
Hepatic fatty acid oxidation restrains systemic catabolism 
during starvation

Jieun Lee1, Joseph Choi1, Susanna Scafidi2, and Michael J. Wolfgang1,*

1Department of Biological Chemistry, Johns Hopkins University School of Medicine, Baltimore, 
Maryland 21205

2Anesthesiology and Critical Care Medicine Center for Metabolism and Obesity Research, Johns 
Hopkins University School of Medicine, Baltimore, Maryland 21205

Abstract

The liver is critical for maintaining systemic energy balance during starvation. To understand the 

role of hepatic fatty acid β-oxidation on this process, we generated mice with a liver-specific 

knockout of carnitine palmitoyltransferase 2 (Cpt2L−/−), an obligate step in mitochondrial long-

chain fatty acid β-oxidation. Fasting induced hepatic steatosis and serum dyslipidemia with an 

absence of circulating ketones while blood glucose remained normal. Systemic energy 

homeostasis was largely maintained in fasting Cpt2L−/− mice by adaptations in hepatic and 

systemic oxidative gene expression mediated in part by Pparα target genes including procatabolic 

hepatokines Fgf21, Gdf15 and Igfbp1. Feeding a ketogenic diet to Cpt2L−/− mice resulted in 

severe hepatomegaly, liver damage and death with a complete absence of adipose triglyceride 

stores. These data show that hepatic fatty acid oxidation is not required for survival during acute 

food deprivation but essential for constraining adipocyte lipolysis and regulating systemic 

catabolism when glucose is limiting.
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eToc

Lee et al. have generated mice that lack mitochondrial long chain fatty acid β-oxidation 

specifically in the liver. They report that these mice can survive a 24 hour fast but not a low 

carbohydrate ketogenic diet. Surprisingly, whole body energy expenditure is largely maintained 

due to increased peripheral catabolism.

 INTRODUCTION

Starvation initiates a series of metabolic adaptations to enable continuous production and 

delivery of nutrients to critical organs, tissues and cells (1). This response is coordinated in 

large part by the liver that responds by liberating glucose to the circulation initially from 

glycogen stores followed by de novo glucose production (i.e. gluconeogenesis). 

Additionally, ketones are produced and provide an alternative energy source to glucose for 

highly oxidative tissues such as the brain (2). Fatty acid oxidation is critical for these 

processes as it provides the carbon substrate for ketogenesis (acetyl-CoA) and mitochondrial 

bioenergetics (ATP, NADH) to facilitate gluconeogenesis. Therefore, humans with disparate 

inborn errors in mitochondrial fatty acid oxidation exhibit life-threatening hypoketotic-

hypoglycemia following a fast (3). Systemically, the liver produces most of the circulating 

ketones due to its high capacity for β-oxidation and lack of the CoA transferase (Oxct1) in 

hepatocytes that is required to utilize ketones (4). Also, the liver is thought to dominate 

fasting gluconeogenesis with minor contributions from the kidney and gut. Interestingly, 

mice with a hepatocyte-specific loss of glucose-6-phosphatase, the obligate terminal enzyme 

in cellular glucose liberation, do not exhibit reduced blood glucose following fasting or 

starvation, although ketone production is accelerated (5). Therefore, extra-hepatic 

gluconeogenic tissues can fully compensate for a loss of hepatic production.

Mitochondrial long chain fatty acid β-oxidation is governed by the regulated translocation of 

activated fatty acids (acyl-CoAs) from the cytoplasm to the mitochondrial matrix mediated 
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by successive carnitine acyltransferases (6). Carnitine Palmitoyltransfersase 1 (Cpt1) 

isoenzymes mediate acyl transfer from long chain acyl-CoAs to carnitine on the outer 

mitochondrial membrane, generating acylcarnitines that can traverse through the Carnitine-

acylcarnitine translocase within the inner mitochondrial membrane. Within the 

mitochondrial matrix, Cpt2 transfers the acyl group from the acylcarnitine back onto CoA, 

enabling β-oxidation. Human inborn errors in Cpt2 result in increasing severity of metabolic 

disease (OMIM #s, 255110 adult onset, 600649 infantile, and 600650 infantile lethal) (7, 8). 

The complete loss of Cpt1a or Cpt1b is embryonic lethal in mice, and the loss of Acadl or 

Acadm results in increased neonatal death (9–11). The loss of other mitochondrial 

components of β-oxidation result in multisystemic defects as well as cell-specific 

compensatory mechanisms (12–15).

To understand the contribution of hepatic fatty acid oxidation during fasting and starvation, 

we generated mice with a liver-specific knockout of Carnitine Palmitoyltransferase 2 

(Cpt2L−/−), an obligate enzyme in mitochondrial long chain fatty acid β-oxidation encoded 

by a single gene. To our great surprise, Cpt2L−/− mice not only survived the perinatal period 

but also did not exhibit alterations in blood glucose following a 24hr fast although ketones 

were absent. Fasting resulted in serum dyslipidemia, hepatic steatosis and alterations in 

hepatic and systemic oxidative gene expression. Although Cpt2L−/− mice were able to adapt 

to survive a 24hr fast, feeding them a ketogenic diet resulted in hepatomegaly and death after 

only 6 days with a complete absence of adipose triglyceride stores. These data show that 

hepatic fatty acid oxidation is not required for survival during acute food deprivation, but is 

essential for constraining adipocyte lipolysis and regulating systemic catabolism when 

glucose is limiting.

 RESULTS

 Generation of mice with a liver-specific deficiency in fatty acid β-oxidation

Previously, we generated a mouse model with a conditional loss-of-function allele for Cpt2, 

an obligate step in mitochondrial long chain fatty acid β-oxidation (16, 17). To produce mice 

with a loss of Cpt2 specifically in hepatocytes, we bred Cpt2lox/lox mice to liver-specific 

albumin-Cre transgenic mice (18). The resulting liver-specific Cpt2 knockout (KO) mice 

(Cpt2L−/−) showed a loss of Cpt2 protein in the liver (Figure 1A) and decreased mRNA 

levels of Cpt2 specifically in the liver (Figure 1B). As expected, oleate oxidation was 

significantly suppressed in the liver of Cpt2L−/− mice to a similar degree as incubation with 

100μM of the CPT inhibitor, etomoxir (19). There was no change in the oxidation of the 

very long chain fatty acid, lignoceric acid, which is preferentially oxidized in peroxisomes 

(Figure 1C). Although males had a small suppression of body weight after weaning, females 

did not show suppressed body weight and all mice exhibited normal body weight by 6 weeks 

of age (Figure 1D). These data show that the loss of hepatic mitochondrial long chain fatty 

acid β-oxidation is not required for survival to adulthood. This is surprising given the 

requirement for fatty acid β-oxidation during the perinatal period (15, 20, 21).
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 Fasting results in hypoketotic dyslipidemia in Cpt2L−/− mice

To determine the requirements for hepatic fatty acid oxidation upon food deprivation, we 

fasted Cpt2lox/lox and Cpt2L−/− mice for 24 hours at 9 weeks of age. As expected, there was 

a significant decrease in serum β-hydroxybutyrate (βHB) in Cpt2L−/− mice even in the fed 

state. Control Cpt2lox/lox mice dramatically increased serum βHB upon a 24hr fast as 

expected while Cpt2L−/− mice did not exhibit appreciable serum βHB consistent with the a 

loss of hepatic fatty acid oxidation (Figure 2A). Additionally, fasting induced serum 

dyslipidemia with increased NEFA and cholesterol in Cpt2L−/− mice (Figure 2A). Cpt2L−/− 

mice did not become hypoglycemic following the 24hr fast nor was insulin different 

between geneotypes (Figure 2A). Because the liver plays an integral role in fatty acid 

metabolism in the body, we determined whole body bioenergetics in Cpt2L−/− mice. 

Interestingly, there was no change in energy expenditure between Cpt2lox/lox and Cpt2L−/− 

mice in fed, fasted, or refed states (Figure 2B). Although Cpt2L−/− mice exhibit clear 

metabolic deficiencies, in the context of whole animal energy homeostasis, Cpt2lox/lox and 

Cpt2L−/− mice were able to maintain equivalent energy expenditure and respiratory 

exchange ratio even during fasting (Figure 2B). Food intake, body composition, and 

ambulatory activity were not different between male or female Cpt2lox/lox and Cpt2L−/− mice 

(Figures 2C and S1A–D). Examination of tissue weights in Cpt2lox/lox and Cpt2L−/− mice 

showed that fasting resulted in a greater suppression in gonadal white adipose tissue (gWAT) 

in Cpt2L−/− mice while there was a concomitant increase in liver weight (Figure 2D). 

Consistent with the wet weight data, Cpt2L−/− livers were enlarged and lipid laden following 

a 24-hour fast (Figure 2E). Liver triglyceride levels were unchanged in the fed state but were 

significantly increased in Cpt2L−/− mice compared to control Cpt2lox/lox mice upon fasting 

(Figure 2F). There were not signs of liver damage by serum ALT activity (Figure 2G), 

altered corticosterone levels (Figure S1E), or significant markers of ER stress (Figure S1F) 

following a 24 hour fast. However, Cpt2L−/− livers did show significant lipid peroxidation 

following fasting (Figure 2H). These data show that mice with a loss of hepatic fatty acid β-

oxidation can adapt to maintain systemic energy homeostasis during a fast but not without 

adverse consequences to the liver and adipose tissue stores.

 Fasting increases oxidative and suppresses lipogenic programing in livers of Cpt2L−/− 

mice

Given the robust physiological and cellular adaptations in Cpt2L−/− mice, we determined 

hepatic gene expression of select fatty acid metabolic genes in fed and fasted Cpt2lox/lox and 

Cpt2L−/− mice. First we determined the expression of fatty acid oxidation genes. In the fed 

state, there were increases in Acsl1, Acot1 and Acot2 mRNA in the livers of Cpt2L−/− mice 

(Figure 3A). Acot1 and Acot2 were also increased at the protein level in the livers of fed 

Cpt2L−/− mice (Figure 3B). Following a 24-hour fast, the increases in Acot1 and Acot2 in 

the livers of fed Cpt2L−/− mice were greatly exacerbated as well as increases in the fatty acid 

oxidative genes, Acox1, Acadl and Hadha (Figure 3A). These changes were largely mirrored 

at the protein level by western blotting (Figure 3B). Many of the fatty acid biosynthetic 

genes were suppressed following a 24hr fast in livers of Cpt2L−/− mice compared to 

Cpt2lox/lox mice (Figures 3B, S2A). Gluconeogenic gene expression was not altered in 

Cpt2L−/− mice with the exception of Pck2 whose contribution to gluconeogenesis is not well 

defined (Figure S3A). These data show a robust up-regulation of fatty acid catabolic genes 
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and suppression of fatty acid anabolic genes in the livers of Cpt2L−/− mice that were 

exacerbated by fasting. This suggests that the fatty acid oxidation deficient livers were 

attempting to compensate for the lack of fatty acid oxidation in the face of a large lipid 

burden.

 Fasting induces Pparα target genes and procatabolic hepatokines Fgf21, Gdf15, and 
Igfbp1 in Cpt2L−/− mice

Due to the robust transcriptional response in Cpt2L−/− mice, we decided to probe further into 

the transcriptional alterations in the livers of Cpt2L−/− mice. Therefore, we fasted Cpt2lox/lox 

and Cpt2L−/− mice for 24hrs for genome wide gene expression profiling on liver mRNA via 

DNA microarrays (Table 1). Microarray analysis revealed a dramatic transcriptional 

dysregulation in the livers of Cpt2L−/− mice upon fasting. In order to validate the microarray 

results in a larger cohort of mice, we analyzed a subset of genes identified in the microarray 

analysis by qRT-PCR in both fed and fasted Cpt2lox/lox and Cpt2L−/− mice (Table 1). 

Consistent with the robust transcriptional and protein induction of Acot1 and Acot2, other 

type I ACOTs, canonical Pparα target genes, were also identified in the microarray. Other 

canonical Pparα target genes were also dramatically up-regulated such as Pdk4 (~100 fold), 

Ehhadh (~50 fold), Cd36, (~10 fold), and Fabp3 (~160 fold) (Table 1). These data suggest 

that exogenous fatty acid derived Pparα ligands build up in the face of increased lipid 

delivery to the liver and are greatly potentiated in the absence of mitochondrial fatty acid 

oxidation.

We were surprised that although Cpt2L−/− mice had clear metabolic deficiencies, they were 

able to maintain systemic energy homeostasis even following a 24hr fast. Therefore, we 

were interested in determining how the Cpt2L−/− liver might be communicating these deficits 

with other tissues. Of interest was one of the most highly up-regulated genes in the livers of 

Cpt2L−/− mice (~50 fold), the secreted hepatokine Fgf21 (Table 1, Figure 3C). Fgf21 is also 

a canonical Pparα target gene (22, 23). Consistent with the transcriptional increase in Fgf21, 

serum Fgf21 was increased (~11.5 fold) in fasted Cpt2L−/− mice compared with Cpt2lox/lox 

littermate controls (Figures 3D). Additionally, Gdf15 and Igfbp1 mRNA were increased in 

fasted Cpt2L−/− liver and these were also increased to a similar degree in Cpt2L−/− serum 

(Figures 3C,D). These secreted proteins have all been shown to increase systemic catabolism 

(22–26). These data suggest that the loss of hepatic fatty acid oxidation is mitigated in part 

by increasing systemic procatabolic hepatokines.

 Fasting induces systemic catabolic gene expression in Cpt2L−/− mice

Some metabolic processes that occur largely in the liver, such as gluconeogenesis, can be 

supplanted in part by the kidney. Therefore, we postulated that the kidney could be a major 

site of systemic compensation of energy homeostasis. First, we assessed the regulation of 

oxidative gene expression in the kidneys of fed and 24hr fasted Cpt2lox/lox and Cpt2L−/− 

mice. Fasting initiated a robust increase in the expression of genes involved in fatty acid 

oxidation in the kidneys of Cpt2L−/− mice similar to the elevation in liver (Figure 4A). A 

subset of these genes were also validated at the protein level (Figure 4B). Similar to the liver, 

gluconeogenic gene expression was not altered in Cpt2L−/− mice with the exception of Pck2 
(Figure S3B). Upon dissection, the kidneys of 24hr fasted Cpt2L−/− mice were visibly lipid 
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laden (Figure 4C). Although the wet weight of the kidneys of Cpt2lox/lox and Cpt2L−/− mice 

were similar, the kidneys of Cpt2L−/− mice exhibited a ~2fold increase in total triglycerides 

consistent with increased uptake of fatty acids (Figures 4D,E). These data support the kidney 

as a major site of compensation in fasted Cpt2L−/− mice.

Fgf21 has been shown to regulate ketogenic and oxidative genes in the liver in an autocrine 

manner. Fgf21 has also been postulated to affect adipocyte energy balance in an endocrine 

manner (27). Since fasting induces a robust increase in circulating Fgf21 in Cpt2L−/− mice, 

we examined some of the putative endocrine effects of Fgf21 treatment in a more 

physiological model. Interscapular BAT (iBAT) of Cpt2L−/− mice did not exhibit 

transcriptional increases in thermogenic genes (Figure 4F), but fasting elicited increases in 

Ucp1, Cidea and Fgf21 in inguinal WAT (iWAT) of Cpt2L−/− mice (Figure 4G) consistent 

with fasting induced Fgf21 target gene expression in this tissue (28). Adipose-derived 

Adiponectin has also been shown to be a pharmacologic target of Fgf21 (29, 30). However, 

we did not observe an increase in adiponectin mRNA in gonadal WAT (gWAT) nor did we 

observe changes in serum Adiponectin between fed or fasting Cpt2lox/lox and Cpt2L−/− mice 

(Figure 4H). Due to the robust contribution of skeletal muscle and heart to whole body fatty 

acid oxidation, we examined fatty acid oxidative gene expression in these tissues. Although 

the transcriptional response was not as robust as the kidney in these tissues, fasting induced 

a significant increase in Acot1 and Acot2 in Cpt2L−/− gastrocnemius muscle (Figure 4I) and 

induced a significant increase in Acot1 in the Cpt2L−/− heart (Figure S3C). Interestingly, 

along with liver and iWAT, skeletal muscle of Cpt2L−/− mice also exhibited a significant 

fasting induced increase in Fgf21 expression (Figure 4J). Together, these data suggest that 

loss of hepatic fatty acid oxidation may be mitigated in part by the induction of procatabolic 

hepatokines such as Fgf21 via both cell autonomous and non-cell autonomous mechanisms.

 A ketogenic diet depletes adipose triglyceride stores and is lethal to Cpt2L−/− mice

Given the putative requirements for hepatic fatty acid oxidation, we were surprised that 

Cpt2L−/− mice could survive a 24hr fast. To determine how Cpt2L−/− mice would tolerate a 

long-term carbohydrate-limited diet, we placed 9-week old Cpt2lox/lox and Cpt2L−/− mice on 

a low carbohydrate ketogenic diet. After 6 days on the ketogenic diet, several Cpt2L−/− mice 

died and the remaining Cpt2L−/− mice exhibited a dramatic weight loss (Figure 5A). 

Cpt2L−/− mice exhibited hepatomegaly (Figure 5B) and significant liver damage as 

measured by serum ALT activity (Figure 5C). These physiologic indicators were 

accompanied by severe kyphosis and lethargy, suggesting a neurologic involvement. 

Additionally, Cpt2L−/− mice became hypoglycemic and hypoketotic with corresponding 

serum dyslipidemia (Figure 5D). Incredibly, upon dissection, Cpt2L−/− mice completely 

lacked observable white adipose tissue following 6 days on a ketogenic diet, consistent with 

the loss of body weight (Figure 5E). These data suggest that from a physiological 

standpoint, Cpt2L−/− mice could not differentiate starvation from a high calorie-low 

carbohydrate diet.

Fasting and a ketogenic diet share many metabolic features. Therefore we assessed the gene 

expression signature of Cpt2lox/lox and Cpt2L−/− mice fed a ketogenic diet for 6 days. 

Consistent with the microarray data from 24hr fasting liver, the livers from Cpt2L−/− mice 
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exhibited a dramatic increase in Pparα-target gene expression compared to control 

Cpt2lox/lox mice (~170 fold increase in Pdk4, >50 fold increase in Elovl7) (Table 1). Also, 

oxidative gene expression in the livers of Cpt2L−/− mice was increased in ketogenic diet fed 

mice (Figure 5F). Gluconeogeneic gene expression, serum insulin and oxidative gene 

expression in the kidney, gastrocnemius muscle and heart were also consistent with the 

fasting data (Figure S4). Finally, we measured the gene expression (Table 1) and serum 

concentrations of the secreted hepatokines Fgf21, Gdf15, and Igfbp1 (Figure 5G). Even 

though the ketogenic diet elicited a strong induction of these heptokines in control 

Cpt2lox/lox mice, Cpt2L−/− mice further exacerbated this increase in serum hepatokines. 

These data show that the ketogenic diet elicits a similar yet further exacerbated physiologic 

program in Cpt2L−/− mice compared to fasting.

To better determine the kinetics of the ketogenic-induced weight loss and hypoglycemia in 

mice deficient in hepatic fatty acid β-oxidation, we again placed Cpt2lox/lox and Cpt2L−/− 

mice on a ketogenic diet and measured their body weights and blood glucose daily over 4 

days. Cpt2lox/lox and Cpt2L−/− mice had no significant differences in fed blood glucose 

(Figure 6A) or body weight (Figure 6B) over these 4 days although by day 4, Cpt2L−/− mice 

had accelerated body weight loss. This indicates that a lack of systemic gluconeogenesis was 

not the primary cause of lethality in Cpt2L−/− mice.

To determine the systemic metabolic effects of a loss of hepatic Cpt2, we measured blood 

and tissue acylcarnitines in Cpt2lox/lox and Cpt2L−/− mice before and over the 4-day 

ketogenic diet challenge. As the liver is a major site of carnitine biosynthesis, there were no 

changes in free carnitine in the liver; however, there was a significant suppression in free 

carnitine in the blood of Cpt2L−/− mice, indicating a systemic deficiency (Figure 6C). Total 

acylcarnitines and short chain acylcarnitines were significantly suppressed in both chow and 

ketogenic diet fed blood of Cpt2L−/− mice (Figure 6D, Table S1). However, the substrates 

specific for Cpt2, long chain acylcarnitines, showed a progressive increase in blood over 

time, indicating increased hepatic excursion of long chain acylcarnitines in Cpt2L−/− mice 

(Figure 6E, Table S1). Finally, we measured liver acylcarnitines in chow fed and 4-day 

ketogenic diet fed mice. Consistent with a block in fatty acid β-oxidation, Cpt2L−/− mice 

exhibited a suppression in liver acetylcarnitine that was exacerbated by the ketogenic diet 

(Figure 6F), and an increase in long chain acylcarnitines even in chow fed mice (Figure 6G, 

Table S2). These data show that a loss of hepatic fatty acid β-oxidation results in an 

accelerated depletion of adipose lipid stores and increased peripheral catabolism following 

fasting or a ketogenic diet that is ultimately unsustainable.

 DISCUSSION

The importance of fatty acid β-oxidation is made evident by multiple inborn errors in this 

pathway that cause serious human disease (8, 31, 32). For example, hypomorphic mutations 

in CPT2 result in metabolic disease of increasing severity. The most severe form presents as 

hypothermia, cardiomegaly, hepatomegaly and hypoglycemia in the first days of life from 

the important roles of fatty acid β-oxidation in adipocytes, heart and liver. Additionally, 

hypomorphic mutations in CPT1a result in hypoketotic-hypoglycemia (3) and a loss of 

CPT1a or CPT1b in mice is early embryonic lethal (9, 11). Given that the liver is critical for 
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the adaptation to fasting and fatty acid β-oxidation is central to this response, we asked what 

the requirements of hepatic fatty acid β-oxidation are in vivo. Surprisingly, we found that 

mice with a hepatocyte-specific deletion of mitochondrial long chain fatty acid β-oxidation 

not only survived the perinatal period but also survived a 24hr fast with normal blood 

glucose but a lack of ketone bodies. Perhaps not surprisingly, survival during food 

deprivation has been so evolutionarily important that multiple compensatory systems are in 

place for such a critical adaptation.

While blood glucose is maintained within a tight range, ketones can change dramatically 

from μM to mM concentrations (1). Our data suggests that the liver produces almost all of 

the circulating ketones. The total loss of ketone utilization via KO of Oxct1 results in 

perinatal lethality in mice (4). Therefore we speculate that local ketone production (e.g. 

within the CNS) or a small amount of fatty acid independent ketogenesis may enable the 

survival of Cpt2L−/− mice during the perinatal period, a time of robust ketolysis (33, 34). 

Several effects of βHB indirectly associated with its metabolic role have been suggested 

(35). βHB is an endogenous ligand for at least two Gi/o-coupled GPCRs, HCAR2 and 

FFAR3, that suppress adipose lipolysis and sympathetic activity respectively (36, 37). Given 

the dramatic peripheral catabolism in ketogenic diet fed Cpt2L−/− mice that have suppressed 

circulating βHB, these nonmetabolic roles of ketones likely play a significant role in 

regulating systemic physiology during food deprivation. The inability to affect these two 

receptors would lead to enhanced fasting lipolysis consistent with Cpt2L−/− mice. Therefore, 

βHB is likely critical for restraining lipolysis, particularly under conditions where insulin is 

low.

Pparα has been postulated to be activated by fatty acid derived ligands. Some ligands are 

thought to be derived from de novo fatty acid synthesis (38–40), however that seems to be an 

unlikely driver of fasting gene expression in Cpt2L−/− mice. Alternatively, triglyceride 

hydrolysis has been shown to be critical for Pparα directed transcription. The loss of Atgl, 

the rate setting step in triglyceride hydrolysis, results in a loss of Pparα transcription 

presumably from the loss of an endogenous Pparα ligand produced upon hydrolysis (41–44). 

It will be interesting to determine if lipids derived from lipid droplet triglyceride hydrolysis 

are required for the increased Pparα mediated transcription in Cpt2L−/− mice or alternatively, 

if exogenous lipid uptake can directly activate Pparα target genes independent of lipid 

droplets.

One robust transcriptional target of Pparα is the hepatokine Fgf21 (22, 23). Although it is 

expressed in several tissues, most of the circulating Fgf21 is derived from hepatocytes (45). 

Fgf21 is induced by fasting and ketogenic feeding in rodents and acts largely to increase 

energy expenditure via an autocrine and endocrine manner (27). Fgf21 is emerging as a 

potential therapeutic for obesity and insulin resistance by increasing glucose uptake in 

adipocytes and increasing energy expenditure. The robust increase in circulating Fgf21 in 

Cpt2L−/− mice suggests that it provides some of the signal required to increase systemic 

catabolism to maintain energy homeostasis although Gdf15 and Igfbp1 likely also 

contribute. Consistent with Cpt2L−/− mice, humans with mitochondrial disease exhibit 

increased circulating FGF21 (46). The loss of the anti-catabolic βHB and the gain of 

procatabolic hepatokines such as Fgf21, Gdf15 and Igfbp1, likely all contribute to the 
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exaggerated lipolysis seen in Cpt2L−/− mice upon fasting or ketogenic feeding, and mitigate 

hepatic energy expenditure defects in mice without the capacity for long chain mitochondrial 

fatty acid β-oxidation.

It is clear that the liver plays an important role in regulating systemic metabolism, and that 

hepatic fatty acid β-oxidation represents an important component, particularly when 

carbohydrate intake is limiting. However, our data shows that there is an incredible systemic 

adaptation mediated by the liver to regulate extra-hepatic metabolism to ensure survival. 

These data highlight the need to better understand the tissue-specific contributions of 

macronutrient metabolism to gain insight into the regulation of integrative metabolic 

physiology.

 EXPERIMENTAL PROCEDURES

 Animals

To generate a liver-specific loss-of-function of Cpt2, we bred Cpt2lox/lox mice (16) to 

albumin-Cre transgenic mice (18). Mice were housed in ventilated racks with a 14 hr 

light/10 hr dark cycle and fed a standard chow diet (Harlan Laboratories). All mice were 

euthanized at the same time of day (3p.m.). Fed mice were food deprived from 1 p.m.-3 p.m. 

to ensure consistent feeding patterns. For fasting studies, mice were deprived of food for 24 

hours from 3p.m.-3 p.m. For the ketogenic diet studies, mice were placed on a ketogenic diet 

at 9 weeks of age (47). Serum was collected for all mice to measure free glycerol and TAG 

(Sigma), β-hydroxybutyrate (StanBio), total cholesterol, NEFA (Wako), and ALT (Sigma). 

Fgf21, Gdf15, Igfbp1, Corticosterone, Adiponectin (R&D systems) and insulin (Millipore) 

were measured by ELISA. Body fat and lean mass of 9-week old mice was measured via 

magnetic resonance imaging analysis (QNMR EchoMRI100; Echo Medical Systems, LLC). 

Indirect calorimetery and metabolic cage studies were normalized to total lean mass as 

described (48). All procedures were performed in accordance with the NIH’s Guide for the 
Care and Use of Laboratory Animals and under the approval of the Johns Hopkins Medical 

School Animal Care and Use Committee.

 Metabolic measurements

Blood levels of acylcarnitines were quantified from dried blood spots (DBS) with 

modifications (49, 50). Punched 1/8″ DBS samples were submerged in 100 μl of methanol 

solution containing internal standards for acyl carnitines (NSK B, Cambridge Isotopes). 

Samples were incubated at 4°C for 20min, dried under nitrogen and then 60 μl 3N HCl in n-

butanol was added. The samples were incubated for 15 min at 65 °C then dried under LN2, 

and butylated acyl carnitines were reconstituted in 100 μl of mobile phase acetonitrile/water/

formic acid (H2O:CH3CN:HCOOH; 80:19.9:0.1 v/v%). Samples were vortexed, transferred 

to a centrifuge filter, spun and transferred to an injection vial. Tissue acyl carnitines were 

isolated from freeze-clamped tissue and homogenized in a methanol solution containing 

internal standards as above, sonicated for 10min at room temperature and centrifuged for 

4min at 13,000rpm at 4°C. Following centrifugation, the liquid phase was collected and 

evaporated to dryness under LN2 and processed as above. Acyl carnitines were analyzed on 

an API 3200 (AB SCIEX, Foster City, CA) operated in positive ion mode employing 
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precursor ion scan for m/z 85, which is generated as a characteristic product ion of butyl 

ester of acyl carnitine species. Quantitation of acyl carnitines was achieved by Chemoview 

(AB SCIEX) application. All blood samples are reported as nmol/ml; tissue samples as 

pmol/mg. Liver fatty acid oxidation, TAG measurement and liver peroxidation was done as 

previously described (47, 48).

 Real Time qPCR

RNA was isolated from all tissues using the RNeasy Mini Kit (QIAGEN). Using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems), we reverse transcribed 1–2 

ug of total RNA. The cDNA was diluted to 2ng/uL and amplified by primers in a 20 uL 

reaction using SsoAdvanced SYBR Green Supermix (Bio-Rad). The analysis was done 

using a CFX Connect Real-Time System (Bio-Rad). We calculated mRNA using a 

2^deltaCT relative to the average of the housekeeping genes cyclophilin A, rpl22 and 18s 
expression. ER stress was measured as described elsewhere (51). All primers and gene 

information were previously reported (16).

 Western Blot

Liver and kidney homogenates were prepared using 1× RIPA buffer with protease inhibitors. 

The protein concentration was measured using the Pierce BCA Protein Assay kit (Thermo 

Scientific). We used 30 ug of protein on an SDS-PAGE and then transferred it to either a 

nitrocellulose (Protran BA 83, Whatman) or a polyvinylidene difluoride (PVDF) membrane. 

We then blocked with 3% BSA-TBST (tris buffer saline with tween 20). The membranes 

were then probed with antibodies Cpt2 (Pierce), Pgc1α (Abcam), Acsl1 (Cell Signaling), 

Acot1 (Cell Signaling), Acot2 (Cell Signaling), Cpt1α (Abcam), Acadm (GeneTex), Acsf3 

(Pierce), Total Acc (Cell Signaling), Acly (Cell Signaling), Hadha (Genetex), Aco2 (Cell 

Signaling), Fasn (BD Biosciences), and Hsc70 (Santa Cruz Biotechnology). Hsc70 used the 

appropriate Cy3 fluorescent secondary antibodies, and the other primary antibodies used the 

corresponding secondary antibodies conjugated to horseradish peroxidase. Images were 

collected using an Alpha Innotech FluorChemQ and presented with minimal image 

processing.

 Statistical Analysis

Data were analyzed with the assistance of Prism. Significance was determined using an 

unpaired two-tailed Student’s t-test for single variable experiments and two-way ANOVA 

with Bonferroni post hoc correction for multiple variable experiments.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Hepatic fatty acid oxidation (FAO) is critical for liver physiology during 

starvation.

• Hepatic FAO suppresses adipose lipolysis and systemic catabolism.

• Upon fasting, loss of hepatic FAO induces Pparα target genes in the liver.

• A ketogenic diet induces severe lipolysis and lethality in hepatic FAO 

deficient mice.
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Figure 1. Characterization of mice with a liver specific KO of CPT2
(A) Western blot for CPT2 in liver of Cpt2lox/lox and Cpt2L−/− mice.

(B) mRNA for Cpt2 across different tissues (n=6).

(C) Oxidation of 1-14C-oleic acid and 1-14C-Lignoceric acid to 14CO2 in liver slices of 

Cpt2lox/lox and Cpt2L−/− mice (n=5).

(D) Body weights of Cpt2lox/lox and Cpt2L−/− male and female mice fed a normal chow diet 

(males, n=14-23; females, n=8-12).

Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.

Lee et al. Page 15

Cell Rep. Author manuscript; available in PMC 2016 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Liver and systemic deficits in fed and 24hr fasted Cpt2L−/− mice
(A) Serum metabolites in Cpt2lox/lox and Cpt2L−/− mice (n=6).

(B) Energy expenditure and respiratory exchange ratio of Cpt2lox/lox and Cpt2L−/− mice 

under fed, fast and refed conditions (males, n=5-7).

(C) Total fat and lean mass of Cpt2lox/lox and Cpt2L−/− male mice (n=5-7).

(D) Wet weights of fed or 24 hour fasted iWAT, gWAT, and liver for Cpt2lox/lox and Cpt2L−/− 

mice (n=6-10).

(E) Gross and histological morphology of livers from 24 hr fasted Cpt2lox/lox and Cpt2L−/− 

mice. Scale bar equals 100 μM.

(F) Triglyceride levels from liver homogenates of fed and 24 hr fasted Cpt2lox/lox and 

Cpt2L−/− mice (n=5).

(G) Liver damage measured by serum ALT activity of fed and 24h fasted Cpt2lox/lox and 

Cpt2L−/− mice (n=5).

(H) TBARS assay measuring lipid peroxidation from liver of fed and 24 hr fasted Cpt2lox/lox 

and Cpt2L−/− mice (n=5).

Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.
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Figure 3. Loss of hepatic fatty acid oxidation induces expression of fatty acid oxidative genes
(A) Gene expression of fatty acid oxidation genes in liver of fed and 24 hr fasted Cpt2lox/lox 

and Cpt2L−/− mice (n=6).

(B) Western blots of proteins in fatty acid metabolism. Composite of 8 blots. All blots were 

normalized to Hsc70 (Figure S2).

(C) Liver mRNA (n=6) of Fgf21, Gdf15 and Igfbp1 in fed and 24 hr fasted Cpt2lox/lox and 

Cpt2L−/− mice.

(D) Serum concentrations (n=8) of Fgf21, Gdf15 and Igfbp1 in fed and 24 hr fasted 

Cpt2lox/lox and Cpt2L−/− mice.

Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.
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Figure 4. Loss of hepatic fatty acid oxidation results in compensation from the kidney, muscle 
and adipose tissue
(A) Gene expression of fatty acid oxidation genes in the kidney of fed and 24 hr fasted 

Cpt2lox/lox and Cpt2L−/− mice (n=6).

(B) Western blots of proteins in fatty acid metabolism. Composite of 5 blots. All blots were 

normalized to Hsc70 (Figure S3).

(C) Gross kidney morphology in 24 hr fasted Cpt2lox/lox and Cpt2L−/− mice.

(D) Kidney wet weight of fed and 24 hr fasted Cpt2lox/lox and Cpt2L−/− mice (n=6-10).

(E) Kidney TAG content of fed and 24 hr fasted Cpt2lox/lox and Cpt2L−/− mice (n=5).

(F) iBAT gene expression of fed and 24 hr fasted Cpt2lox/lox and Cpt2L−/− mice (n=6).
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(G) iWAT gene expression of fed and 24 hr fasted Cpt2lox/lox and Cpt2L−/− mice (n=6).

(H) gWAT adiponectin mRNA (n=6) and Adiponectin serum concentration (n=8) of fed and 

24 hr fasted Cpt2lox/lox and Cpt2L−/− mice.

(I) Gene expression of fatty acid oxidation genes in the gastrocnemius muscle of fed and 24 

hr fasted Cpt2lox/lox and Cpt2L−/− mice (n=6).

(J) Gastrocnemius muscle mRNA of Fgf21 in fed and 24 hr fasted Cpt2lox/lox and Cpt2L−/− 

mice (n=6).

Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.
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Figure 5. A ketogenic diet results in hypoglycemia, a depletion of adipose triglyceride and 
eventually lethality in Cpt2L−/− mice
(A) Body weights of Cpt2lox/lox and Cpt2L−/− mice fed a normal chow or ketogenic diet for 

6 days (normal chow, n=6-10; ketogenic diet, n=5-6).

(B) Wet weight of liver from Cpt2lox/lox and Cpt2L−/− mice fed a ketogenic diet for 6 days 

(n=5-6).

(C) Liver damage measured by serum ALT activity of Cpt2lox/lox and Cpt2L−/− mice fed a 

ketogenic diet (n=5).

(D) Serum metabolites in Cpt2lox/lox and Cpt2L−/− mice after a 6-day ketogenic diet (n=5-6).

(E) Gross morphology of Cpt2lox/lox and Cpt2L−/− mice fed a ketogenic diet.

(F) Gene expression of fatty acid oxidation genes in the liver of Cpt2lox/lox and Cpt2L−/− 

mice fed a ketogenic diet (n=6).

(G) Serum concentrations of Fgf21, Gdf15 and Igfbp1 of Cpt2lox/lox and Cpt2L−/− mice fed a 

ketogenic diet (n=6).

Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.
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Figure 6. Time course of body weight, blood glucose and acylcarnitines in Cpt2L−/− mice fed a 
ketogenic diet
(A) Blood glucose of Cpt2lox/lox and Cpt2L−/− mice during a 4-day ketogenic diet (n=5).

(B) Body weight of Cpt2lox/lox and Cpt2L−/− mice during a 4-day ketogenic diet (n=5).

(C) Liver and blood L-carnitine of Cpt2lox/lox and Cpt2L−/− mice following a 4-day 

ketogenic diet (n=5).

(D) Total blood acylcarnitines and acetylcarnitine of Cpt2lox/lox and Cpt2L−/− mice following 

a 4-day ketogenic diet (n=5).

(E) Daily blood long chain (C18:0, C18:1) acylcarnitines of Cpt2lox/lox and Cpt2L−/− mice 

during a 4-day ketogenic diet (n=5).
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(F) Total liver acylcarnitines and acetylcarnitine of Cpt2lox/lox and Cpt2L−/− mice following 

a 4-day ketogenic diet (n=4-5).

(G) Total liver long chain (C16:0, C18:0, C18:1) acylcarnitines and acetylcarnitine of 

Cpt2lox/lox and Cpt2L−/− mice following a 4-day ketogenic diet (n=4-5).

Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.
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