%, sodium 168 
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salt) was started two hours after the 2H2O bolus and [6,6-2H2]glucose prime. Four arterial blood 169 
samples (100 μl) were obtained 90-120 minutes following the [U-13C]propionate bolus (time = 0-170 
30 minutes of treadmill running) to determine arterial blood glucose using an Accu-Chek® 171 
glucometer (Roche Diagnostics, Indianapolis, IN, USA) and to perform 2H/13C metabolic flux 172 
analysis. The sample taken at 90 minutes following the [U-13C]propionate bolus (time = 0 173 
minutes) was obtained while mice were in a sedentary state on a stationary treadmill. Samples 174 
taken 100-120 minutes following the [U-13C]propionate bolus (time = 10-30 minutes of exercise) 175 
were obtained while mice were completing an acute treadmill running bout at 35% of their post-176 
training maximal running speed. Plasma samples were stored at -20°C for subsequent isotopic 177 
analysis. Donor erythrocytes were infused throughout the experiment to maintain hematocrit 178 
constant. Mice were removed from the treadmill and sacrificed by cervical dislocation 179 
immediately after the final sample was taken. Liver tissues were rapidly excised, freeze-clamped 180 
in liquid nitrogen, and stored at -80°C until they were used for metabolite analyses and 181 
immunoblotting. A schematic of the isotope infusion protocol is provided in Fig. 1B.    182 
 183 
Glucose derivatization and gas-chromatography-mass spectrometry (GC-MS) analysis 184 

Approximately 40 μl of plasma obtained prior to the stable isotope infusion and at the 0-, 185 
10-, 20-, and 30-minute time points of the treadmill running bout were used for di-O-186 
isopropylidene propionate, aldonitrile pentapropionate, and methyloxime pentapropionate 187 
derivatives of glucose (5). GC-MS analysis was performed and uncorrected mass isotopomer 188 
distributions (MIDs) for six fragment ions were determined as previously described (5, 28, 29).   189 
 190 
2H/13C Metabolic flux analysis 191 
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The details of the in vivo metabolic flux analysis methodology employed in these studies 192 
have been described previously (27). In summary, a reaction network was constructed using 193 
Isotopomer Network Compartmental Analysis (INCA) software (31). The reaction network 194 
defined the carbon and hydrogen transitions for hepatic glucose production and associated 195 
oxidative metabolism reactions. The flux through each network reaction was determined relative 196 
to citrate synthase flux (VCS) by minimizing the sum of squared residuals between simulated and 197 
experimentally determined MIDs of the six fragment ions previously described (27, 32). Flux 198 
estimates were repeated 50 times from random initial values. Goodness of fit was assessed by a 199 
chi-square test (p = 0.05) with 34 degrees of freedom. Confidence intervals of 95% were 200 
determined as previously described (27, 32). Mouse body weights and the [6,6-2H2]glucose 201 
infusion rate were used to determine absolute values. 202 
 203 
Tissue metabolite analyses 204 

 Glycogen (33) adenine nucleotides (34), and lipids (35) were measured in livers as 205 
described previously. Energy charge was calculated as 206 
([ATP]+0.5[ADP])/([ATP]+[ADP]+[AMP]) (36). Fatty acyl chain desaturation indexes were 207 
determined from the palmitoleate (C16:1)-to-palmitate (C16:0) ratio and the oleate (C18:1)-to-208 
stearate (C18:0) ratio. The fatty acyl chain elongation index was calculated as 209 
[(C18:0+C18:1)/C16:0] (37). These assays were performed in two cohorts of mice. The first 210 
being livers from trained mice following the completion of 30 minutes of acute treadmill running 211 
and the stable isotope infusion protocol. The second cohort consisted of untrained or trained, 212 
non-catheterized mice. On the day of the study the second cohort underwent a protocol designed 213 
to match the protocol for cohort one. The difference was that mice in cohort one were exercised 214 
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while mice in cohort 2 were placed in an enclosed, stationary single lane treadmill (Columbus 215 
Instruments, Columbus, OH) four hours into a fast and sacrificed at 8.5 hours of fasting 216 
(equivalent to the 0 min timepoint of the stable isotope infusion studies). This protocol was 217 
designed to match the timing of cohort one so that liver metabolites determined both prior to and 218 
following acute exercise could be compared.    219 
 220 
Immunoblotting 221 

Liver homogenates were prepared as previously outlined (5, 28, 29). Liver proteins (15 222 
μg) were separated via electrophoresis on a NuPAGE 4-12% Bis-Tris gel (Invitrogen, Carlsbad, 223 
CA, USA) and subsequently transferred to a PVDF membrane. The primary and secondary 224 
antibodies used for immunoblotting are provided in Supplemental Table S1. The antibody-225 
probed PVDF membranes were treated with chemiluminescent substrate 226 
(ThermoFisherScientific, Waltham, MA, USA) and images acquired with a ChemiDoc™ 227 
Imaging system and Image Lab™ software (Bio-Rad, Hercules, CA, USA). Total protein was 228 
measured via BLOT-FastStain (G-Bioscience, St. Louis, MO, USA) and used as a loading 229 
control. Densitometry was completed using ImageJ software.  230 
 231 
Statistical analyses 232 

GraphPad Prism software (GraphPad Software LLC., San Diego, CA) was used to 233 
perform one sample t test, Student’s t test, two-way ANOVAs followed by Tukey’s post hoc 234 
tests, and repeated-measures ANOVAs followed by Sidak’s post hoc tests as appropriate to 235 
detect statistical differences (p<0.05). All data are reported as mean ± SEM. 236 
 237 
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RESULTS 238 
Exercise training increases maximal running speed in WT and liver-specific AMPK KO mice 239 
 Initial experiments assessed the maximal running speed of LAKO mice and WT 240 
littermates using an exercise stress test. The results of this test were used to determine the 241 
running speed protocols during training. Prior to the onset of the 6-week training protocol, WT 242 
and LAKO mice had comparable maximal running speeds (Table 1). Training increased the 243 
maximal running speed in both WT and LAKO mice (Table 1). Body weight and composition 244 
were similar between WT and LAKO mice prior to and following training protocols (Table 1). 245 
Thus, loss of liver AMPK did not negatively impact exercise capacity or body composition. 246 
Moreover, the training-induced increase in maximal exercise capacity is independent of liver 247 
AMPK.  248 
 249 
Hepatic AMPK protects against exercise training-induced energetic stress 250 
 While training increased muscular performance to a similar extent in both genotypes, a 251 
lack of liver AMPKα1α2 led to differential responses in liver energy state (Fig. 2A-G). The six-252 
week training protocol did not influence the phospho-AMPKαThr172 (pAMPK)-to-AMPK ratio 253 
(Fig. 2A). Liver ATP was comparable between untrained WT and LAKO mice (Fig. 2A). 254 
However, an interaction effect was observed that led to higher liver ATP in trained WT 255 
compared to trained LAKO mice (Fig. 2B). Liver AMP (Fig. 2D), the AMP-to-ATP ratio (Fig. 256 
2F), and energy charge (Fig. 2G) also showed interaction effects. Thus, hepatic AMPK is 257 
necessary for training to better maintain liver energy state under fasting, sedentary conditions. 258 
 259 
Molecular regulators of mitochondrial metabolism are decreased in livers of LAKO mice  260 
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Mitochondrial oxidative metabolism is a primary controller of energy homeostasis. The 261 
expression of mitochondrial proteins was evaluated (Fig. 3A-F). Liver respiratory chain 262 
complexes III and IV were lower in untrained LAKO mice compared to untrained WT mice (Fig. 263 
3A and D). Training increased liver respiratory chain complex III in WT mice, however, the 264 
training response was absent in LAKO mice (Fig. 3A and D). Respiratory chain complexes I and 265 
IV were also higher in livers of trained WT mice compared to trained LAKO mice (Fig. 3A and 266 
D). Liver mitochondrial pyruvate carrier 1 (MPC1), but not mitochondrial pyruvate carrier 2 267 
(MPC2), was reduced by loss of AMPKα1α2 (Fig. 3B and D). Training modestly increased 268 
ketogenic enzyme, 3-hydroxymethylglutaryl-CoA synthase 2 (HMGCS2) (Fig. 3C and D). These 269 
results show that liver mitochondrial proteins, particularly those involved in electron transport, 270 
are decreased in LAKO mice compared to WT mice. Moreover, the differential expression of 271 
liver respiratory chain complexes between WT and LAKO mice was amplified by training.   272 
 273 
Changes in liver glycerolipid pool size and fatty acyl chain composition following exercise 274 
training are AMPK-dependent 275 

Next, we assessed molecular regulators of lipid synthesis (Fig 4A). The phospho-acetyl-276 
CoA carboxylase (pACC)-to-ACC ratio was lower in livers of LAKO mice compared to their 277 
WT littermates under both untrained and trained conditions (Fig. 4A). Liver fatty acid synthase 278 
(FASN) was comparable under all conditions, while a genotype effect showed stearoyl-CoA 279 
desaturase 1 (SCD1) was higher in LAKO mice (Fig. 4A). Liver diacylglyceride (DAG), 280 
triacylglyceride (TAG), and phospholipid concentrations in untrained WT mice were similar to 281 
that in untrained LAKO mice (Fig. 4B-D). Training reduced DAGs by ~45% in WT mice. This 282 
decrease in DAGs was blunted in LAKO mice (Fig. 4B). An interaction effect of AMPK deletion 283 
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and training exposed higher liver TAGs in trained LAKO mice compared to trained WT mice 284 
(Fig. 4C). Training reduced liver phospholipids in WT mice, but not in LAKO mice (Fig. 4D).  285 

In addition to total concentration, we determined the composition of fatty acyl chains in 286 
glycerolipids. The composition of all DAG fatty acyl chains was comparable between untrained 287 
WT and LAKO mice (Fig. 4E-G). Training decreased C16:1, C18:1, and C18:2 in liver DAGs of 288 
WT mice (Fig. 4E and F). Thus, training led to a more saturated fatty acyl composition as 289 
exemplified by the lower desaturation indexes (C16:1-to-C16:0 and C18:1-to-18:0 ratios) of liver 290 
DAGs in trained WT mice (Fig. 4E). In contrast, training did not change C16:1, and the C16:1-291 
to-C16:0 ratio in LAKO mice (Fig. 4E). Training did decrease C18:1, C18:2, and the C18:1-to-292 
C18:0 in liver DAGs of LAKO mice (Fig. 4F), however, the training response was less 293 
pronounced when compared to WT mice (Fig. 4F). The elongation index [(C18:0+C18:1)/C16:0] 294 
was reduced in trained WT mice, but not trained LAKO mice (Fig. 4G). It should be noted that 295 
livers of WT-trained mice also showed lower unsaturated and elongated fatty acids comprising 296 
DAGs compared to LAKO-trained mice following an acute exercise bout (Supplemental Fig. S1) 297 
supporting that these changes in DAGs were the result of training adaptations and not an acute 298 
response to the last exercise bout. Together, these results indicate that training lowers the 299 
concentration of unsaturated and elongated of fatty acids comprising liver DAGs in an AMPK-300 
dependent manner.  301 

Similar to DAGs, the composition of liver TAG fatty acyl chains was comparable 302 
between untrained WT and LAKO mice (Fig. 4H-J). In contrast to DAGs, training did not lower 303 
unsaturated fatty acids comprising liver TAGs in WT mice (Fig. 4H-J). Training lowered C18:0 304 
and thereby increased the desaturation index (C18:1-to-C18:0 ratio) of fatty acids in liver TAGs 305 
of WT mice (Fig. 4I). Interestingly, training increased the monounsaturated fatty acids of liver 306 



15  

TAGs in LAKO mice as indicated by higher C16:1 and C18:1 (Fig. 4H and I). Training also 307 
increased the elongation index of fatty acids comprising liver TAGs in LAKO mice (Fig. 4J). 308 
These results indicate that a significant training-induced decline in unsaturated and elongated 309 
fatty acids was not observed in liver TAGs as it was in DAGs. However, liver TAG accretion as 310 
well as the desaturation and elongation of fatty acyl chains comprising TAGs was increased in 311 
exercise-trained LAKO mice. 312 

Changes in phospholipid fatty acyl chain composition were modest compared to those 313 
seen in either DAGs or TAGs. Training decreased the concentration of C16:0 and C18:2 fatty 314 
acyl chains in liver phospholipids of WT mice (Fig. 4K-M). In LAKO mice, training increased 315 
C16:1 in liver phospholipids (Fig. 4K). Together, our results suggest that AMPK regulates both 316 
the concentration and composition of liver lipids in response to training.  317 

 318 
Hepatic AMPK is necessary for glycogen deposition in response to exercise training 319 

The role of AMPK on glucose metabolism was tested in response to training. Liver 320 
glycogen was comparable between genotypes in untrained mice (Fig. 5A). Training increased 321 
liver glycogen in WT mice by ~3-fold (Fig. 5A). This training-induced expansion of the 322 
glycogen pool did not occur in LAKO mice (Fig. 5A). Molecular regulators of glycogen 323 
metabolism were also assessed.  Liver glycogen phosphorylase (PYGL) (Fig. 5B and F) and the 324 
phospho-glycogen synthase (pGS)-to-GS ratio (Fig. 5C and F) did not differ between genotypes 325 
or in response to training. Regulators of glucose-6-phosphate, a glycogen precursor/product, 326 
were determined. A genotype effect showed liver glucose-6-phosphatase (G6PC) protein was 327 
higher in the absence of AMPK (Fig. 5D and F), while phosphoenolpyruvate carboxykinase 1 328 
(PCK1) protein was unaffected (Fig. 5E and F). 329 
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 330 
Glycogenolysis, but not gluconeogenesis and mitochondrial oxidative fluxes, is blunted during 331 
acute exercise in trained mice lacking hepatic AMPK 332 

Glycogen is a key source of liver glucose production during exercise. As such, glucose 333 
production and associated nutrient fluxes (Fig. 6A-N) were quantified during acute exercise in 334 
trained mice to test the impact of lower glycogen levels in LAKO mice on glucose homeostasis 335 
during an exercise bout. Arterial glucose was comparable between trained WT and LAKO mice 336 
at rest (Fig. 6B). In contrast, circulating glucose was lower in LAKO mice compared to WT mice 337 
at 10 minutes of exercise and trended lower throughout the remainder of the 30-minute exercise 338 
bout (Fig 6B). Similarly, endogenous glucose production (VEGP) was comparable between 339 
genotypes at rest and lower in LAKO mice compared to WT mice during acute exercise (Fig. 340 
6C). The blunted rise in endogenous glucose production during exercise in the LAKO mice was 341 
accompanied by diminished glycogenolysis (VPYGL) (Fig. 6D). Total gluconeogenesis (VAldo) 342 
increased during muscular work in both WT and LAKO mice (Fig. 6E) and this was paralleled 343 
by elevated rates of gluconeogenesis from phosphoenolpyruvate (VEnol; Fig. 6G) and 344 
tricarboxylic acid (TCA) cycle cataplerosis (VPCK; Fig. 6H). Anaplerosis and related fluxes were 345 
higher in response to exercise in both WT and LAKO mice (Fig. 6I-K). This included the flux of 346 
non-phosphoenolpyruvate anaplerotic sources to pyruvate (VLDH; Fig. 6I), flux of pyruvate to 347 
oxaloacetate (VPC; Fig. 6J), and flux from propionyl-CoA to succinyl-CoA (VPCC; Fig. 6K).   348 
TCA cycle fluxes (VCS and VSDH) and pyruvate cycling (VPK+ME) increased similarly in both 349 
genotypes during muscular work (Fig. 6L-M). These results indicate that the inability of training 350 
to increase liver glycogen stores in LAKO mice compromises the capacity for glycogenolysis 351 
and glucose production during subsequent acute exercise bouts. 352 
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 353 
Differential impact of liver AMPK during acute exercise on glycogen and glycerolipids  354 

Liver metabolites were measured in trained mice following acute exercise and subtracted 355 
from resting controls to assess net changes in response to a bout of exercise (Fig. 7A-H). Net 356 
changes in and absolute concentrations of liver adenine nucleotides and energy charge following 357 
acute exercise were similar between WT and LAKO mice (Fig. 7A-D). The decline in liver 358 
glycogen was attenuated in LAKO mice compared to WT mice (Fig. 7E). Glycogen levels at the 359 
end of the acute exercise bout were lower in LAKO mice (Fig. 7E). This is likely due to less 360 
liver glycogen in LAKO mice prior to initiating the exercise bout (Fig. 5A). Interestingly, LAKO 361 
mice showed a more pronounced decrease in liver DAGs during exercise. However, liver DAG 362 
levels remained higher in LAKO mice at the end of the exercise bout (Fig. 7F). Exercise reduced 363 
liver TAG in LAKO mice, but not WT mice (Fig. 7G). This resulted in the normalization of liver 364 
TAGs between genotypes after acute exercise (Fig. 7G).  365 
 366 
DISCUSSION 367 
 Exercise training elicits adaptations in liver metabolism that facilitate energy provision in 368 
subsequent exercise bouts and mitigate the metabolic dysregulation characterizing chronic 369 
diseases such as non-alcoholic fatty liver disease and insulin resistance (8, 9). A decline in liver 370 
energy state is a fundamental response to acute exercise (Fig. 7A-C) (5, 23). However, whether 371 
repeated hepatic energetic discharge elicited during training is responsible for the metabolic 372 
adaptations to training in the liver and the underlying molecular mechanisms of action remain to 373 
be clearly defined. In this study we tested the hypothesis that the energy sensor and effector, 374 
AMPK, is necessary for liver glucose and lipid adaptations to exercise training. Novel findings 375 
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of this study were that training is dependent on hepatic AMPK to promote i) higher liver 376 
glycogen that allows for accelerated glycogenolysis and glucose production during acute 377 
exercise, ii) a decrease in liver glycerolipids independent of TCA cycle flux, and iii) lower 378 
desaturation and elongation of fatty acids in liver DAGs.  379 
 380 
Role of AMPK in glucose adaptations to exercise training 381 

Our prior work showed that deletion of hepatic AMPKα1α2 does not impact blood 382 
glucose concentration, endogenous glucose production, and gluconeogenesis in fasted, sedentary 383 
mice (5, 26, 34, 38, 39). However, it should be noted that independent groups have hypothesized 384 
that hepatic AMPK activation impedes the release of glucose from the liver (40). This is based 385 
on studies where liver PCK1 and/or G6Pase mRNA as well as blood glucose are reduced in mice 386 
with constitutively active AMPKα1 or α2 subunits (41, 42). Further, it was shown that mutating 387 
AMPKγ1 to constitutively activate AMPK suppressed glucose output in hepatocytes (43) and 388 
deletion of hepatic AMPKα2 elevated glucose production in fasted mice (44). The hypothesis 389 
that AMPK is an inhibitor of liver glucose production is difficult to reconcile with physiology as 390 
AMPK activity and endogenous glucose production both increase during a condition such as 391 
acute exercise (5, 23). The discrepancy may be due to the approach of the present study and our 392 
prior work where both α subunits of AMPK are deleted. Research that suggested AMPK inhibits 393 
endogenous glucose production was done using either the deletion of a single α subunit (44) or 394 
approaches that used constitutively activate AMPK (41-43). The experiments presented here 395 
tested the impact of repeated activation of AMPK as a physiological response to single exercise 396 
bouts (23). Liver G6Pase protein was slightly increased in LAKO mice. However, circulating 397 
glucose and glucose fluxes (endogenous glucose production, glycogenolysis, and 398 
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gluconeogenesis) were similar between trained WT and LAKO mice under fasted, resting 399 
conditions. Together with prior work (5, 26, 34, 38, 39), these results support that AMPK does 400 
not inhibit liver glucose production under resting conditions in the absence of an acute 401 
provocative stimulus. 402 

 403 
While resting glucose fluxes are not impacted by loss of AMPK, mice with whole-body 404 

and liver-specific disruptions in AMPK have lower liver glycogen concentrations under resting 405 
conditions (5, 45, 46). Our previous work also determined that refeeding following a fast does 406 
not replenish liver glycogen to as high a concentration in mice lacking hepatic AMPKα1α2 as 407 
that observed in WT mice (5). This suggests AMPK is necessary for a robust deposition of liver 408 
glycogen. Exercise training in rodent models usually (10-16), but not always (47-49), causes 409 
increased resting liver glycogen. Here we show six weeks of training elevates liver glycogen by 410 
~3-fold in WT mice in the postabsorptive, sedentary state. Remarkably, this increase in liver 411 
glycogen was completely attenuated in LAKO mice. Our data in the liver is consistent with and 412 
extends previous experiments in mice with a skeletal muscle-specific deletion of AMPKα1α2 413 
showing that AMPK is necessary for increased muscle glycogen synthesis in the recovery period 414 
following acute exercise (50). Since glycogen is an important source of liver glucose production 415 
during acute exercise, we quantified glucose fluxes in mice during a 30-minute treadmill run. 416 
Trained WT mice had higher arterial blood glucose and endogenous glucose production 417 
compared to trained LAKO mice during an acute exercise challenge. The heightened rate of 418 
glucose production in trained WT mice was linked to higher glycogenolysis compared to trained 419 
LAKO mice. Liver glycogen concentration has a positive relationship with time to exhaustion 420 
during acute exercise in both mice and humans (51, 52). Exercise capacity as determined by 421 
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maximal running speed during an exercise stress test increased in both WT and LAKO mice 422 
following exercise training. An exercise stress test was performed in this study, rather than 423 
exercise endurance protocol, because it is generally assumed to be cardiopulmonary-limited 424 
given that it positively correlates with maximum whole body oxygen uptake (24). The design of 425 
the exercise stress test is a short challenge and is not likely limited by the difference in nutrient 426 
availability which may occur in LAKO mice. This allowed the documentation of a training effect 427 
without potential limitations due to lower liver glycogen in LAKO mice. Nevertheless, by 428 
promoting deposition of glycogen in response to exercise training, AMPK allows for accelerated 429 
glycogenolysis and glucose production during subsequent acute exercise and facilitates glucose 430 
supply to working muscle. 431 
 432 
Role of AMPK in adaptations of hepatic lipids to exercise training 433 
 In addition to control of glucose production, we assessed liver lipid concentration and 434 
composition in untrained and trained WT and LAKO mice. Regular exercise is often considered 435 
to be a potential means of improving the lipid liver profile. The key mechanisms for any 436 
improvement remain to be fully defined. Liver DAGs and TAGs in untrained WT mice were 437 
comparable to untrained LAKO mice under fasted, resting conditions. This is consistent with 438 
prior studies showing unchanged (5, 26, 34, 38, 53, 54) more often than increased (5, 53, 55) 439 
liver DAGs and TAGs in sedentary mice with disruptions in AMPK. We previously reported that 440 
liver TAGs were similar in liver-specific AMPKα1α2 KO mice compared to WT littermates 441 
under sedentary conditions (34). In those same studies we showed that AMPKα1α2 is necessary 442 
for the decline in liver TAGs following acute administration of AMP mimetic, 5-443 
aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (34). This suggests that conditions 444 
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provoking energetic discharge unmask otherwise silent lipid phenotypes mediated by AMPK. In 445 
agreement with this notion, the use of pharmacological AMPK activators in AMPK knockout 446 
models and constitutively active AMPK models consistently show that AMPK lowers liver 447 
DAGs and TAGs (38, 42, 43, 56, 57). In this study we tested the hypothesis that hepatic AMPK 448 
is necessary for the repeated decrease in liver energy state that occurs with training to lower liver 449 
lipids. Training decreased liver DAGs in both genotypes. However, the decline in DAGs was 450 
attenuated in LAKO mice. Moreover, training led to higher liver TAGs in LAKO mice. Thus, 451 
our results indicate that AMPK is necessary for the full liver lipid lowering effects of training. 452 
  453 

AMPK promotes mitochondrial biogenesis and positively regulates mitochondrial 454 
oxidative metabolism (i.e., β-oxidation, TCA cycle flux, oxidative phosphorylation, and 455 
ketogenesis) (58). Given this, we assessed mitochondrial pathways involved in lipid disposal in 456 
WT and LAKO mice. In contrast to resting conditions, acute exercise decreased liver TAGs in 457 
trained LAKO mice to levels observed in trained WT mice. Acute exercise also diminished liver 458 
DAGs in trained LAKO mice, but they remained higher than DAGs in livers of trained WT mice. 459 
The persistent elevation in liver DAGs following both acute exercise and exercise training could 460 
be due to impaired lipid disposal in LAKO mice. We previously determined that mitochondrial 461 
respiratory function supported by NADH-linked substrates was impaired by loss of hepatic 462 
AMPK (34). Here we observed lower mitochondrial respiratory chain proteins (complexes I, III, 463 
and IV) in LAKO mice compared WT mice. However, TCA cycle flux was comparable between 464 
genotypes at rest and during acute exercise suggesting lipid oxidation to CO2 in the liver is not 465 
diminished by deletion of AMPK in vivo. Prior work in which hepatocytes or liver homogenate 466 
was incubated with 14C-labeled palmitate resulted in an AMPK-dependent increase in 14C-467 
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labeled acid soluble products, but not 14CO2 combined with 14C-labeled acid soluble products 468 
(38, 43, 56). In addition, AMPK activation increases ketone bodies (41, 56). Thus, the reduction 469 
of liver lipids following training may be mediated through an AMPK-dependent increment in β-470 
oxidation and/or ketogenesis and not by accelerated TCA cycle flux. Notably, we observed that 471 
the net decrease in liver DAGs and TAGs following acute exercise were more pronounced in 472 
LAKO mice. Given this, further studies are necessary to define the significance of lipid disposal 473 
pathways in mediating the elevated liver lipids in LAKO mice following training. 474 
  475 

The inhibition of lipid synthesis and storage are additional functions attributed to AMPK 476 
(58). A mechanism through which AMPK suppresses fatty acid synthesis is the reversible 477 
phosphorylation of ACC (58). We observed that ACC phosphorylation was abolished in both 478 
untrained and trained LAKO mice. Importantly, Marcinko et al. determined that mice with whole 479 
body knock-in mutations of AMPK phosphorylation sites on ACC, which results in 480 
constitutively active ACC, do not exhibit dysregulated liver lipid accretion following exercise 481 
training (59). This suggests that other mechanisms are responsible for elevated glycerolipids in 482 
trained LAKO mice. An often reported finding in rodent studies is the reduction of liver MUFAs 483 
in response to exercise training (60). This exercise-induced lowering of MUFAs is linked to 484 
decreased activity of SCD1, which catalyzes the synthesis of MUFAs that are preferentially 485 
incorporated into glycerolipids (60, 61). In agreement, we observed an overt decline in the 486 
concentration of MUFAs comprising liver DAGs in WT mice following training that was not 487 
apparent in LAKO mice. Moreover, liver SCD1 protein expression was higher in LAKO mice. 488 
Hepatic AMPK phosphorylates and inhibits sterol regulatory element binding protein-1c 489 
(SREBP-1c) (62, 63). Thus, exercise training may limit liver lipid accretion by promoting 490 
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AMPK translocation to the endoplasmic reticulum where it inhibits SREBP-1c and, 491 
subsequently, SCD-1 expression. This would limit fatty acid desaturation and their preferential 492 
incorporation into glycerolipids. This may also be a significant mechanism through which 493 
exercise prevents NAFLD, which is commonly characterized by an increase in hepatic MUFAs 494 
(64).  495 

 496 
It should also be noted that training decreased the percentage of MUFAs comprising liver 497 

DAGs but not TAGs in WT mice. SCD1 co-localizes with diacylglycerol-O-acyltransferase 498 
(DGAT) 2, which catalyzes the final step of TAG synthesis, at the endoplasmic reticulum (65). 499 
Prior work showed this close spatial proximity between SCD1 and DGAT2 promotes the use of 500 
MUFAs in triglyceride synthesis (65). In addition, DGAT1 has been speculated to prefer 501 
MUFAs as a substrate over saturated fatty acids (66). Given that the liver DAG pool size is 502 
considerably smaller than that of TAGs, preferential channeling of MUFAs into TAGs (via 503 
DGAT localization and/or activity) could mask the training-induced lowering of unsaturated 504 
fatty acids comprising DAGs.  505 
   506 

In conclusion, AMPK is necessary for adaptations to training in liver glycogen dynamics 507 
that allow the liver to effectively meet glucose demands of working muscle by increasing the 508 
capacity for glycogenolysis. AMPK also mediates the inhibition of lipid accretion by training in 509 
a manner linked to lowering the desaturation and elongation of fatty acids comprising DAGs. 510 Thus, AMPK is required for liver training adaptations that are critical to glucose and lipid 511 
metabolism at rest and when confronted with an exercise challenge. These studies provide a 512 
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mechanistic foundation for regular exercise as a means of preventing and possibly reversing fatty 513 
liver. 514 
 515 
ACKNOWLEDGEMENTS   516 

The authors acknowledge the technical assistance provided by the Vanderbilt University 517 
Mouse Metabolic Phenotyping Center Analytical Core Services. Figure schematics were created 518 
using BioRender.com. 519 
 520 
GRANTS  521 

The National Institute of Diabetes and Digestive and Kidney Diseases Grants DK050277 522 
(DHW), DK054902 (DHW), and DK136772 (CCH) supported this research. The Mouse 523 
Metabolic Phenotyping Center Analytical Core Services receive support from National Institute 524 
of Diabetes and Digestive and Kidney Diseases Grants DK059637 and DK020593.      525 
 526 
DISCLOSURES 527 

No conflicts of interest, financial or otherwise, are declared by the authors.  528 
 529 
AUTHOR CONTRIBUTIONS 530 

CCH, MF, BV, and DHW conceived and designed the experiments. CCH, DPB, FIR, 531 
MG, and EPD performed experiments. CCH analyzed and interpreted data. CCH drafted the 532 
manuscript. CCH, DHW, MF, and BV edited and revised the manuscript. All authors approved 533 
the final version of the manuscript for publication. 534 

 535 



25  

REFERENCES536 537 
1. Wasserman DH. Regulation of glucose fluxes during exercise in the postabsorptive 538 
state. Annual review of physiology 57: 191-218, 1995. 539 
2. Wasserman DH, and Cherrington AD. Hepatic fuel metabolism during muscular work: 540 
role and regulation. Am J Physiol 260: E811-824, 1991. 541 
3. Wasserman DH, Spalding JA, Lacy DB, Colburn CA, Goldstein RE, and 542 
Cherrington AD. Glucagon is a primary controller of hepatic glycogenolysis and 543 
gluconeogenesis during muscular work. Am J Physiol 257: E108-117, 1989. 544 
4. Wasserman DH, Williams PE, Lacy DB, Green DR, and Cherrington AD. 545 
Importance of intrahepatic mechanisms to gluconeogenesis from alanine during exercise and 546 
recovery. Am J Physiol 254: E518-525, 1988. 547 
5. Hughey CC, James FD, Bracy DP, Donahue EP, Young JD, Viollet B, Foretz M, and 548 
Wasserman DH. Loss of hepatic AMP-activated protein kinase impedes the rate of 549 
glycogenolysis but not gluconeogenic fluxes in exercising mice. J Biol Chem 292: 20125-20140, 550 
2017. 551 
6. Rome FI, Shobert GL, Voigt WC, Stagg DB, Puchalska P, Burgess SC, Crawford 552 
PA, and Hughey CC. Loss of hepatic phosphoenolpyruvate carboxykinase 1 dysregulates 553 
metabolic responses to acute exercise but enhances adaptations to exercise training in mice. Am J 554 
Physiol Endocrinol Metab 324: E9-E23, 2023. 555 
7. Berglund ED, Lee-Young RS, Lustig DG, Lynes SE, Donahue EP, Camacho RC, 556 
Meredith ME, Magnuson MA, Charron MJ, and Wasserman DH. Hepatic energy state is 557 
regulated by glucagon receptor signaling in mice. J Clin Invest 119: 2412-2422, 2009. 558 



26  

8. Thyfault JP, and Rector RS. Exercise Combats Hepatic Steatosis: Potential 559 
Mechanisms and Clinical Implications. Diabetes 69: 517-524, 2020. 560 
9. Trefts E, Williams AS, and Wasserman DH. Exercise and the Regulation of Hepatic 561 
Metabolism. Prog Mol Biol Transl Sci 135: 203-225, 2015. 562 
10. Baldwin KM, Fitts RH, Booth FW, Winder WW, and Holloszy JO. Depletion of 563 
muscle and liver glycogen during exercise. Protective effect of training. Pflugers Arch 354: 203-564 
212, 1975. 565 
11. Adams JH, and Koeslag JH. Carbohydrate homeostasis and post-exercise ketosis in 566 
trained and untrained rats. J Physiol 407: 453-461, 1988. 567 
12. Adams JH, and Koeslag JH. Glycogen metabolism and post-exercise ketosis in 568 
carbohydrate-restricted trained and untrained rats. Q J Exp Physiol 74: 27-34, 1989. 569 
13. Giesel VT, Reche M, Schneider L, Araujo LC, Scalco R, von Eye Corleta H, and 570 
Capp E. Effects of intermittent high-intensity exercise and carbohydrate supplementation on 571 
IGF-1 and glycogen of Wistar rats. Growth Horm IGF Res 19: 156-161, 2009. 572 
14. Gleeson M, and Waring JJ. Influence of diet on the storage, mobilization and utilization 573 
of energy reserves in trained and untrained rats. Comp Biochem Physiol A Comp Physiol 85: 574 
411-415, 1986. 575 
15. Townsend LK, Gandhi S, Shamshoum H, Trottier SK, Mutch DM, Reimer RA, 576 
Shearer J, LeBlanc PJ, and Wright DC. Exercise and Dairy Protein have Distinct Effects on 577 
Indices of Liver and Systemic Lipid Metabolism. Obesity (Silver Spring) 28: 97-105, 2020. 578 
16. Alex S, Boss A, Heerschap A, and Kersten S. Exercise training improves liver steatosis 579 
in mice. Nutrition & metabolism 12: 29, 2015. 580 



27  

17. Steinberg GR, and Kemp BE. AMPK in Health and Disease. Physiol Rev 89: 1025-581 
1078, 2009. 582 
18. Steinberg GR, and Hardie DG. New insights into activation and function of the AMPK. 583 
Nature reviews Molecular cell biology 24: 255-272, 2023. 584 
19. Stapleton D, Mitchelhill KI, Gao G, Widmer J, Michell BJ, Teh T, House CM, 585 
Fernandez CS, Cox T, Witters LA, and Kemp BE. Mammalian AMP-activated protein kinase 586 
subfamily. J Biol Chem 271: 611-614, 1996. 587 
20. Viollet B, Horman S, Leclerc J, Lantier L, Foretz M, Billaud M, Giri S, and 588 
Andreelli F. AMPK inhibition in health and disease. Critical reviews in biochemistry and 589 
molecular biology 45: 276-295, 2010. 590 
21. Steinberg GR, and Carling D. AMP-activated protein kinase: the current landscape for 591 
drug development. Nat Rev Drug Discov 18: 527-551, 2019. 592 
22. Janzen NR, Whitfield J, and Hoffman NJ. Interactive Roles for AMPK and Glycogen 593 
from Cellular Energy Sensing to Exercise Metabolism. Int J Mol Sci 19: 2018. 594 
23. Camacho RC, Donahue EP, James FD, Berglund ED, and Wasserman DH. Energy 595 
state of the liver during short-term and exhaustive exercise in C57BL/6J mice. Am J Physiol 596 
Endocrinol Metab 290: E405-408, 2006. 597 
24. Lee-Young RS, Griffee SR, Lynes SE, Bracy DP, Ayala JE, McGuinness OP, and 598 
Wasserman DH. Skeletal muscle AMP-activated protein kinase is essential for the metabolic 599 
response to exercise in vivo. J Biol Chem 284: 23925-23934, 2009. 600 
25. Ayala JE, Bracy DP, Malabanan C, James FD, Ansari T, Fueger PT, McGuinness 601 
OP, and Wasserman DH. Hyperinsulinemic-euglycemic clamps in conscious, unrestrained 602 
mice. Journal of visualized experiments : JoVE 2011. 603 



28  

26. Hasenour CM, Ridley DE, James FD, Hughey CC, Donahue EP, Viollet B, Foretz 604 
M, Young JD, and Wasserman DH. Liver AMP-Activated Protein Kinase Is Unnecessary for 605 
Gluconeogenesis but Protects Energy State during Nutrient Deprivation. PLoS One 12: 606 
e0170382, 2017. 607 
27. Hasenour CM, Wall ML, Ridley DE, Hughey CC, James FD, Wasserman DH, and 608 
Young JD. Mass spectrometry-based microassay of (2)H and (13)C plasma glucose labeling to 609 
quantify liver metabolic fluxes in vivo. Am J Physiol Endocrinol Metab 309: E191-203, 2015. 610 
28. Hughey CC, James FD, Wang Z, Goelzer M, and Wasserman DH. Dysregulated 611 
transmethylation leading to hepatocellular carcinoma compromises redox homeostasis and 612 
glucose formation. Mol Metab 23: 1-13, 2019. 613 
29. Hughey CC, Trefts E, Bracy DP, James FD, Donahue EP, and Wasserman DH. 614 
Glycine N-methyltransferase deletion in mice diverts carbon flux from gluconeogenesis to 615 
pathways that utilize excess methionine cycle intermediates. J Biol Chem 293: 11944-11954, 616 
2018. 617 
30. Rome FI, and Hughey CC. Disrupted liver oxidative metabolism in glycine N-618 
methyltransferase-deficient mice is mitigated by dietary methionine restriction. Mol Metab 58: 619 
101452, 2022. 620 
31. Young JD. INCA: a computational platform for isotopically non-stationary metabolic 621 
flux analysis. Bioinformatics 30: 1333-1335, 2014. 622 
32. Antoniewicz MR, Kelleher JK, and Stephanopoulos G. Determination of confidence 623 
intervals of metabolic fluxes estimated from stable isotope measurements. Metabolic engineering 624 
8: 324-337, 2006. 625 



29  

33. Chan TM, and Exton JH. A rapid method for the determination of glycogen content and 626 
radioactivity in small quantities of tissue or isolated hepatocytes. Anal Biochem 71: 96-105, 627 
1976. 628 
34. Hasenour CM, Ridley DE, Hughey CC, James FD, Donahue EP, Shearer J, Viollet 629 
B, Foretz M, and Wasserman DH. 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside 630 
(AICAR) Effect on Glucose Production, but Not Energy Metabolism, Is Independent of Hepatic 631 
AMPK in Vivo. J Biol Chem 289: 5950-5959, 2014. 632 
35. Trefts E, Hughey CC, Lantier L, Lark DS, Boyd KL, Pozzi A, Zent R, and 633 
Wasserman DH. Energy Metabolism Couples Hepatocyte Integrin-linked Kinase to Liver 634 
Glucoregulation and the Postabsorptive Response of Mice in an Age-dependent Manner. Am J 635 
Physiol Endocrinol Metab 2019. 636 
36. Atkinson DE. The energy charge of the adenylate pool as a regulatory parameter. 637 
Interaction with feedback modifiers. Biochemistry 7: 4030-4034, 1968. 638 
37. Green CD, Ozguden-Akkoc CG, Wang Y, Jump DB, and Olson LK. Role of fatty 639 
acid elongases in determination of de novo synthesized monounsaturated fatty acid species. J 640 
Lipid Res 51: 1871-1877, 2010. 641 
38. Boudaba N, Marion A, Huet C, Pierre R, Viollet B, and Foretz M. AMPK Re-642 
Activation Suppresses Hepatic Steatosis but its Downregulation Does Not Promote Fatty Liver 643 
Development. EBioMedicine 28: 194-209, 2018. 644 
39. Foretz M, Hebrard S, Leclerc J, Zarrinpashneh E, Soty M, Mithieux G, Sakamoto 645 
K, Andreelli F, and Viollet B. Metformin inhibits hepatic gluconeogenesis in mice 646 
independently of the LKB1/AMPK pathway via a decrease in hepatic energy state. J Clin Invest 647 
120: 2355-2369, 2010. 648 



30  

40. Johanns M, Hue L, and Rider MH. AMPK inhibits liver gluconeogenesis: fact or 649 
fiction? Biochem J 480: 105-125, 2023. 650 
41. Foretz M, Ancellin N, Andreelli F, Saintillan Y, Grondin P, Kahn A, Thorens B, 651 
Vaulont S, and Viollet B. Short-term overexpression of a constitutively active form of AMP-652 
activated protein kinase in the liver leads to mild hypoglycemia and fatty liver. Diabetes 54: 653 
1331-1339, 2005. 654 
42. Garcia D, Hellberg K, Chaix A, Wallace M, Herzig S, Badur MG, Lin T, Shokhirev 655 
MN, Pinto AFM, Ross DS, Saghatelian A, Panda S, Dow LE, Metallo CM, and Shaw RJ. 656 
Genetic Liver-Specific AMPK Activation Protects against Diet-Induced Obesity and NAFLD. 657 
Cell Rep 26: 192-208 e196, 2019. 658 
43. Woods A, Williams JR, Muckett PJ, Mayer FV, Liljevald M, Bohlooly YM, and 659 
Carling D. Liver-Specific Activation of AMPK Prevents Steatosis on a High-Fructose Diet. Cell 660 
Rep 18: 3043-3051, 2017. 661 
44. Andreelli F, Foretz M, Knauf C, Cani PD, Perrin C, Iglesias MA, Pillot B, Bado A, 662 
Tronche F, Mithieux G, Vaulont S, Burcelin R, and Viollet B. Liver adenosine 663 
monophosphate-activated kinase-alpha2 catalytic subunit is a key target for the control of hepatic 664 
glucose production by adiponectin and leptin but not insulin. Endocrinology 147: 2432-2441, 665 
2006. 666 
45. Janzen NR, Whitfield J, Murray-Segal L, Kemp BE, Hawley JA, and Hoffman NJ. 667 
Mice with Whole-Body Disruption of AMPK-Glycogen Binding Have Increased Adiposity, 668 
Reduced Fat Oxidation and Altered Tissue Glycogen Dynamics. Int J Mol Sci 22: 2021. 669 
46. Steinberg GR, O'Neill HM, Dzamko NL, Galic S, Naim T, Koopman R, Jorgensen 670 
SB, Honeyman J, Hewitt K, Chen ZP, Schertzer JD, Scott JW, Koentgen F, Lynch GS, 671 



31  

Watt MJ, van Denderen BJ, Campbell DJ, and Kemp BE. Whole body deletion of AMP-672 
activated protein kinase {beta}2 reduces muscle AMPK activity and exercise capacity. J Biol 673 
Chem 285: 37198-37209, 2010. 674 
47. Fuller SE, Huang TY, Simon J, Batdorf HM, Essajee NM, Scott MC, Waskom CM, 675 
Brown JM, Burke SJ, Collier JJ, and Noland RC. Low-intensity exercise induces acute shifts 676 
in liver and skeletal muscle substrate metabolism but not chronic adaptations in tissue oxidative 677 
capacity. J Appl Physiol (1985) 127: 143-156, 2019. 678 
48. Dibe HA, Townsend LK, McKie GL, and Wright DC. Epinephrine responsiveness is 679 
reduced in livers from trained mice. Physiological reports 8: e14370, 2020. 680 
49. Cartee GD, and Farrar RP. Exercise training induces glycogen sparing during exercise 681 
by old rats. J Appl Physiol (1985) 64: 259-265, 1988. 682 
50. Hingst JR, Bruhn L, Hansen MB, Rosschou MF, Birk JB, Fentz J, Foretz M, Viollet 683 
B, Sakamoto K, Faergeman NJ, Havelund JF, Parker BL, James DE, Kiens B, Richter EA, 684 
Jensen J, and Wojtaszewski JFP. Exercise-induced molecular mechanisms promoting 685 
glycogen supercompensation in human skeletal muscle. Mol Metab 16: 24-34, 2018. 686 
51. Casey A, Mann R, Banister K, Fox J, Morris PG, Macdonald IA, and Greenhaff PL. 687 
Effect of carbohydrate ingestion on glycogen resynthesis in human liver and skeletal muscle, 688 
measured by (13)C MRS. Am J Physiol Endocrinol Metab 278: E65-75, 2000. 689 
52. Lopez-Soldado I, Guinovart JJ, and Duran J. Increased liver glycogen levels enhance 690 
exercise capacity in mice. J Biol Chem 297: 100976, 2021. 691 
53. Hoffman NJ, Whitfield J, Janzen NR, Belhaj MR, Galic S, Murray-Segal L, Smiles 692 
WJ, Ling NXY, Dite TA, Scott JW, Oakhill JS, Brink R, Kemp BE, and Hawley JA. 693 



32  

Genetic loss of AMPK-glycogen binding destabilises AMPK and disrupts metabolism. Mol 694 
Metab 41: 101048, 2020. 695 
54. Zhao P, Sun X, Chaggan C, Liao Z, In Wong K, He F, Singh S, Loomba R, Karin 696 
M, Witztum JL, and Saltiel AR. An AMPK-caspase-6 axis controls liver damage in 697 
nonalcoholic steatohepatitis. Science 367: 652-660, 2020. 698 
55. Zhang X, Liu S, Zhang C, Zhang S, Yue Y, Zhang Y, Chen L, Yao Z, and Niu W. 699 
The role of AMPKalpha2 in the HFD-induced nonalcoholic steatohepatitis. Biochim Biophys 700 
Acta Mol Basis Dis 1866: 165854, 2020. 701 
56. Foretz M, Even PC, and Viollet B. AMPK Activation Reduces Hepatic Lipid Content 702 
by Increasing Fat Oxidation In Vivo. Int J Mol Sci 19: 2018. 703 
57. Gluais-Dagorn P, Foretz M, Steinberg GR, Batchuluun B, Zawistowska-Deniziak A, 704 
Lambooij JM, Guigas B, Carling D, Monternier PA, Moller DE, Bolze S, and Hallakou-705 
Bozec S. Direct AMPK Activation Corrects NASH in Rodents Through Metabolic Effects and 706 
Direct Action on Inflammation and Fibrogenesis. Hepatol Commun 6: 101-119, 2022. 707 
58. Fullerton MD. AMP-activated protein kinase and its multifaceted regulation of hepatic 708 
metabolism. Curr Opin Lipidol 27: 172-180, 2016. 709 
59. Marcinko K, Sikkema SR, Samaan MC, Kemp BE, Fullerton MD, and Steinberg 710 
GR. High intensity interval training improves liver and adipose tissue insulin sensitivity. Mol 711 
Metab 4: 903-915, 2015. 712 
60. Willis SA, Malaikah S, Parry S, Bawden S, Ennequin G, Sargeant JA, Yates T, 713 
Webb DR, Davies MJ, Stensel DJ, Aithal GP, and King JA. The effect of acute and chronic 714 
exercise on hepatic lipid composition. Scand J Med Sci Sports 33: 550-568, 2023. 715 



33  

61. AM AL, Syed DN, and Ntambi JM. Insights into Stearoyl-CoA Desaturase-1 716 
Regulation of Systemic Metabolism. Trends in endocrinology and metabolism: TEM 28: 831-717 
842, 2017. 718 
62. Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E, Shyy 719 
JY, Gao B, Wierzbicki M, Verbeuren TJ, Shaw RJ, Cohen RA, and Zang M. AMPK 720 
phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in 721 
diet-induced insulin-resistant mice. Cell Metab 13: 376-388, 2011. 722 
63. Trefts E, and Shaw RJ. AMPK: restoring metabolic homeostasis over space and time. 723 
Mol Cell 81: 3677-3690, 2021. 724 
64. Willis SA, Bawden SJ, Malaikah S, Sargeant JA, Stensel DJ, Aithal GP, and King 725 
JA. The role of hepatic lipid composition in obesity-related metabolic disease. Liver Int 41: 726 
2819-2835, 2021. 727 
65. Man WC, Miyazaki M, Chu K, and Ntambi J. Colocalization of SCD1 and DGAT2: 728 
implying preference for endogenous monounsaturated fatty acids in triglyceride synthesis. J 729 
Lipid Res 47: 1928-1939, 2006. 730 
66. Eichmann TO, and Lass A. DAG tales: the multiple faces of diacylglycerol--731 
stereochemistry, metabolism, and signaling. Cellular and molecular life sciences : CMLS 72: 732 
3931-3952, 2015. 733 734 



34  

FIGURE CAPTIONS 735 
 736 
FIGURE 1. Schematic representation of experimental timeline and procedures. (A) Mice 737 
with a liver-specific deletion of AMPK α1 and α2 subunits (Liver AMPK KO) and wild type 738 
(WT) littermates were randomly assigned to untrained and exercise training protocols. The 739 
training protocol consisted of treadmill running 60 minutes a day, five days per week for 6 740 
weeks. Pre- and post- training analyses included exercise stress tests to evaluate maximal 741 
running speed and body composition. A cohort of trained mice underwent vascular surgeries for 742 
isotope infusion experiments and liver nutrient flux quantification. Tissues were collected from 743 
mice upon completion of in vivo experiments for molecular analysis. (B) Stable isotope infusions 744 
during acute treadmill running bout were performed in trained mice 10 days following carotid 745 
arterial and jugular catheter implantation surgeries. At 210 minutes prior to the treadmill running 746 
bout (5 hours of fasting), a 2H2O bolus was administered into the venous circulation to enrich 747 
total body water at 4.5%. A [6,6-2H2]glucose prime was infused followed by a continuous 748 
infusion was initiated with the 2H2O bolus. Ninety minutes before the onset of exercise (7 hours 749 
of fasting), a primed, continuous infusion of [U-13C]propionate was started. Donor red blood 750 
cells were administered at a constant rate to prevent a decline in hematocrit due to arterial 751 
sampling. Arterial samples were obtained prior to stable isotope infusion as well as during 30-752 
minute exercise bout for 2H/13C metabolic flux analysis. 753 
 754 
FIGURE 2. Liver energy homeostasis in untrained and exercise-trained mice lacking 755 
hepatic AMPK. Livers from untrained and exercise-trained mice with liver-specific deletions of 756 
AMPK α1 and α2 subunits (Liver AMPK KO) and wild type (WT) littermates were obtained 757 
from non-catheterized mice on a stationary treadmill at the 0-minute time point (8.5-hour fast). 758 
(A) Liver phosphorylated AMPKα-to-total AMPK (pAMPKT172/AMPK) as determined by 759 
immunoblotting and representative immunoblots. Liver (B) ATP (μmol·g-1), (C) ADP (μmol·g-760 
1), (D) AMP (μmol·g-1), and (E) total adenine nucleotide pool (μmol·g-1; TAN = ATP + ADP + 761 
AMP). Liver (F) AMP/ATP and (G) energy charge (arbitrary units; [ATP+0.5ADP]/[TAN]). n = 762 
6-7 per group. Data are mean ± SEM. *p<0.05 by two-way ANOVA followed by Tukey’s post 763 
hoc tests. 764 
 765 
FIGURE 3. Regulators of mitochondrial oxidative metabolism in untrained and exercise-766 
trained mice lacking hepatic AMPK. Livers from untrained and trained mice with liver-767 
specific deletions of AMPK α1 and α2 subunits (Liver AMPK KO) and wild type (WT) 768 
littermates were obtained from non-catheterized mice on a stationary treadmill at the 0-minute 769 
time point (8.5-hour fast). Liver (A) respiratory chain complexes 1-5 (CI-CIV), (B) 770 
mitochondrial pyruvate carrier 1 and 2 (MPC1 and 2) and (C) 3-hydroxymethylglutaryl-CoA 771 
synthase 2 (HMGCS2) and β-hydroxybutyrate dehydrogenase (BDH1) as determined by 772 
immunoblotting with (D) representative immunoblots. n = 6-8 per group. Data are mean ± SEM. 773 
**p<0.01, ***p<0.001, and ****p<0.0001 by two-way ANOVA followed by Tukey’s post hoc 774 
tests. 775 
 776 
FIGURE 4. Lipid metabolites and molecular regulators in untrained and exercise-trained 777 
mice lacking hepatic AMPK. Livers from untrained and trained mice exhibiting liver-specific 778 
deletions of AMPK α1 and α2 subunits (Liver AMPK KO) and wild type (WT) littermates were 779 
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obtained from non-catheterized mice on a stationary treadmill at the 0-minute time point (8.5-780 
hour fast). (A) Liver phosphorylated acetyl-CoA carboxylase-to-total acetyl-CoA carboxylase 781 
ratio (pACCS79/ACC), fatty acid synthase (FASN), and stearoyl-CoA desaturase 1 (SCD1) as 782 
determined by immunoblotting and representative immunoblots. (B) Liver diacylglyceride 783 
concentration (µg·mg-1; DAG). (C) Liver triacylglyceride concentration (µg·mg-1; TAG). (D) 784 
Liver phospholipid concentration (µg·mg-1; PL). (E) C16:0 and C16:1 fatty acids (µg·mg-1) in 785 
liver DAGs and the C16:1-to-C16:0 ratio. (F) C18:0, C18:1, and C18:2 fatty acids in liver DAGs 786 
(µg·mg-1) and the C18:1-to-C18:0 ratio. (G) Elongation index [(C18:0+C18:1)/C16:0] of fatty 787 
acyl chains in liver DAGs. (H) C16:0 and C16:1 fatty acids in liver TAGs (µg·mg-1) and the 788 
C16:1-to-C16:0 ratio. (I) C18:0, C18:1, and 18:2 fatty acids in liver TAGs and the C18:1-to-789 
C18:0 ratio. (J) Elongation index [(C18:0+C18:1)/C16:0] of fatty acyl chains in liver TAGs. (K) 790 
C16:0 and C16:1 fatty acids in liver PLs (µg·mg-1) and the C16:1-to-C16:0 ratio. (L) C18:0, 791 
C18:1, and C18:2 fatty acids in liver PLs (µg·mg-1) and the C18:1-to-C18:0 ratio. (M) 792 
Elongation index [(C18:0+C18:1)/C16:0] of fatty acyl chains in liver PLs. n = 6-7 per group. 793 
Data are mean ± SEM.  *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by two-way 794 
ANOVA followed by Tukey’s post hoc tests.       795 
 796 
FIGURE 5. Glycogen and molecular regulators of glycogen homeostasis in untrained and 797 
exercise-trained mice lacking hepatic AMPK. Livers from untrained and trained mice with 798 
liver-specific deletions of AMPK α1 and α2 subunits (Liver AMPK KO) and wild type (WT) 799 
littermates were obtained from non-catheterized mice on a stationary treadmill at the 0-minute 800 
time point (8.5-hour fast). (A) Liver glycogen content (mg·g-1). Liver (B) glycogen 801 
phosphorylase (PYGL), (C) phosphorylated glycogen synthase-to-total glycogen synthase ratio 802 
(pGSS641/GS), (D) glucose-6-phosphatase, catalytic subunit (G6PC), and (E) cytosolic 803 
phosphoenolpyruvate carboxykinase (PCK1) as determined by immunoblotting. (F) 804 
Representative immunoblots for liver PYGL, pGSS641, total GS, G6PC, and PCK1. n = 6-8 per 805 
group. Data are mean ± SEM. *p<0.05 and **p<0.01 by two-way ANOVA followed by Tukey’s 806 
post hoc tests. 807 
 808 
FIGURE 6. Glucose producing and oxidative metabolism fluxes prior to and during 809 
treadmill running in exercise-trained mice lacking liver AMPK. (A) A schematic of model-810 
estimated glucose producing and oxidative fluxes. (B) A time course of arterial blood glucose 811 
concentration in mice with liver-specific deletions of AMPK α1 and α2 subunits (Liver AMPK 812 
KO) and wild type (WT) littermates prior to and during a 30-minute treadmill run. Model-813 
estimated, absolute nutrient fluxes (μmol·kg-1·min-1) in WT and KO mice prior to and during a 814 
30-minute of treadmill run for (C) endogenous glucose production (VEGP), (D) glycogenolysis 815 
(VPYGL), (E) total gluconeogenesis (VAldo), (F) gluconeogenesis from glycerol (VGK), (G) 816 
gluconeogenesis from phosphoenolpyruvate (VEnol), (H) tricarboxylic acid cycle cataplerosis 817 
(VPCK), (I) flux from unlabeled, non-phosphoenolpyruvate, anaplerotic sources to pyruvate 818 
(VLDH), (J) anaplerosis from pyruvate (VPC), (K) anaplerosis from propionyl-CoA (VPCC), (L) 819 
flux from oxaloacetate and acetyl-CoA to citrate (VCS), (M) flux from succinyl-CoA to 820 
oxaloacetate (VSDH), and (N) pyruvate cycling (VPK+ME).  n = 5-8 per genotype. Data are mean ± 821 
SEM. *p<0.05 vs. WT at specified time point by two-way repeated-measures ANOVA followed 822 
by Šidák’s post hoc tests. 823 
 824 
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FIGURE 7. Impact of an acute exercise bout on liver metabolites in exercise-trained mice 825 
lacking liver AMPK. Livers metabolites from mice exhibiting liver-specific deletions of AMPK 826 
α1 and α2 subunits (Liver AMPK KO) and wild type mice (WT) littermates. (A) Net Change in 827 
liver ATP during acute exercise and total liver ATP following acute exercise (µmol·g-1). (B) Net 828 
change in liver ADP during acute exercise and total liver ADP following acute exercise (µmol·g-829 
1). (C) Net change in liver AMP during acute exercise and total liver AMP following acute 830 
exercise (µmol·g-1). (D) Net change in liver energy charge during acute exercise (arbitrary units; 831 
[ATP+0.5ADP]/[TAN]) and liver energy charge following acute exercise. (E) Net change in 832 
liver glycogen during acute exercise and total liver glycogen following acute exercise (mg·g-1). 833 
(F) Net change in liver diacylglycerides (DAGs) during acute exercise and total liver DAGs 834 
following acute exercise (µg·mg-1). (G) Net change in liver triacylglycerides (TAGs) during 835 
acute exercise and total liver TAGs following acute exercise (µg·mg-1). (H) Net change in liver 836 
phospholipids (PLs) during acute exercise and total liver PLs following acute exercise (µg·mg-1). 837 
n = 5-7 per genotype. Data are mean ± SEM. *p<0.05, **p<0.01, and ****p<0.0001 between 838 
genotypes determined by Students t test. Change in metabolites were calculated as the difference 839 
between rest (mean concentration) and post-exercise concentrations. Note: Liver metabolites 840 
measured at rest and post-exercise were from non-catheterized and catheterized mice, 841 
respectively. †p<0.05, ††p<0.01, †††p<0.001, and ††††p<0.0001 by one sample t tests using 842 
theoretical mean of zero to determine impact of exercise within genotype. 843 
 844 
SUPPLEMENTAL FIGURE S1. Fatty acyl chain composition comprising glycerolipids of 845 
exercise-trained mice following an acute exercise bout. Livers from trained mice exhibiting 846 
liver-specific deletions of AMPK α1 and α2 subunits (Liver AMPK KO) and wild type (WT) 847 
littermates were obtained from catheterized mice following a 30-minute treadmill running bout. 848 
(A) C16:0 and C16:1 fatty acids in liver diacylglycerides (µg·mg-1; DAGs) and the C16:1-to-849 
C16:0 ratio. (B) C18:0, C18:1, and C18:2 fatty acids in liver DAGs (µg·mg-1) and the C18:1-to-850 
C18:0 ratio. (C) Elongation index [(C18:0+C18:1)/C16:0] of fatty acyl chains in liver DAGs. (D) 851 
C16:0 and C16:1 fatty acids in liver triacylglycerides (µg·mg-1; TAGs) and the C16:1-to-C16:0 852 
ratio. (E) C18:0, C18:1, and 18:2 fatty acids in liver TAGs and the C18:1-to-C18:0 ratio. (F) 853 
Elongation index [(C18:0+C18:1)/C16:0] of fatty acyl chains in liver TAGs. (G) C16:0 and 854 
C16:1 fatty acids in liver phospholipids (µg·mg-1; PLs) and the C16:1-to-C16:0 ratio. (H) C18:0, 855 
C18:1, and C18:2 fatty acids in liver PLs (µg·mg-1) and the C18:1-to-C18:0 ratio. (I) Elongation 856 
index [(C18:0+C18:1)/C16:0] of fatty acyl chains in liver PLs. n = 5-7 per group. Data are mean 857 
± SEM.  *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by Students t tests.   858 
 859 
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Figure 4 – Liver lipid metabolites and molecular regulators in untrained and exercise-trained mice   
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Figure 5 - Liver glycogen and molecular regulators of glycogen in untrained and exercise-trained mice 
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Figure 6 – Nutrient fluxes in trained mice at rest and during acute exercise  
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Figure 7 – Liver metabolites in exercise-trained mice following acute exercise
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Supplemental Figure S1 – Fatty acyl chain saturation of glycerolipids in exercise-trained mice following an acute exercise
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 Untrained groups 
before 6-week protocol 

Trained groups before 
6-week protocol 

Untrained groups after 
 6-week protocol 

Trained groups after 
6-week protocol 

Running 
Characteristics WT LAKO WT LAKO WT LAKO WT LAKO 

Maximal 
Running Speed 

(m·min-1) 
34.0 ± 3.0 29.6 ± 1.8 34.0 ± 1.1 32.8 ± 1.7 30.4 ± 2.9 31.8 ± 2.3 

41.8 ± 
1.7** 42.3 ± 2.3*

Body 
Composition WT LAKO WT LAKO WT LAKO WT LAKO 

Body Weight (g) 29.6 ± 0.4 29.7 ± 0.9 30.7 ± 0.4 31.0 ± 0.7 29.8 ± 0.6 29.8 ± 1.0 29.9 ± 0.4 30.6 ± 0.4 

Fat Mass (%) 8.0 ± 0.8 7.2 ± 0.5 9.9 ± 0.6 9.9 ± 1.0 8.6 ± 0.6 8.9 ± 0.7 10.7 ± 0.4 10.5 ± 0.8 

Lean Mass (%) 71.3 ± 0.6 71.7 ± 0.7 69.7 ± 0.5 69.7 ± 1.0 70.6 ± 0.6 70.0 ± 0.5 68.9 ± 0.5 68.8 ± 0.9 

Table 1. Biometric characteristics of untrained and exercise-trained mice lacking liver AMPKα1α2.  
Maximal running speed (m·min-1) in wild type (WT) and liver-specific AMPKα1α2 knockout (LAKO) 
mice prior to and following 6 weeks of training (n = 9-17 mice per group).  Body weight (g), Fat Mass 
(%), and Lean Mass (%) in WT and LAKO mice prior to and following a 6-week training protocol (n = 9-
16 mice per group).  Data are mean ± SEM. **p<0.01 vs. untrained WT mice following 6-weeks of 
training. *p<0.05 vs. untrained LAKO mice following 6-weeks of training. 

 

 

 



Antibody Supplier Catalog 
Number RRID Dilution

Phospho-acetyl-CoA carboxylase 
(Ser79) 

Cell Signaling 
Technologies 3661 RRID:AB_330337 1:1000 

Acetyl-CoA carboxylase Cell Signaling 
Technologies 3662 RRID:AB_2219400 1:1000 

Phospho-AMPKα Thr172 Cell Signaling 
Technologies 2535 RRID:AB_331250 1:1000 

AMPKα Cell Signaling 
Technologies 2532 RRID:AB_330331 1:1000 

β-hydroxybutyrate dehydrogenase Proteintech 15417-1-AP RRID:AB_2274683 1:1000 

Fatty acid synthase Cell Signaling 
Technologies 3180 RRID:AB_2100796 1:1000 

Glucose-6-phosphatase Proteintech 22169-1-AP RRID:AB_2879015 1:1000 

Glycogen phosphorylase Proteintech 15851-1-AP RRID:AB_2175014 1:1000 

Phospho-glycogen synthase (Ser641) Cell Signaling 
Technologies 3891 RRID:AB_2116390 1:1000 

Glycogen synthase 2 Proteintech 22371-1-AP RRID:AB_2879091 1:1000 

Mitochondrial encoded cytochrome c 
oxidase II Proteintech 55070-1-AP RRID:AB_10859832 1:1000 

Mitochondrial pyruvate carrier 1 Cell Signaling 
Technologies 14462 RRID:AB_2773729 1:1000 

Mitochondrial pyruvate carrier 2 Cell Signaling 
Technologies 46141 RRID:AB_2799295 1:1000 

NADH dehydrogenase (ubiquinone) 
iron-sulfur protein 4 Abcam ab139178 RRID:AB_2922810 1:1000 

Phosphoenolpyruvate carboxykinase 1 Proteintech 16754-1-AP RRID:AB_2160031 1:1000 

Stearoyl-CoA desaturase 1 Cell Signaling 
Technologies 2794 RRID:AB_2183099 1:1000 

Succinate dehydrogenase subunit A Cell Signaling 
Technologies 5839 RRID:AB_10707493 1:1000 

Total OXPHOS Rodent WB Antibody 
Cocktail Abcam ab110413 RRID:AB_2629281 1:1000 

3-hydroxymethylglutaryl-CoA synthase 
2 

Cell signaling 
Technologies 20940 RRID:AB_2798853 1:1000 

Anti-rabbit IgG Cell Signaling 
Technologies 7074 RRID:AB_2099233 1:5000 

Anti-mouse IgG Cell Signaling 
Technologies 7076 RRID:AB_330924 1:5000 

Supplemental Table S1. List of antibodies.  
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