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Abstract 

 

Throughout the last decade, interest has intensified in intermittent fasting, 

ketogenic diets, and exogenous ketone therapies as prospective health-promoting, 

therapeutic, and performance-enhancing agents. However, the regulatory roles of 

ketogenesis and ketone metabolism on liver homeostasis remain unclear. This 

thesis seeks to develop a better understanding of the metabolic consequences of 

hepatic ketone body metabolism by focusing on the redox-dependent 

interconversion of acetoacetate (AcAc) and D-β-hydroxybutyrate (D-βOHB).  

Using targeted and isotope tracing high-resolution liquid chromatography-

mass spectrometry, dual stable isotope tracer nuclear magnetic resonance 

spectroscopy-based metabolic flux modeling, dietary-induced mouse models of 

nonalcoholic fatty liver disease (NAFLD), and complementary physiological 

approaches in novel cell type-specific knockout mice, the roles of hepatocyte D-β-

hydroxybutyrate dehydrogenase (BDH1), a mitochondrial enzyme required for 

NAD+/NADH-dependent oxidation/reduction of ketone bodies, are quantified. 

Exogenously administered AcAc is reduced to D-βOHB, and increases hepatic 

NAD+/NADH ratio, reflecting hepatic BDH1 activity. Livers of hepatocyte-specific 

BDH1 deficient mice produced no D-βOHB, but due to extrahepatic BDH1, these 

mice nonetheless remained capable of AcAc/D-βOHB interconversion. Compared 

to littermate controls, hepatocyte specific BDH1 deficient mice, maintained on 

either a chow or NAFLD-inducing western-style diet, showed diminished liver 

tricarboxylic acid (TCA) cycle flux and impaired gluconeogenesis but normal 
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overall hepatic energy charge. Furthermore, the livers of knockout mice maintained 

on a 60% high fat diet were less fibrotic, with reduced markers of oxidative stress, 

than littermate controls.  

Collectively, this thesis illustrates how ketone bodies and BDH1 activity 

influence liver homeostasis and health. While liver BDH1 is not required for whole 

body equilibration of AcAc and D-βOHB, loss of the ability to interconvert these 

ketone bodies in hepatocytes results in impaired TCA cycle flux and glucose 

production, with a beneficial effect on liver fibrosis. Therefore, BDH1 is a significant 

contributor to hepatic mitochondrial redox, liver physiology, and organism-wide 

ketone body homeostasis, and augmentation of hepatic BDH1 activity could prove 

beneficial in the treatment of NAFLD.  
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Chapter 1: Introduction to nonalcoholic fatty liver 

disease and ketone body metabolism 

 

1.1 Nonalcoholic fatty liver disease 

Twenty-five percent of the United States’ population has nonalcoholic fatty liver 

disease (NAFLD, Figure 1.1) [1; 2], a multi-organ condition that includes hepatic 

fat infiltration alone (simple steatosis) or steatosis plus inflammation, liver cell injury 

(ballooning) and death (nonalcoholic steatohepatitis [NASH]).  Hepatic steatosis 

alone (storage of excess triacylglycerols in hepatocytes, >5% of liver weight) [3] 

can be a stable clinical condition existing as the hepatic manifestation of obesity-

related insulin resistance.  Cirrhosis due to NASH develops in 2% of all Americans, 

driven through failed attempts to regenerate healthy liver, promoting activated 

hepatic stellate cells’ execution of fibrogenesis. While the risk of hepatocellular 

carcinoma in NASH patients is 2% per year [4], one of the leading causes of death 

in patients with NASH is cardiovascular disease. Patients with NAFLD have 

increased cardiovascular morbidity and mortality due to increases in 

atherosclerosis [5-7], arrhythmia [8; 9], and cardiomyopathy [10-12]. Several 

mechanisms, including endothelial dysfunction, altered lipid metabolism, systemic 

insulin resistance, oxidative stress, plaque formation/instability, and systemic 

inflammation have been proposed as ways NAFLD increases cardiovascular 

disease [13]. With no durable pharmaceutical interventions and lifestyle 

modification remaining the standard of care, a profound need exists for the 

identification of novel therapeutic targets in the treatment of NAFLD [14].  
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As mitochondrial dysfunction contributes to NAFLD pathogenesis, a better 

understanding of mitochondrial metabolism in NAFLD may reveal potential 

therapeutic targets. While not all studies have been concordant [15], five 

independent methodologies have observed increased hepatic oxidative energy 

fluxes [i.e., tricarboxylic acid (TCA) cycle flux and gluconeogenesis] in obesity 

and/or NAFLD [16-20]. Oxidative flux provides a fate for a portion of excess 

delivered fat, but does not fully compensate for the hepatocyte load, contributing 

to ectopic fat accumulation. Acting as an overflow for the hepatocyte TCA cycle, 

particularly active when carbohydrates are in short supply, hepatic ketogenesis 

can provide an additional fate for excess fat. 

1.2 Ketone body metabolism 

At a basic level, ketone body metabolism (Figure 1.2), consists of ketone body 

production (ketogenesis) and ketone body consumption (ketolysis) [21]. 

Ketogenesis predominantly occurs in the mitochondria of hepatocytes where fatty 

acid β-oxidation-derived acetyl coenzyme A (acetyl-CoA) undergoes a sequence 

of reactions, requiring the fate-determining mitochondrial matrix enzyme 3-

hydroxymethylglutaryl-CoA synthase 2 (HMGCS2), to generate the ketone body 

acetoacetate (AcAc). AcAc is then reduced to D-β-hydroxybutyrate (D-βOHB) by 

the mitochondrial phosphatidylcholine-dependent, inner membrane-associated 

enzyme D-βOHB dehydrogenase (BDH1), which catalyzes a near-equilibrium 

reaction requiring oxidized (NAD+) and reduced (NADH) forms of nicotinamide 

adenine dinucleotide. Through BDH1, hepatocyte ketogenesis oxidizes 
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mitochondrial NADH back to NAD+, and the AcAc/D-βOHB ratio is proportional to 

the mitochondrial NAD+/NADH equilibrium [22-24]. 

Although the transporters required for mitochondrial to cytoplasmic transfer 

of ketone bodies have yet to be identified, ketones are exported across the 

hepatocyte plasma membrane into the circulation and imported into extrahepatic 

tissues via monocarboxylate transporters 1 and 2 (MCT1and MCT2) [25; 26]. After 

AcAc and D-βOHB are released into the circulation, extrahepatic mitochondria 

terminally oxidize ketone bodies. Through mass action, mitochondrial BDH1 

oxidizes D-βOHB back to AcAc, and mitochondrial succinyl-CoA:3-oxoacid-CoA 

transferase (SCOT, encoded by nuclear Oxct1) catalyzes the obligate fate-

committing reaction ultimately converting AcAc to acetyl-CoA [25].  

In healthy adults, concentrations of ketone bodies fluctuate between 50 and 

250 μM and contribute as little as ~5% of total energy expenditure in the fed state, 

increasing to ~20% in the fasted and starved states [21; 27; 28]. Larger oscillations 

in circulating ketone body levels occur upon fasting, acutely after exercise, during 

adherence to low-carbohydrate, high-fat diets, in the neonatal period, and during 

late pregnancy [29]. Prolonged exercise or a 24-hour fast can increase circulating 

ketone body levels to nearly 1 mM, but this is nowhere near the ketone body 

concentrations upwards of 20mM seen in pathological states such as diabetic 

ketoacidosis [27; 29]. Despite a more rapid induction in response to fasting than 

humans, mice remain an excellent model of human ketone turnover, with similar 

excursions in circulating concentrations during the fed-fast cycle, as well as 

comparable rates of ketone body appearance and disposal [20; 21].    
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1.3 Regulation of ketone body turnover 

As acetyl-CoA is the substrate for ketogenesis, any process affecting acetyl-CoA 

levels, such as hepatic carbohydrate fluxes, mitochondrial redox potential, β-

oxidation rates, concentration of TCA cycle intermediates, and insulin/glucagon 

signaling, will alter the rate of ketogenesis [30-33]. Additionally, ketogenesis is 

regulated at the transcriptional and posttranslational levels, although these 

mechanism remain poorly understood.     

The highest expression of HMGCS2 in most mammals occurs in 

hepatocytes and colonic epithelium. Loss-of-function HMGCS2 mutations in 

humans can cause hypoketotic hypoglycemia and coma, along with fatty liver [34]. 

Additionally, hepatic knockdown of Hmgcs2 in adult mice causes hepatic injury and 

remodeled lipidome under high-fat-diet conditions [35; 36].  Hmgcs2 transcription 

is silenced by methylation in nonketogenic tissues and the fetal liver, which is 

reversed at birth, allowing Hmgcs2 to become responsive to hormonal regulators 

[30]. Both insulin and glucagon regulate hepatic ketogenesis postnatally. By 

inhibition of adipose tissue lipolysis, insulin removes the primary ketogenic 

substrate from the circulation, and suppresses the transcription of the Hmgcs2 

gene by phosphatidylinoxitol-3-kinase/AKT-dependent inhibition of the 

transcriptional factor FOXA2 [30; 37]. In contrast, glucagon stimulates transcription 

of the Hmgcs2 gene via the cAMP-p300-FOXA2 signaling pathway [38]. Free fatty 

acids or glucocorticoid induction of peroxisome proliferator activated receptor 

alpha (PPARα), and its target fibroblast growth factor 21 (FGF21), can also alter 

Hmgcs2 gene expression [39]. Fasting-induced ketogenesis may also be 
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controlled by mammalian target of rapamycin complex 1 (mTORC1), diminishing 

PPARα signaling.        

Contrasting from HMGCS2, SCOT, encoded by the Oxct1 gene, is 

expressed in all mammalian mitochondria except those of hepatocytes. Inborn 

errors in SCOT function present early in life, resulting in severe ketoacidosis 

requiring therapeutic interventions [40]. SCOT knockout mice are unable to oxidize 

ketones, resulting in hyperketonemic hypoglycemia and neonatal death [25]. 

Selective SCOT knockout models do not cause lethality, but do generate irregular 

phenotypes [41-45]. In hepatocytes, Oxct1 gene expression is suppressed during 

the fetal to natal transition by microRNA 122 and H3K27 histone methylation [46; 

47]. In prolonged ketotic states, Oxct mRNA, SCOT protein, and activity in heart a 

muscle diminish significantly, possibly in a PPAR-dependent manner, decreasing 

ketone body disposal.  

Compared with HMGCS2 and SCOT, relatively less is known about BDH1. 

Contrasting with the near ubiquitous expression of SCOT, BDH1 expression varies 

among cell types [44]. BDH1 activity is greatest in the liver, with activity in the 

kidney, heart, brain, and skeletal muscle [23; 48]. This variability in activity 

potentially relates to the unique role of BDH1 in catalyzing both the last step of 

ketogenesis (primarily hepatocytes), and the first step of ketone oxidation 

(extrahepatic tissues). Additionally, without BDH1 expression and activity, a range 

of cell types, such as macrophages [44], exist which cannot utilize D-βOHB, and 

therefore can only oxidize AcAc.  Loss of BDH1 function in humans has not been 

reported, suggesting either mild physiological or, less likely, severe developmental 
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consequences. Germline BDH1 deficiency in mice in compatible with life, only 

leading to subtle impairments of fasting liver lipid content [34]. Selective loss of 

BDH1 in cardiac myocytes exacerbates heart failure, suggesting an adaptive and 

protective function of D-βOHB oxidation in these cells [49]. As with Hmgcs2, Bdh1 

in the liver is responsive to a ketogenic diet in a PPARα-FGF21-dependent manner 

[39], and in heart and skeletal muscle under ketotic states, Bdh1 gene expression 

becomes diminished, mirroring Oxct1 expression [50].  

HMGCS2, SCOT, and BDH1 are marked by various post translational 

modifications (PTMs). In response to ketogenesis, catalytic activity of HMGCS2 is 

enhanced by serine phosphorylation [51]. Sirtuin 3 (SIRT3) deacetylates lysine 

residues and may activate HMGCS2, while lysine residues of HMGCS2 and BDH1 

are targets for succinylation in hepatic mitochondria [52-54]. Succinyl-CoA, 3-

methylglutaryl-CoA, glutaryl-CoA, and HMG-CoA acylation nonenzymatically 

modify HMGCS2 and BDH1 [55]. However, the physiological roles of these PTMs 

all remain incompletely defined.  

1.4 Ketones and nonalcoholic fatty liver disease  

Unfortunately, the specific roles of mitochondrial dysfunction remain unclear in 

NAFLD pathogenesis. While several studies report increased hepatic oxidative 

fluxes in obesity and/or NAFLD [16-20], an opposing view contends that 

mitochondrial fat oxidation is normal, or diminished in NAFLD, and that increasing 

liver fat oxidation could provide therapeutic benefit. As such, agents that augment 

liver fat oxidation, including ketogenic diets, intermittent fasting, and ketogenic 
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pharmacotherapies (i.e. acetyl-CoA carboxylase inhibitors, FGF21, 

sodium/glucose cotransporter 2 inhibitors) are emerging as potential treatments 

for obesity, insulin resistance, and NAFLD [56-59].  However, numerous examples 

exist in skeletal muscle and in liver whereby decreasing mitochondrial fuel supply 

optimizes energy supply/demand balance in a manner that may not decrease 

steatosis, but could diminish tissue injury and insulin resistance [60; 61]. 

 Ketogenesis provides an index of hepatic fat oxidation, however 

independent quantifications of both ketogenesis and TCA cycle flux are needed 

for a complete index of hepatic fat oxidation. For instance a recent study showed 

that fasting hepatic ketogenesis rates are inversely correlated with the severity of 

hepatic steatosis in human NAFLD, while fasting TCA cycle flux was directly 

correlated with hepatic steatosis [62]. Decreasing fasting ketogenesis as NAFLD 

progresses in consistent with prior reports comparing human liver biopsies, which 

show that hepatic HMGCS2 and BDH1 protein decrease in progressive human 

NASH, with corresponding decreases in fasting circulating ketone bodies [63]. 

Additionally, loss of hepatic ketone metabolism has been linked to increased liver 

injury and fibrosis [35].   

Moreover, ketogenesis rates vary in NAFLD.  In livers with simple steatosis, 

ketogenesis is preserved or increased [16-20; 36; 64], while NASH progression in 

humans and animal models correlates with decreased ketogenesis and decreased 

expression of enzymatic mediators of ketone metabolism, before TCA cycle flux 

becomes impaired [17; 20; 64-69]. As there is rapidly-emerging interest in 

exploiting oscillatory feeding behavior, ketogenic diets, and exogenous ketone 
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therapies as prospective health-promoting, therapeutic, and performance-

enhancing agents, the time is particularly ripe for a mechanistic determination of 

the role ketone metabolism and signaling in liver [22; 28; 70-75]. 

Our group previously observed that treatment with exogenous AcAc 

attenuates hepatic fibrosis in wild-type mice fed a fibrogenic diet for 4 weeks, while 

D-βOHB administration modestly exacerbates fibrosis [44]. As the interconversion 

of AcAc and D-βOHB involves an oxidation-reduction (redox) reaction catalyzed 

by BDH1, this result suggests that mitochondrial redox potential, which is 

predominantly set by the NAD+/NADH ratio, may contribute to the fibrotic 

response. Considering the single histological feature of NAFLD associated with 

long-term mortality is fibrosis [3; 76], these results warranted further investigation. 
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Figure 1.1. Progression of Nonalcoholic fatty liver disease. Schematic 

detailing the progression of NAFLD from simple steatosis (NAFL), to NASH, 
cirrhosis and hepatocellular carcinoma. Abbreviations: NAFL, nonalcoholic fatty 

liver; NASH, nonalcoholic steatohepatitis. Figure created with BioRender.com 
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Figure 1.2. Overview of Ketone body metabolism. Ketone bodies are primarily 

generated in hepatic mitochondria from fatty acid-derived acetyl-CoA by the 
sequence of reactions requiring the fate-committing enzyme HMGCS2. AcAc and 
βOHB are transported through the circulation to extrahepatic tissues for terminal 
oxidation through reactions requiring the enzyme SCOT. Abbreviations: AcAc, 
acetoacetate; ATP, adenosine triphosphate; BDH1, D-β-hydroxybutyrate 
dehydrogenase 1; βOHB, β-hydroxybutyrate; βox, β-oxidation; CoA, coenzyme A; 
CoA-SH, CoA sodium salt hydrate; CPT, carnitine palmitoyltransferase; Cs, citrate 
synthase; e- electron; ETC, electron transport chain; HMGCL, 3-
hydroxymethylglutaryl-CoA lyase; HMGCS2, 3-hydroxymethylglutaryl-CoA 
synthase 2; mThiolase, mitochondrial thiolase; SCOT, succinyl-CoA:3-oxoacid-
CoA transferase; TCA, tricarboxylic acid. Question marks represent uncertain 
molecular identity of mitochondrial ketone transporters. Figure created with 

Biorender.com.  
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Chapter 2: Ketone interconversion and the effects of 

hepatocyte-specific D-β-hydroxybutyrate 

dehydrogenase loss 

 

This chapter was adapted with permissions from the following article: 

Stagg DB, Gillingham JR, Nelson AB, Lengfeld JE, d'Avignon DA, Puchalska P, 

Crawford PA. Diminished ketone interconversion, hepatic TCA cycle flux, and 

glucose production in D-β-hydroxybutyrate dehydrogenase hepatocyte-deficient 

mice. Mol Metab. 2021 Jun 8;53:101269. doi: 10.1016/j.molmet.2021.101269. 

Epub ahead of print. PMID: 34116232; PMCID: PMC8259407. 

 

Abstract 

Objective:  Throughout the last decade, interest has intensified in intermittent 

fasting, ketogenic diets, and exogenous ketone therapies as prospective health-

promoting, therapeutic, and performance-enhancing agents. However, the 

regulatory roles of ketogenesis and ketone metabolism on liver homeostasis 

remain unclear. Therefore, we sought to develop a better understanding of the 

metabolic consequences of hepatic ketone body metabolism by focusing on the 

redox-dependent interconversion of acetoacetate (AcAc) and D-β-hydroxybutyrate 

(D-βOHB). 

Methods:  Using targeted and isotope tracing high-resolution liquid 

chromatography-mass spectrometry, dual stable isotope tracer nuclear magnetic 

resonance spectroscopy-based metabolic flux modeling, and complementary 

physiological approaches in novel cell type-specific knockout mice, we quantified 

the roles of hepatocyte D-β-hydroxybutyrate dehydrogenase (BDH1), a 



12 
 

mitochondrial enzyme required for NAD+/NADH-dependent oxidation/reduction of 

ketone bodies. 

Results:  Exogenously administered AcAc is reduced to D-βOHB, and increases 

hepatic NAD+/NADH ratio, reflecting hepatic BDH1 activity. Livers of hepatocyte-

specific BDH1 deficient mice produced no D-βOHB, but due to extrahepatic BDH1, 

these mice nonetheless remained capable of AcAc/D-βOHB interconversion. 

Compared to littermate controls, hepatocyte specific BDH1 deficient mice showed 

diminished liver tricarboxylic acid (TCA) cycle flux and impaired gluconeogenesis, 

but normal overall hepatic energy charge. Glycemic recovery after acute insulin 

challenge was impaired in knockout mice, but they were not more susceptible to 

starvation-induced hypoglycemia. 

Conclusions:  Ketone bodies influence liver homeostasis. While liver BDH1 is not 

required for whole body equilibration of AcAc and D-βOHB, loss of the ability to 

interconvert these ketone bodies in hepatocytes results in impaired TCA cycle flux 

and glucose production. Therefore, through oxidation/reduction of ketone bodies, 

BDH1 is a significant contributor to hepatic mitochondrial redox, liver physiology, 

and organism-wide ketone body homeostasis. 

 

2.1 Introduction 

With rapidly emerging interest in exploiting intermittent fasting, ketogenic diets, and 

exogenous ketone therapies as prospective health-promoting, therapeutic, and 

performance-enhancing agents, the role of ketone metabolism and signaling in 
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liver remains relatively underexplored [28; 70; 71; 77; 78]. Hepatic ketogenesis, 

acting as an overflow for the hepatocyte tricarboxylic acid (TCA) cycle, is a source 

of energy particularly engaged when carbohydrates are in short supply. Robust 

ketogenesis occurs through a fate-committing reaction catalyzed by the 

mitochondrial matrix enzyme 3-hydroxymethylglutaryl-CoA synthase (HMGCS2), 

which generates HMG-CoA from β-oxidation-derived acetoacetyl-CoA and acetyl-

CoA [22]. After a lyase-dependent release of acetyl-CoA from HMG-CoA, the 

ketone body acetoacetate (AcAc) is formed, which is then reduced to D-β-

hydroxybutyrate (βOHB) by the mitochondrial matrix enzyme D-βOHB 

dehydrogenase (BDH1), which catalyzes a near-equilibrium reaction requiring 

reduced (NADH) and generating oxidized (NAD+) forms of nicotinamide adenine 

dinucleotide [23; 24; 79]. AcAc and D-βOHB are released into the circulation for 

extrahepatic terminal oxidation. Through mass action, mitochondrial BDH1 

oxidizes D-βOHB back to AcAc, and mitochondrial succinyl-CoA-oxoacid 

transferase (SCOT, encoded by nuclear gene Oxct1) catalyzes the obligate fate-

committing reaction ultimately converting AcAc to acetyl-CoA [25]. SCOT is a 

mitochondrial enzyme that transfers a CoA moiety to AcAc, supporting its ultimate 

conversion to acetyl-CoA, and is abundant in all mammalian mitochondria except 

those of hepatocytes [22]. HMGCS2 is relatively restricted to hepatocytes, and 

thus the liver is likely the only organ capable of contributing to circulating ketone 

bodies [30]. In contrast to the near ubiquitous expression of SCOT, BDH1 

expression varies among cell types [44]. BDH1 activity is greatest in the liver, with 

activity in the kidney, heart, brain, and skeletal muscle [23; 48]. This variability in 
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activity potentially relates to the unique role of BDH1 in catalyzing both the last 

step of ketogenesis (primarily hepatocytes), and the first step of ketone oxidation 

(extrahepatic tissues). 

The liver plays a central role in equilibrating circulating AcAc and D-βOHB 

[80]. As the ratio of circulating AcAc/D-βOHB is directly proportional to the liver 

mitochondrial NAD+/NADH ratio, BDH1 activity modulates mitochondrial redox 

potential [24; 81]. With this in mind, any perturbations to the circulating ketone 

equilibrium, i.e., exogenous ketones, could influence liver mitochondrial redox 

potential. To test this hypothesis, we generated a hepatocyte-specific BDH1-

deficient mouse model. Using intersectional approaches in physiology and 

analytical biochemistry of static and dynamic metabolic signatures, we quantified 

the role of this hepatic ketone equilibration reaction on both liver and whole-body 

metabolism in the chow-fed and fasted states. 

 

2.2 Materials and methods 

2.2.1 Animals and diet 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee at the University of Minnesota. Hepatocyte-specific BDH1 knockout 

mice (KO) were generated by crossing Bdh1flox mice [49] to mice expressing Cre 

recombinase under control of the albumin promoter [82] and maintained for at least 

10 generations on a C57BL/6NJ sub-strain hybrid background (Albumin-Cre X 

Bdh1flox/flox). Littermate Cre-negative (Bdh1flox/flox) mice were used as controls. 



15 
 

Primer sequences used for genotyping are listed in Supplemental Table 2.1. Adult 

male and female mice (as identified in Results and Figure Legends) over the age 

of 12 weeks were used for all experiments. Mice were maintained on a standard 

low-fat chow diet (2016 Teklad global 16% protein rodent diet) and received 

autoclaved water ad libitum. A cohort of wild-type control mice was maintained on 

a 60% high fat diet (D12492; Research Diets; 60% kcal fat, 20% protein, 20% 

carbohydrate). Mice were housed on corncob bedding in groups of 4 to 5 with lights 

off between 2000 and 0600 in a room maintained at 22°C. For fasting experiments, 

mice were housed on paper bedding with water provided ad libitum. Overnight, 

18h fasts commenced at 1600 with experiments conducted at 1000 the next day. 

If mice were used for multiple studies, at least 1 week lapsed between 

experiments.  

2.2.2 Exogenous delivery of ketones  

Ethyl-acetoacetate (ethyl-AcAc) was obtained from Millipore Sigma (W241512). 

(R)-(-)-3-Hydroxybutyric acid sodium salt was obtained from Santa Cruz 

Biotechnology (sc-229050). Ethyl-[U-13C4]AcAc and sodium D-[U-13C4]βOHB salt 

were purchased from Cambridge Isotope Laboratories (CIL, CLM-3297 and CLM-

3853 respectively). AcAc and [U-13C4]AcAc were synthetized by the base-

catalyzed hydrolysis of ethyl-AcAc or ethyl-[U-13C4]AcAc, respectively, as 

previously described [44]. To control for the equimolar quantity of ethanol produced 

in the synthesis of AcAc, equimolar quantities of ethanol were added to D-βOHB, 

D-[U-13C4]βOHB, and saline vehicle control preparations. Random-fed male mice 

received an intraperitoneal (i.p.) injection of unlabeled ketones at 10 μmol/g body 
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weight or 13C-labeled ketones at 1 μmol/g body weight. For circulating ketone 

assessments, serum was obtained prior to and at multiple time points post injection 

for ketone body quantification. For liver energy metabolite assessments, 15 

minutes post ketone or vehicle injection, mice were sacrificed by cervical 

dislocation, and livers were harvested and freeze-clamped within 15 seconds. 

2.2.3 Serum ketone body quantification 

Serum ketones were quantified using a method previously described by our group 

[83]. For serum or perfusion effluent (see Section 2.2.9) samples containing 

unlabeled ketones, 10 μL of diluted serum/perfusion effluent were extracted with 

40 μL of cold 1:1 acetonitrile:methanol containing the internal standards [3,4,4,4-

D4]βOHB and [U-13C4]AcAc both at 50 μM. Samples were vortexed, and 

centrifuged at 4°C, 15,000 x g for 10 min before analyzing the supernatant by 

UPLC-MS/MS. As this method utilizes [U-13C4]AcAc as an internal standard, it 

cannot be used to quantify serum levels of [U-13C4]AcAc. For samples containing 

13C-labeled ketones, first 4 μL of the internal standard [3,4,4,4-D4]βOHB (50 μM) 

was added to 20 μL of diluted serum. 24 μL of freshly prepared 1.8 M NaBD4 in 

0.1 M NaOH was next added, resulting in the reduction of [U-13C4]AcAc present in 

serum to [3-D1,U-13C4]βOHB. After incubating for 5 min at room temperature, 44 

μL of acetonitrile was added and samples were vortexed. Following centrifugation 

at 4°C, 15,000 x g for 10 min, samples were loaded into a cation exchange column, 

necessary to desalt the sample of excess Na+, eluted in 3 mL of LC-MS grade 

water, and dried via SpeedVac. Dried samples were resuspended in 48 μL of 98% 
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H2O/2% methanol/0.0125% acetic acid, vortexed, and centrifuged at 4°C, 15,000 

x g for 10 min before analyzing the supernatant by UPLC-MS/MS. 

2.2.4 Energy metabolite quantification 

Frozen liver sections (weighed frozen) or mitochondrial pellets (quantified by 

protein content) were homogenized in an 0.4 M perchloric acid, 0.5 mM EGTA 

extraction solution containing [13C10,15N5]ATP sodium salt (100 µM), 

[13C10,15N5]AMP sodium salt (100 µM), [1,2-13C2]acetyl-CoA lithium salt (5 µM), and 

[1,2,3-13C3]malonyl-CoA lithium salt (5 µM) purchased from Sigma. After 

incubation on ice for 10 min, samples were centrifuged at 15,000 x g for 15 min at 

4°C. The resulting supernatants were neutralized with freshly prepared 0.5 M 

K2CO3, vortexed, and centrifuged at 15,000 x g for 30 min at 4°C. Final extracts 

were then analyzed by LC-MS/MS as previously described with modifications [84]. 

Briefly, analysis of energy metabolites was performed using a Vanquish LC 

system. Separation was achieved on a reverse-phase C18 column (Waters Xbridge 

, 150 x 2.1 mm, 3 µm) using the following mobile phases: A) 95% water/5% 

methanol with 4 mM dibutylammonium acetate (DBAA, Millipore Sigma, 73345) 

and B) 25% water/75% acetonitrile with 4mM DBAA. The Ion-pairing mobile phase 

additive DBAA provided for adequate chromatographic separation. Samples were 

separated using the following binary gradient: 0-80% B for 8 min, 80-100% B for 5 

min, 100% B for 3 min, and 100-0% B for 5 min. The flow rate was 100 µL/min, 

with a diverter valve used for the first 2 min to minimize matrix components entering 

the MS. The column was maintained at 30°C and the injection volume was 2 µL. 

The LC system was hyphenated to a Thermo Q Exactive Plus MS equipped with 
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heated electrospray ionization. The MS was operated in positive ionization mode 

with PRM mode used for quantitative targeted analysis. The isolation window was 

set to m/z 1.0, resolution was 17,500, and collision energy 35 (arbitrary units). 

Retention times and m/z transitions for each metabolite are detailed in 

Supplemental Table 2.2. 

2.2.5 Immunoblot 

Protein extracts were prepared in a protein lysis buffer (PLB) containing 20 mM 

Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton-X 100, protease inhibitors (Roche) and 

phosphatase inhibitors (Sigma) as previously described [45]. Whole tissue protein 

lysates were prepared from frozen tissues and homogenized in ten times volume 

(microliters) to mass PLB. Protein targets of interest were probed with the following 

primary antibodies: HMGCS2 (Santa Cruz, Sc-33828), BDH1 (Atlas Antibodies, 

HPA030947), pAMPKα (Thr172), total AMPKα, pAKT (Ser473), and total AKT (Cell 

Signaling, 2535, 2532, 9271, and 9272 respectively). Horseradish peroxidase 

(HRP)-conjugated secondary antibodies included goat anti-rabbit IgG and goat 

anti-mouse IgG (Southern Biotech 4030-05 and 1015-05 respectively). Protein 

loading was assessed by BlotFastStain (G-Biosciences, 786-34), or by 

immunoblot against actin (Sigma A2066) and HRP-conjugated goat anti-rabbit 

IgG. Blots were developed using Immobilon Cresendo Western HRP substrate 

(Millipore Sigma, WBLUR0500) and imaged using film or Bio-Rad ChemiDoc MP 

imaging system. Band intensities were densitometrically quantified using ImageJ 

software.    
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2.2.6 Histology and immunohistochemical staining 

Following euthanasia by cervical dislocation, mouse liver sections were either fixed 

in 10% neutral buffered formalin or cryo-preserved in OCT compound. Formalin 

tissue embedding, sectioning, and staining with hematoxylin and eosin was 

performed by the University of Minnesota Clinical and Translational Science 

Institute histology core.  Frozen liver sections preserved in OCT were cut in 10 μm 

slices using a Leica CM1860 Cryostat at -20°C. Tissue sections were fixed on 

slides using 2% paraformaldehyde for 1h, permeabilized for 20 min in 0.25% 

Triton-X 100, and blocked in 5% BSA/PBS/0.1% Triton-X 100 for 1h. Rabbit anti-

BDH1 (Atlas Antibodies, HPA030947) was incubated for 1h at room temperature, 

followed by Alexa Flour 488 conjugated goat anti-rabbit IgG (Invitrogen, A11008) 

for 30 min and mounted with Vectashield mounting medium with DAPI (Vector 

Laboratories, H1200). Primary and secondary antibodies were prepared in 5% 

BSA/1x PBS/0.1% Triton-X 100. Images were obtained using a Leica DM5500 B 

microscope. 

2.2.7 Gene expression analysis. 

RNA was purified from liver or kidney lysates homogenized in RLT buffer (Qiagen) 

with 1% 2-Mercaptoethanol using the RNeasy Mini Kit (Qiagen, 74016) following 

the manufacturer’s instructions. Reverse transcripts were generated using Iscript 

(Bio-Rad, 1708891) and real-time reverse-transcription polymerase chain reaction 

(RT-PCR) was performed using SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad, 172-5274) on a CFX384 Real-Time System (Bio-Rad). Transcripts were 

quantified using the 2-ΔΔCt method. Liver and kidney transcripts were normalized to 
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Rpl32 and Rna18s5 respectively. Primer sequences used for gene expression are 

listed in Supplemental Table 2.3.  

2.2.8 Serum measurements 

Blood was acquired via submandibular bleed for fasting serum measurements. 

Blood glucose measurements were performed in duplicate using two CVS Health 

Advanced glucometers per collection, and the mean was taken. If the variance 

exceeded 10%, a third reading was taken and the outlier removed. Non-esterified 

fatty acids (NEFA; Fujifilm, HR Series NEFA-HR2), triacylglycerols (TAG; Thermo 

Scientific, TR22421), and cholesterol (Fujifilm, 999-02601 and 993-02501) serum 

measurements were made using colorimetric assays following the manufacturer’s 

instructions. ELISAs were used to measure serum insulin (Millipore Sigma, 

EZRMI-13K) and glucagon (Mercodia, 10-1271-01). All colorimetric assays were 

quantified using a Biotek Synergy HTX plate reader. HOMA-IR values were 

calculated as (Blood glucose (mg/dL) X Insulin (μU/mL)] / 405) [85]. 

2.2.9 Metabolic flux studies 

Portal vein perfusions were performed as previously described [36]. Briefly, mice 

were anesthetized with 50 μL of sodium pentobarbital (65 mg/mL, Vortech) 

administered i.p., and once fully unconscious and unresponsive to toe pinch 

(approximately 5 minutes following delivery), the portal vein was exposed and 

cannulated with a 24-gauge catheter needle, the abdominal aorta and inferior vena 

cava cut, and the catheter was firmly tied into the portal vein. The beating heart 

was then exposed, and right atrium cut to prevent recirculation of buffer to the liver 
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and to terminate perfusion to the brain. Livers were perfused with an oxygenated, 

glucose-free Krebs-Henseleit buffer, containing 3% 2H2O, 0.1 mM sodium [U-

13C3]propionate, 1.5 mM sodium lactate, 0.15 mM sodium pyruvate, 0.25% 

glycerol, and unlabeled 0.2 mM sodium octanoate as an exogenous fat source. 

The buffer was prewarmed to 45°C (determined empirically to counter heat loss in 

tubing such that tissue delivery is maintained at physiological temperature) in a 

thermostat-controlled water bath. The buffer delivery was maintained at a rate of 

8 mL/min using a peristaltic pump for a period of 1 hour. The perfusate effluent 

from the final 30 minutes of the procedure was collected and frozen for further 

processing. Hepatic oxidative fluxes were quantified using a 2H-NMR and 13C-

NMR based approach as previously detailed [35; 36] by profiling monoacetone 

[13C/2H] glucose derivatized from hepatic venous effluent 13C/2H-labeled glucose. 

1H-NMR, as previously described, was used to quantify total hepatic glucose and 

acetate production, octanoate consumption, and the uniformity of the perfusion 

procedure from separate perfusate effluent aliquots collected every 10 minutes. 

Perfusion effluent ketone bodies were quantified by LC-MS/MS as described in 

Section 2.2.3 to determine their rates of production. Acetyl-CoA accounting was 

performed by assuming that 4 moles of acetyl-CoA are produced from each mole 

of octanoate consumed. Each mole of βOHB, AcAc, and acetate produced 

consumed 2, 2, and 1 moles of acetyl-CoA respectively while each turn of the TCA 

cycle disposes 1 mole of acetyl-CoA. Reducing equivalents (RE) were estimated 

from fluxes as RE = (5.75 x TCA) + (3.5 x AcAc) + (2.5 x βOHB) + (1.75 x acetate) 

+ (glycerol flux to glucose) – (0.1 x phosphoenolpyruvate flux to glucose) [19]. 
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2.2.10 Mitochondria isolation 

Liver mitochondria were isolated as previously described [45]. Briefly, mice were 

sacrificed by cervical dislocation, livers harvested, and immediately homogenized 

in ice-cold mitochondrial isolation medium (MIM; 300 mM sucrose, 0.2 mM EDTA, 

10 mM Na HEPES, BSA 1 mg/mL, pH 7.4). Homogenates were centrifuged at 600 

x g for 10 min at 4°C, and the resulting mitochondria-containing supernatant, was 

further centrifuged at 8000 x g for 15 min at 4°C. Mitochondrial pellets were 

resuspended in ice-cold MIM, aliquoted, and centrifuged again at 8000 x g for 15 

min at 4°C. Pellets were briefly washed in ice-cold MIM without BSA, then snap 

frozen for down-stream assays. Mitochondrial protein content was quantified by 

BCA protein assay kit per the manufacturer’s instructions (Thermo Fisher 23225). 

2.2.11 NAD+/NADH mass action ratio   

For quantification of α-ketoglutarate and glutamate, frozen liver tissue was 

lyophilized and extracted as described previously [44], using cold (-20°C) 2:2:1 

methanol:acetonitrile:H2O containing an appropriate amount of the internal 

standard [U-13C5]glutamine (CIL). Extracted liver samples were spiked with 20 mM 

ammonium phosphate to improve peak shape [86], then analyzed by LC/MS using 

Waters Acuity UPLC BEH Amide (130Å, 1.7 µm, 2.1 mm X 150 mm) with the 

following mobile phases: A) 10 mM ammonium acetate and 10 mM ammonium 

hydroxide in 95% water, and B), 10 mM ammonium acetate and 10 mM ammonium 

hydroxide in 95% acetonitrile. Separation was performed using the following 

gradient: 100% B for 2 min, 100-30% B for 3 min, 30-20% B for 1.5 min, 20-30% 

B for 0.5 min, 30-100% B for 0.5 min, and 100% B for 2.5 min. Separation was 



23 
 

carried out at a flow rate of 0.4 mL/min, column temperature 45°C, and sample 

injection volume of 4 µL. A Thermo Q Exactive Plus MS in PRM mode was used 

for quantitative targeted analysis. The mass spectrometer operated in negative ion 

mode with optimized HESI conditions: sheath gas 35, Auxiliary gas 10, Sweep gas 

1, Spray voltage 3.6, Capillary temperature 275°C, S lens RF 50, and Auxiliary gas 

temperature 150°C. For PRM mode, the AGC target was set to 2e5, while the 

resolution was set to 17,500. Retention times, m/z transitions, and optimal 

normalized collision energies [N(CE)] for each metabolite are detailed in 

Supplemental Table 2.4. The linearity between α-ketoglutarate or glutamate and 

internal standard were checked, and correction factor calculated based on three 

independently prepared calibration curves.  Ammonia was quantified from frozen 

liver tissue by a colorimetric assay (Sigma, AA0100) per the manufacturer’s 

instructions. The mass action NAD+/NADH ratio was then calculated as previously 

described [87]. 

2.2.12 Insulin and glucose tolerance tests 

Blood glucose measurements were performed prior to, and at regular intervals 

following intraperitoneal insulin/glucose injection. For intraperitoneal insulin 

tolerance tests (IPITT), male mice were administered i.p. human insulin (Lilly, HI-

213) at 0.75 U/Kg body weight for 18h fasting tests, or 1 U/Kg body weight for 4h 

fasting and random fed tests. For glucose tolerance tests (IPGTT), after fasting 

overnight (18h), a bolus of a sterile-filtered glucose solution was delivered i.p. to 

female (2 mg glucose/g body weight) or male (1 mg glucose/g body weight) mice. 

The dosage of glucose for male mice was lowered because the 2 mg glucose/g 
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body weight dose resulted in blood glucose readings outside the range of our 

glucometer.  

2.2.13 Kidney lactate tracer experiment 

Sodium lactate and sodium [U-13C3]lactate were purchased respectively from 

Millipore Sigma (L7022), and CIL (CLM-1579). Overnight-fasted male mice were 

administered [U-13C3]lactate (5 μmol/g body weight) by i.p. injection. Fifteen 

minutes post injection, mice were sacrificed by cervical dislocation, kidneys 

harvested, and rapidly freeze-clamped. Kidney tissue was lyophilized prior to 

extracting metabolites using cold (-20°C) 2:2:1 methanol:acetonitrile:H2O. Kidney 

metabolites were then analyzed using the LC/MS parameters detailed in Section 

2.2.11. Detected TCA metabolites were validated by use of external standards. 

Thermo Quan Browser was used to integrate peaks manually using a mass 

tolerance of 5 ppm and retention time window of 30 seconds. All possible 

isotopologues were integrated. Metabolite enrichment was corrected for natural 

abundance using R package, IsoCorrectoR, as previously described [88]. 

2.2.14 Statistical analyses 

Analyses were performed with GraphPad version 9.0.0 software (Prism, San 

Diego, CA) using tests described in the figure legends. P values describe 

comparisons between (or among) group means for measured values, accounting 

for the variances. Confidence intervals (CI, 95%) or percent differences within the 

text define the range spanning fold- or percent differences between groups. 
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2.3 Results  

2.3.1 Distinct effects of exogenous AcAc versus D-βOHB on circulating 

ketones and liver redox 

To determine the equilibration kinetics of exogenously delivered ketones, random 

fed, wild type mice were injected with an intraperitoneal (i.p.) bolus of either AcAc, 

D-βOHB (both at 10 µmol/g body weight), or vehicle control. Tail bleeds were 

performed prior to injection and at regular intervals post-injection. Serum ketones 

were extracted and measured by LC-MS/MS using a recently developed method 

[83]. No differences in serum levels of AcAc, βOHB, or total ketone bodies (TKB), 

were observed prior to injections (compare the three panels of Supplemental 

Figure 2.1A). At 15 min post injection, both AcAc and D-βOHB injected mice 

showed sharp increases in circulating TKB with minimal change in vehicle injected 

mice (Figure 2.1A). Vehicle injected mice showed a minimal increase in TKB at 

60 min that dissipated by 120 min (note graph inset, left panel of Figure 2.1A), 

perhaps attributable to modest stress-induced lipolysis [89].  

Injection of exogenous AcAc increased serum concentrations of both AcAc 

and βOHB, with βOHB concentrations surpassing those of AcAc by 30 min. In 

contrast, injection of exogenous D-βOHB predominantly increased serum βOHB 

levels, with only minimal increase in serum AcAc. BDH1 catalyzes the 

NAD+/NADH-dependent redox reaction responsible for the interconversion of 

AcAc and D-βOHB (Figure 2.1B), and equilibration of circulating ketones has been 

posed to occur exclusively in the liver [80]. Collectively, these results suggest two 
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fates for circulating AcAc: (i) equilibration into the circulating D-βOHB pool and (ii) 

terminal disposal, largely via oxidation in extrahepatic tissues. Conversely, bolus-

delivered D-βOHB does not as readily equilibrate into the circulating AcAc pool but 

is nonetheless rapidly and terminally disposed via oxidation in extrahepatic tissues. 

These findings are consistent with the Keq of the reaction catalyzed by 

NAD+/NADH-dependent BDH1, which favors D-βOHB production, but mass action 

can drive terminal oxidation of D-βOHB [24; 79]. 

To determine if the reduction of exogenously delivered AcAc to D-βOHB, 

and corresponding oxidation of NADH to NAD+, could alter liver redox status, 

randomly fed, wild-type mice were injected with an i.p. bolus of AcAc, D-βOHB, or 

vehicle control. Fifteen minutes post injection, mice were sacrificed via cervical 

dislocation and livers were immediately freeze clamped for quantification of 

energy-related metabolites by LC-MS/MS. Livers of mice receiving exogenous 

AcAc showed a modest but non-statistically significant increase (17.3 ± 7.2%, p = 

0.11) in hepatic NAD+ concentration over that of vehicle-treated controls, with a 

modest but non-statistically significant decrease in NADH content, together 

leading to an increased NAD+/NADH ratio (29.9 ± 6.2%, p < 0.05; Figure 2.1C). 

NAD+ and NADH contents of livers of mice injected with exogenous D-βOHB were 

not significantly different from vehicle controls, suggesting that exogenous AcAc, 

but not D-βOHB, can transiently alter liver redox status.  

Pioneering studies [24; 31; 80; 81] revealed the relationship among 

ketogenesis, mitochondrial redox, and liver metabolism. However, interventional 

testing of this relationship has been tested only preliminarily, and it has not been 
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fully characterized in pathological states. Previous work by our group and others 

has shown that rates of ketogenesis increase when mice are maintained on a high 

fat diet (HFD) [19; 36]. However, humans with steatotic livers exhibit decreased 

ketogenesis and overall decreased equilibration between AcAc and D-βOHB in the 

fasting state [62]. To determine whether expression of hepatic mediators of 

ketogenesis is dynamic in response to HFD, we quantified hepatic HMGCS2 and 

BDH1 protein abundances in 26-week-old wild type maintained on either a chow, 

or on a 60% HFD for 16 weeks. Although HMGCS2 expression was unchanged 

with HFD treatment, BDH1 expression was significantly increased (Supplemental 

Figure 2.1B-C). Whether dynamic expression of BDH1 is a cause, consequence, 

or bystander of altered ketone turnover is unclear. To determine the role of 

hepatocyte BDH1 in liver physiology, we therefore elected to study mice with 

hepatocyte specific deficiency of this enzyme, focusing in this study on male and 

female mice in the chow diet-fed and fasted states. 

2.3.2 Generation of hepatocyte specific BDH1 knockout mouse 

Hepatocyte-specific BDH1 knockout mice (KO) were generated by crossing an 

Albumin-Cre strain [82] to a Bdh1flox allele [49] maintained on a C57BL/6NJ 

background. Knockout of hepatic BDH1 was confirmed by hepatic protein 

(immunoblot and immunohistochemistry) and mRNA abundance (Figure 2.2A-C). 

Hepatocyte-BDH1-KO mice reached weaning at the expected Mendelian ratios 

(Supplemental Table 2.5). Hepatic BDH1 expression in both male and female KO 

mice was greatly reduced at 4 weeks of age and completely absent by 8 weeks 

(Supplemental Figure 2.2A-B). Although hepatic loss of BDH1 increased liver 
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Hmgcs2 mRNA abundance (Figure 2.2D) no differences in HMGCS2 protein 

expression were observed (Figure 2.2A, Supplemental Figure 2.2A-B). 

Additionally, the knockout was specific to liver with cardiac BDH1 expression in 

KO mice remaining intact (Figure 2.2E). Fasting body weights in 26-week-old mice 

were similar between control and KO mice, with no significant differences in fasting 

serum levels of triacylglycerols (TAG), non-esterified fatty acids (NEFA), or 

cholesterol for both sexes (Supplemental Figure 2.3A-C). Additionally, no hepatic 

morphological differences were observed in hematoxylin and eosin-stained liver 

sections obtained from control and KO mice that were fasted for 18h prior to tissue 

harvest (Supplemental Figure 2.3D).  

2.3.3 Hepatic BDH1 loss diminishes liver ketogenesis, but hepatic BDH1 is 

not required for systemic ketone equilibration 

To determine the effect of hepatic BDH1 loss on circulating ketones, male and 

female mice were fasted 18h, and serum was collected. Compared to littermate 

controls, serum AcAc levels were elevated by 38.9 ± 12.0% (p < 0.05) in KO mice 

(Figure 2.3A) while serum βOHB levels were diminished by 57.7 ± 8.5% (p < 

0.0001), yielding a net decrease of 34.3 ± 9.9% (p < 0.001) in circulating TKB in 

KO mice. Similar circulating ketone alterations were observed in female mice 

fasted for 18h (Supplemental Figure 2.4A), male mice fasted for 4h 

(Supplemental Figure 2.4B), and in random-fed mice of both sexes 

(Supplemental Figure 2.4C-D), although the TKB decrease was less apparent in 

the fed state.  
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To determine the distribution of ketones produced by the liver, we next 

performed ex-vivo portal vein perfusions in male KO and littermate control mice 

following an 18h fast. Sixty-minute perfusions were conducted using an 

oxygenated, glucose-free Krebs-Henseleit buffer, containing unlabeled 0.2 mM 

sodium octanoate as an exogenous fat source. The hepatic venous effluent was 

collected and used for LC-MS/MS ketone quantification. Livers of KO mice 

produced AcAc at a rate 2.3-fold (95% CI 1.8-3.0, p < 0.0001) greater than livers 

from littermate controls, while βOHB production was essentially zero at a rate of 

0.04-fold (95% CI 0.03 – 0.05, p < 0.0001) that of littermate controls (Figure 2.3B). 

TKB production rate was diminished in livers of KO mice at a rate of 0.7-fold (95% 

CI 0.6 - 0.9, p < 0.05) relative to littermate controls.  

The very high [AcAc]/[βOHB] ratio in hepatic venous effluent [28.6 (± 2.5)-

to-1] from livers of perfused KO mice (Figure 2.3B) was discordant from that of 

the circulating ketone pool [1.0 (± 0.1)-to-1] in these mice (Figure 2.3A). 

Conversely, hepatic venous effluents from perfused livers of littermate control mice 

showed [AcAc]/[βOHB] ratios [0.47 (± 0.04)-to-1] that were much more concordant 

with circulating ratios [0.32 (± 0.01)-to-1]. To test the hypothesis that extrahepatic 

equilibration of circulating ketones explains recovery of [AcAc]/[βOHB] ratios in the 

circulation of Hepatocyte-BDH1-KO mice, we injected KO mice and their littermate 

controls (i.p.) with [U-13C4]AcAc (1 µmol/g body weight), and quantified the 

appearance of [U-13C4]βOHB in serum over time. Circulating [U-13C4]βOHB was 

detected at 10 and 20 min post injection in both control and KO [U-13C4]AcAc-

treated mice, although [U-13C4]βOHB levels were 38.0 ± 12.8% (p < 0.01) and 41.6 
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± 12.0% (p < 0.01) lower in KO mice respectively (Figure 2.3C and Supplemental 

Figure 2.4E). Similarly, following an injection of uniformly labelled D-[U-

13C4]βOHB, circulating [U-13C4]AcAc was detected in both control and KO mice, 

with 36.6 ± 10.7%  (p < 0.01)  and 31.5 ± 9.6% (p < 0.01) lower conversion in KO 

mice at 10 and 20 min post injection (Figure 2.3D and Supplemental 2.4F). The 

kinetic responses to (Figure 2.3E) and fractional enrichments of (Supplemental 

Figure 2.4G-H) exogenous 13C-labelled ketones were concordant with the 

responses to unlabeled exogenous ketones (Figure 2.1A), with [U-13C4]AcAc 

readily reduced to [U-13C4]βOHB, but the oxidation product of exogenously 

delivered D-[U-13C4]βOHB, [U-13C4]AcAc, apparent in the circulation to much lower 

extent in both KO and control mice.  

Responses to exogenous 13C-labelled ketones strongly suggest that 

extrahepatic tissues contribute to the equilibration of circulating ketones in the 

absence of hepatic BDH1, with only a modest deficiency. In fact, hepatic loss of 

BDH1 increased kidney mRNA abundances for both Bdh1 and Hmgcs2 

(Supplemental Figure 2.5A-B), though no differences in abundances for the 

encoded proteins were observed (Supplemental Figure 2.5C). The other 

theoretical source of AcAc/βOHB equilibration in the circulation is a non-BDH1-

dependent hepatic enzyme such as BDH2 [90], but this is highly unlikely given the 

absence of any βOHB produced by perfused livers from Hepatocyte-BDH1-KO 

mice.  
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2.3.4 Loss of hepatic BDH1 diminishes TCA cycle flux, anaplerosis, and 

phosphoenolpyruvate sourced gluconeogenesis without altering liver 

energy charge 

Loss of hepatocyte BDH1 provokes a large increase in the mass action ratio of the 

reaction normally catalyzed by BDH1, [AcAc]/[βOHB], for ketones exported from 

the liver, from 0.47 in livers of littermate controls to 28.6 in the KO (Figure 2.3B). 

Application of the equilibrium constant for BDH1 (0.0493) would normally suggest 

a corresponding increase in mitochondrial NAD+/NADH ratio, from ~10 to ~580, 

respectively in response to this [AcAc]/[βOHB] ratio increase [87]. However, the 

absence of BDH1 prevents hepatic mitochondrial equilibration of the two ketones 

and thus abrogates a conduit for NADH re-oxidation to NAD+. Therefore, we 

quantified static concentrations of NAD+ and NADH in livers of mice fasted for 18h, 

using an LC-MS/MS approach that quantifies these nucleotides against an 

authentic internal standard [84]. Intriguingly, no differences were observed 

between KO and control mice, either within isolated mitochondria, or at the whole-

tissue level (Figure 2.4A-B). Furthermore, the summed static concentrations of 

NAD+ and NADH did not vary between KO and control mice in both isolated 

mitochondria (152.1 ± 21.9 vs. 163.9 ± 28.3 nmol/mg protein, respectively, n = 6-

9 per group, p = 0.75) and whole liver tissue (1,133.4 ± 34.7 vs. 1,125.4 ± 27.7 

nmol/g liver, respectively, n = 10-12 per group, p = 0.86). To further assess the 

effect of hepatocyte BDH1 loss on liver redox, we determined the mitochondrial 

NAD+/NADH mass action ratio [87] from the products and reactants of the 

glutamate dehydrogenase system. No differences in whole liver tissue levels of α-
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ketoglutarate, glutamate, and ammonia were observed between KO and control 

mice (Figure 2.4C-D, Supplemental Figure 2.6A), resulting in similar mass action 

NAD+/NADH ratios of 1.3 ± 0.3 and 1.1 ± 0.2 respectively, comparable to those 

determined by isolated mitochondria direct measurements of 1.1 ± 0.2 for KO mice 

and 1.4 ± 0.3 for control mice (Figure 2.4E).  

While perhaps surprising, the absence of a difference in static NAD+ and 

NADH nucleotide concentrations in hepatic mitochondria and in whole liver tissue 

harvested from fasting mice lacking hepatocyte BDH1, and no differences in 

NAD+/NADH ratios, could be explained by several mechanisms that are not 

mutually exclusive. First, overall NAD+/NADH equilibrium may be preserved by 

other matrix (mitochondria) and cellular (whole tissue) dehydrogenases, because 

BDH1 is one of several mitochondrial matrix enzymes capable of re-oxidizing 

NADH [24]. Second, the total nucleotide pool, much of which is protein-bound, may 

not reflect the free pool that is immediately accessible to matrix dehydrogenase 

enzymes, although measurement of the mass action ratio for the glutamate 

dehydrogenase system mitigates this concern [91]. A third possibility is that static 

NAD+ and NADH concentrations do not reflect rates of exchange of electrons 

among redox reactions that determine turnover rates in oxidative metabolism, and 

thus absence of a difference in snapshot concentrations may not reflect an 

absence on NADH-dependent redox homeostasis. Therefore, because exclusively 

NAD+ (and not NADP+) is required to accept electrons from the intermediates -

ketoglutarate and malate as hepatic fat is terminally oxidized through in the TCA 

cycle, we hypothesized that loss of BDH1-dependent re-oxidation of NADH could 
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yield diminished TCA cycle flux due to impaired bioavailability of matrix NAD+. To 

test this hypothesis, ex-vivo 60-minute portal vein perfusions were performed on 

littermate control and Hepatocyte-BDH1-KO mice following an overnight fast. 

Perfusions were performed using oxygenated Krebs-Henseleit buffer lacking 

glucose, but containing unlabeled 0.2 mM sodium octanoate (exogenous fat 

source), and flux tracers 3% 2H2O and 0.1 mM sodium [U-13C3]propionate, then 

collecting the hepatic venous effluent. After quantification of total glucose 

production and octanoate consumption using 1H-NMR, the hepatic 13C/2H–labeled 

glucose pool was extracted and converted to monoacetone glucose, from 

which 2H- and 13C-NMR spectra were collected, allowing hepatic oxidative fluxes 

and glucose sourcing to be determined (schematized in Figure 2.5A) [36; 92]. 

Indeed, TCA cycle flux in livers of KO mice was diminished to 0.3-fold (95% CI 0.2 

- 0.6, p < 0.01) that of littermate controls (Figure 2.5B) with corresponding 

decreases in the rates of anaplerosis, 0.5-fold (95% CI 0.3 - 0.8, p < 0.01, Figure 

2.5C), and pyruvate cycling, 0.5-fold (95% CI 0.2 - 0.8, p < 0.01, Supplemental 

Figure 2.6B). Total hepatic glucose production (HGP) was modestly, but not 

significantly, decreased in KO mice (Figure 2.5D) with non-significant decreases 

in both glycogenolysis and glycerol contributions to HGP (Supplemental Figure 

2.6C-D). As expected, given the diminution in TCA cycle flux, the contribution of 

phosphoenolpyruvate (PEP, i.e., TCA cycle-sourced) to HGP was decreased in 

KO mice to 0.5-fold (95% CI 0.3 - 0.8, p < 0.01) that of littermate controls (Figure 

2.5E). No differences in the rates of acetate production were observed between 

KO and control mice (Figure 2.5F). Overall octanoate consumption was modestly 
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diminished in livers of KO mice, but this did not reach statistical significance 

(Figure 2.5G).  

To determine if there was evidence for an energy imbalance incurred by 

loss of BDH1 in hepatocytes, the consumption rates of exogenously supplied 

octanoate were reconciled against the measured fates of octanoate oxidation, with 

the assumption that β-oxidation of 1 mol octanoate yields 4 mol acetyl-CoA. 

Terminal acetyl-CoA oxidation through the TCA cycle represented a minor fate 

(<1%) in control mice, and an even smaller fate for KO mice (<0.5%) for carbon 

available from octanoate-derived acetyl-CoA (Figure 2.5H). Acetate production 

subsumed a similar proportion of the carbon pool in both KO mice and controls, 

29.2 ± 4.5% and 28.5 ± 2.0% respectively. Proportionately, total ketogenesis was 

the major carbon product in both KO (60.6 ± 9.2%) and control (65.9 ± 2.0) mice. 

However, the fraction of the oxidized carbon pool delivered as AcAc was 58.4 ± 

9.1% in KO, while it was 20.6 ± 0.6% in littermate controls (p < 0.0001). As storage 

of octanoate is minimal, unaccounted fates for oxidized octanoate, 10.0 ± 3.2% in 

KO, 5.2 ± 2.6% in littermate controls, are likely subsumed by incompletely oxidized 

intermediates, including short- and medium-chain acylcarnitines, or peroxisomal 

β-oxidation [93; 94]. While flux through acetyl-CoA is very rapid and high capacity 

during fat oxidation, static concentrations of acetyl-CoA are normally very low and 

are thus a negligible contributor as a terminal fate of fat oxidation. Nonetheless, 

mitochondrial (but not whole liver) acetyl-CoA concentrations were increased 39.5 

± 9.9% (p < 0.001) in KO mice, with a corresponding 43.6 ± 17.5% (p < 0.01) 

diminution in mitochondrial succinyl-CoA concentrations (Figure 2.5I and 
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Supplemental Figure 2.6E), together supportive of the impaired TCA cycle flux 

observation acquired using an orthogonal method. Overall, however, the estimated 

number of reducing equivalents (RE) produced did not differ between the 

genotypes, with 4.5 ± 0.2 RE generated in the Hepatocyte-BDH1-KO liver, against 

5.1 ± 0.4 RE in livers of littermate controls (n = 6-8 per group, p = 0.22). Thus, it 

was not surprising that mitochondrial and liver static tissue concentrations of ATP, 

ADP, and AMP, measured by LC-MS/MS using authentic internal standards from 

unperfused livers of fasting mice also showed no differences between genotypes 

(Supplemental Figure 2.6F-G). Moreover, no difference between total or 

phosphorylated hepatic AMPKα levels were observed in unperfused livers (Figure 

2.5J). Nonetheless, significant increases in the abundances of Ppargc1a (1.53-

fold, 95% CI 1.01 - 2.53, p < 0.05), Pparg (1.82-fold, 95% CI 1.20 - 2.76, p < 0.01), 

and Pc (1.57-fold, 95% CI 1.15 - 2.15, p < 0.01) mRNAs were shown in unperfused 

livers of fasting KO mice (Figure 2.5K). This upregulation might represent a 

compensation for deficits in TCA flux and TCA cycle-sourced gluconeogenesis in 

KO mice. Given the subtle decrease in octanoate consumption in KO mice, 

increases in Acadm (1.47-fold, 95% CI 1.05 - 2.01, p < 0.05) and Cpt2 (1.42-fold, 

95% CI 1.06 - 1.87, p < 0.05) possibly represent upregulation of β-oxidation 

machinery. Additionally, though not relevant to transport of medium chain fatty 

acids used in the perfusion experiments, upregulation of Lipc and Cd36 in livers of 

unperfused KO mice could represent compensation to increase triglyceride 

hydrolysis and fatty acid uptake, respectively (Supplemental Figure 2.6H). No 

differences in Acaca, Acacb, Acsl1, or Acsl3 expression between KO and control 
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mice were observed. Changes in liver gene expression in KO mice could represent 

compensatory mechanisms to maintain energy homeostasis in the context of 

challenged redox control.  

2.3.5 Hepatic loss of BDH1 alters whole body glucose homeostasis 

Given the impairment of TCA cycle-sourced gluconeogenesis in KO mice 

(Figure 2.5E), we next wanted to determine whether loss of hepatocyte BDH1 also 

affects whole-body glucose homeostasis. 18h fasting blood glucose levels in male 

KO mice were modestly, but not significantly, elevated over controls (Figure 2.6A). 

Fasting serum insulin and calculated HOMA-IR (Figure 2.6B-C) were also mildly 

elevated without statistical significance, with no change in fasting serum glucagon 

(Figure 2.6D). Measures of fasting glucose homeostasis were similar in female 

KO mice compared to their littermate controls, with no difference in fasting blood 

glucose (Supplemental Figure 2.7A-D). Additionally, blood glucose levels in male 

KO mice starved for 48 hours and female KO mice starved for 24 hours were 

comparable to controls (Figure 2.6E-F). These data indicate no impairment of 

glycemic maintenance in the setting of starvation in mice lacking hepatic BDH1. 

To determine the ability of these mice to defend glycemia after an insulin 

challenge, we performed i.p. insulin tolerance tests (IPITT). The acute responses 

to insulin in both fed and 18h fasting states were similar between male KO and 

littermate control mice (Figure 2.6G and Supplemental Figure 2.7E). 

Additionally, liver Akt phosphorylation 15 minutes post insulin injection was 

comparable between KO and control mice, suggesting no effect of hepatic BDH1 

loss on insulin sensitivity (Figure 2.7A). However, late recovery of blood glucose 
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was impaired in KO mice 2 hours post injection, either in those treated with i.p. 

insulin in the fed state, in which blood glucose levels relative to baseline were 23.0 

± 8.7% lower than those of littermate controls 2h after insulin administration (p < 

0.05, Figure 2.6G), or the 18h fasted state, in which blood glucose levels relative 

to baseline were 28.3 ± 10.2% lower than those of littermate controls 2h after 

insulin administration (p < 0.01, Supplemental Figure 2.7E), together suggesting 

a modest defect in the ability of KO mice to return to normoglycemia after an insulin 

challenge. Biomarkers of insulin responsiveness, including liver Akt 

phosphorylation and circulating NEFA concentrations did not vary between KO and 

control mice 2h post-insulin injection (Figure 2.7B, Supplemental Figure 2.8A).  

To determine if the relative impairment in glycemic defense after an insulin 

challenge in BDH1-Hepatocyte-KO mice could be explained by enhanced insulin-

mediated suppression of ketogenesis, and thus greater reliance of extrahepatic 

tissues on glucose, due to less ‘glucose sparing’ [41], we quantified serum ketone 

concentrations in BDH1-Hepatocyte-KO mice and littermate controls following i.p. 

administration of either insulin or saline control following a 4h fast. In saline treated 

mice of both genotypes, circulating ketone concentrations modestly increased over 

the 2h period, consistent with the continued fast, from 4-6h (Figure 2.7C-D, 

Supplemental Figure 2.8B). However, in insulin treated KO and control mice, 

circulating ketone concentrations sharply decreased after 30 min, but then 

recovered the same trajectory as that observed in saline-treated mice. By 2 hours 

post injection, all ketone concentrations in insulin treated mice, regardless of 

genotype, were comparable to saline treated mice. Additionally, the total increase 
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in TKB concentration over the 2h period was similar between insulin-injected KO 

(176.2 ± 21.9 µM) and control (212.4 ± 38.0 µM) mice (p = 0.40). Taken together 

with similar NEFA concentrations 2h post-insulin administration (Supplemental 

Figure 2.8A), these results indicate comparable degrees of insulin-mediated 

suppression of ketogenesis in mice lacking hepatic BDH1, with normal recovery of 

circulating ketones. The comparable ability of the KO to recover ketogenesis 

following acute insulin suggests that latency to restore glycemia post insulin in 

these mice cannot explained by increased extrahepatic glucose clearance due to 

suppressed ketosis. However, impaired recovery of glycemia did correlate with 

impaired TCA cycle-sourced gluconeogenesis. If this gluconeogenic impairment 

exposes these mice to a risk for hypoglycemia, hepatic and/or extrahepatic 

mechanisms compensate for this deficiency during a chronic hypoglycemic stress 

such as starvation. To assess glycemic excursion after an exogenous glucose 

load, we performed performing a fasting (18h) i.p. glucose tolerance test (IPGTT). 

Although blood glucose levels were 20.2 ± 5.3% higher in male KO mice 15 min 

post glucose injection (p < 0.05), the overall area under the curve (AUC) showed 

no difference between KO mice and controls in either male or female mice 

(Supplemental Figure 2.9A-B).  

Finally, as the kidney is a gluconeogenic organ [95], and since 

compensation through renal glucose production has been shown in another 

hepatocyte-specific knockout mouse models that impair hepatic glucose 

production [96], we determined whether there was evidence of increased renal 

glucose production in Heptocyte-BDH1-KO mice. Statistically significant (p < 0.05) 
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fold increases in Ppargc1a [1.86-fold (95% CI 1.22 - 2.62) and Pck1 (2.25-fold, 

95% CI 1.23 - 3.95)], were shown in kidneys harvested from fasting (18h) 

Hepatocyte-BDH1-KO mice (Supplemental Figure 2.10A) suggesting increased 

fat oxidation, required for increased TCA cycle-sourced gluconeogenesis. To 

determine if evidence for increased gluconeogenesis could be observed, we 

administered 5 μmol/g body weight [U-13C3]lactate i.p. to 18h fasted mice, and 

harvested kidneys 15 minutes later. Use of liquid chromatography high mass 

accuracy mass spectrometry study failed to show evidence of increased 13C-

labeling of TCA cycle intermediates that would have suggested increased renal 

gluconeogenesis in Hepatocyte-BDH1-KO mice (Supplemental Figure 2.10B). 

However, renal mRNA abundances encoding mediators of glucose reabsorption 

after glomerular filtration, i.e., the glucose transporters Slc2a1 [2.30-fold (95% CI 

1.09 - 4.47), Slc2a2 (2.17-fold, 95% CI 1.13 – 3.56), Slc5a1 (2.66-fold, 95% CI 

1.40 – 4.63), and Slc5a2 (2.47-fold, 95% CI 1.36 – 4.30)], were all significantly (p 

< 0.05) elevated in kidneys of Hepatocyte-BDH1-KO mice (Supplemental Figure 

2.10C), suggesting a possible renal compensation to protect against hypoglycemia 

in Hepatocyte-BDH1-KO mice.  

 

2.4 Discussion 

Using high-resolution LC-MS/MS, dual isotope tracer NMR spectroscopy, and 

integrated physiological approaches in novel hepatocyte specific BDH1 knockout 

mice, our results reveal new insight into the role of hepatic mitochondrial 
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interconversion of the ketone bodies AcAc and D-βOHB. Rather than remaining in 

circulation until terminal ketolysis, much of the circulating AcAc pool is first reduced 

to D-βOHB in a BDH1-dependent manner by the liver and other BDH1-expressing 

tissues (schematized in Figure 2.8A). Although the reaction catalyzed by BDH1 is 

a near-equilibrium reaction, the equilibrium constant and mid-point reduction 

potential of the AcAc/D-βOHB half-reaction modestly favors D-βOHB and NAD+ 

formation [24; 79]. However, in vivo, mitochondrial redox potential, ketone body 

mass action, and SCOT-dependent extrahepatic AcAc terminal oxidation together 

govern circulating AcAc/D-βOHB ratio [97]. The increase in static liver 

NAD+/NADH ratios that were provoked by exogenously administered AcAc 

underscores its two primary fates: SCOT-dependent extrahepatic oxidation and 

BDH1-dependent reduction to D-βOHB, in liver and other BDH1 expressing 

tissues. Conversely, bolus-delivered D-βOHB did not as readily equilibrate in the 

circulation to the same extent as AcAc, and failed to reduce the hepatic NAD+ pool, 

indicating that proportionately more of the D-βOHB pool was retained and 

terminally oxidized within the cells that oxidized it to AcAc. Thus, conversion of 

circulating AcAc to D-βOHB may target circulating AcAc to BDH1-expressing 

tissues, such as the brain, heart, and skeletal muscle. This could be physiologically 

significant, because while all extrahepatic cells express SCOT, BDH1 is not 

ubiquitously expressed [44].  

In the fed state, the circulating [AcAc]/[D-βOHB] ratio is between 1:1 and 

1:2, and this ratio decreases with progressively increasing physiological ketoses 

[24; 27; 87]. While it has been posed that preferential extrahepatic disposal of AcAc 
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may occur during ketosis, and thus explains this low ratio [80], our data suggest 

that while this may be true, equilibration of AcAc into the D-βOHB pool may also 

be a relatively favored process in vivo, a possibility supported by recent work by 

Deja et al. [98]. A limitation of our approach was that bolus delivery may confer 

distinct equilibrium kinetics in vivo than infusions that achieve steady state 

concentrations, and these equilibria and their kinetics will vary by 

(patho)physiological state-dependent redox and substrate balances [80; 99]. 

However, with respect to rapid infusions, understanding the impact of acute 

exogenous bolus ketone administration is highly relevant, given widespread 

interest in ketone ester formulations for prospective health and wellness 

applications, but that vary in their deliveries of D-βOHB or AcAc [77; 100; 101]. 

Another consideration is the circulating pool sampled, as the arterial [AcAc]/[D-

βOHB] ratio more closely reflects hepatic mitochondrial NAD+/NADH ratio than 

does venous [AcAc]/[D-βOHB] ratio. However, venous sampling provides a better 

index of whole-body equilibration between AcAc and D-βOHB. Moreover, in our 

experiments, portal venous perfusions provided direct insight into AcAc and D-

βOHB exported from the liver. 

These studies provide further insight into the tissue distribution of 

equilibrating circulating ketones. Fifty years ago, McGarry and Foster 

demonstrated that liver was the primary site of equilibration between AcAc and D-

βOHB [80]. In that study, normal interconversion of exogenous AcAc or D-βOHB 

was nearly abolished in functionally hepatectomized rats. Our studies show that 

the liver is a primary site of ketone body equilibration, but extrahepatic organs 
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contribute to ketone equilibration (schematized in Figure 2.8B). Residual hepatic 

BDH1 or theoretical compensation from hepatic cytoplasmic BDH2 [90] are 

unlikely explanations for relative preservation of ketone body equilibration in 

Hepatocyte-BDH1-KO mice, because when livers from these animals were 

perfused via the portal vein, only AcAc, and not βOHB was produced. This 

suggests BDH2 does not have a role in ketone body-mediated redox homeostasis 

in the liver. Another possible explanation for the retention of ketone equilibration in 

the absence of hepatocyte BDH1 is an extrahepatic compensation for the chronic 

absence of hepatic BDH1. For example, while Bdh1 mRNA was elevated in 

kidneys of BDH1-Hepatocyte-KO mice, BDH1 protein was not elevated 

(Supplemental Figure 5). Nonetheless, future study using a more acute deletion or 

inhibition of hepatocyte selective BDH1 may test whether adaptation of 

extrahepatic BDH1 can occur. 

Hepatocyte-specific loss of BDH1 diminished total circulating ketone 

concentrations. Despite a modest increase in circulating AcAc, KO mice show 

decreases in both circulating βOHB and TKB levels in both the fasting, and to a 

lesser extent, fed states. These changes in circulating ketones are similar to those 

recently published in a total BDH1 knockout mouse model [34].  Although BDH1 is 

not the rate limiting step in ketogenesis, our portal vein perfusion data indicate that 

this decrease in circulating ketones in KO mice reflects a modest decrease in 

overall hepatic ketogenesis. Perfusion studies showed more AcAc exported from 

the livers of KO mice than from livers of littermate controls, while the majority of 

the AcAc produced by livers of control mice is reduced to D-βOHB before its export 
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from the liver. Alternatively, but not mutually exclusively, the decrease in circulating 

ketone concentrations in Hepatocyte-BDH1-KO mice could represent increased 

clearance by extrahepatic tissues. Indeed, clearance of all 13C-labeled ketones 

(13C-TKB) from mice administered [U-13C4]AcAc was more rapid in KO than in 

littermate control mice, while clearance of exogenously delivered D-[U-13C4]βOHB 

was relatively slower in the KO (Figure 2.3C-E and Supplemental Figure 2.4E-

F). In this experiment, the mild impairment in equilibration of [U-13C4]AcAc with the 

circulating pool of D-[U-13C4]βOHB in Hepatocyte-BDH1-KO mice prospectively 

favors terminal disposal of [U-13C4]AcAc through SCOT-dependent pathways. 

However, absence of hepatic interconversion of AcAc to βOHB may also support 

increased consumption of extrahepatic NADH, via extrahepatic conversion to D-

βOHB (Figure 2.8B). This could bear relevance to the relative latency to defend 

glycemia in the setting of an acute insulin challenge in mice lacking hepatic BDH1. 

While the kinetic responses of circulating ketones to insulin were comparable to 

those of littermate controls, serum AcAc concentrations were always modestly 

higher in the KO (Figure 2.7C-D, Supplemental Figure 2.8B). It is possible that 

NADH consumption through extrahepatic conversion of AcAc to βOHB increases 

extrahepatic glucose disposal, although augmented glucose disposal was not 

evident in glucose tolerance tests. It is also of interest that after 48h starvation, KO 

mice did not become more hypoglycemic than littermate controls. This suggests 

adaptation of mice lacking BDH1 in hepatocytes that overcomes a deficit in TCA 

cycle-sourced hepatic glucose production, possibly through extrahepatic glucose 

production/reclamation, and/or mechanisms that impair peripheral glucose uptake. 
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Augmentation of a gene signature of energy turnover and re-uptake of filtered 

glucose in kidney of Hepatocyte-BDH1-KO mice are consistent with the former 

mechanism. Future direct interrogation of extrahepatic tissue metabolism in mice 

lacking hepatic BDH1 will add greater insight into the role of hepatic redox in the 

dynamic regulation of integrated glucose homeostasis, because these 

relationships are of great interest in the setting of ketogenic diets and exogenous 

ketone ester administrations. 

 We previously showed that ketogenic insufficiency provoked by loss of 

hepatic HMGCS2 increases TCA cycle flux [36], which is the opposite outcome of 

the ketogenic defect incurred by BDH1 deficiency. With loss of HMGCS2, acetyl-

CoA cannot undergo ketogenesis, and proportionately more is terminally oxidized 

in the TCA cycle. The different outcome observed in livers of Hepatocyte-BDH1-

KO mice is likely based in the mitochondrial matrix redox implications of BDH1 

loss, which loss of HMGCS2 does not directly provoke. Without BDH1, liver 

mitochondria have lost a conduit to re-generate NAD+ from NADH. Impairment in 

TCA cycle flux, and the corresponding decrease in TCA cycle-sourced 

gluconeogenesis, both observed in livers of KO mice, most likely results primarily 

a consequence of this redox perturbation. It is also possible that without BDH1, 

liver mitochondria could retain more NADH, decreasing the demand for oxidative 

metabolism in the liver.  

As BDH1 is one of several mitochondrial dehydrogenases [24; 87], loss of 

BDH1 in hepatocytes may provoke compensations that protect against more 

pronounced abnormalities of redox homeostasis: while hepatic TCA cycle flux was 
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diminished in livers lacking BDH1, overall energy balance fell within normal limits, 

and energy charge, as measured by static abundances of ATP, ADP, and AMP, 

was normal. Mitochondrial and whole liver tissue redox status appeared to be 

normal, but as discussed in Results, static quantifications of total pools of NAD+ 

and NADH encompass both free and protein-bound levels, which could mask a 

change in turnover rates [91]. Dynamic measurements of specific mitochondrial 

dehydrogenase activities against incrementally controlled variations of energy 

charge will be required to fully understand the redox effects of BDH1 loss on 

hepatocyte mitochondria, because exogenously administered AcAc does increase 

total liver NAD+/NADH ratio, and loss of BDH1 from hepatocytes provokes 

measurable changes in oxidative turnover rates.   

Another consequence of ketogenic insufficiency is loss of non-canonical 

signaling mechanisms conferred by ketone bodies. Metabolism-independent 

signaling roles of ketones may explain many of their physiological properties in 

vivo and should be considered prospective mechanisms to explain phenotypes in 

loss- or gain- of ketone turnover models or human participant studies [22]. AcAc 

and βOHB each confer distinct signaling effects through unique G protein coupled 

receptor targets, components of the immune and inflammatory signaling systems, 

cytoplasmic signal transduction cascades, as well as post-translational histone 

modification. It is possible that differences between HMGCS2 and BDH1 loss of 

function models relate to distinct signaling outcomes attributable to loss of both 

AcAc and βOHB, versus the preservation of AcAc, and the relative loss of βOHB 

alone. 
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The perfused liver model employed herein confers an experimental 

limitation as substrate delivery in this model does not reflect the physiological fatty 

acid supply sampled by hepatocytes in vivo, as the delivery of the carnitine 

palmitoyltransferase–independent fat octanoate in the livers of animals in the 

fasted state provokes a convergence of -oxidation and ketogenic demand not 

commonly encountered in vivo. This may overemphasize in vivo differences 

attributable to genetic perturbations of ketone metabolism, and result in variations 

among relative contributions to HGP, compared with those collected through in 

vivo studies. Nonetheless, the octanoate perfusion model was employed to 

specifically reveal the effect of deranged hepatic mitochondrial metabolism on 

downstream canonical glucose metabolism. Moreover, the portal vein perfusion 

model specifically quantifies hepatic ketone export and HGP, unlike in vivo 

approaches that administer tracers via a central vein to track labeled glucose, 

which do not exclude extrahepatic gluconeogenesis. 

In conclusion, equilibration of circulating ketones occurs primarily in the 

liver, but in the absence of hepatic BDH1, extrahepatic tissues support ongoing 

interconversion between the two ketone bodies in a manner that continues to favor 

reduction of AcAc to D-βOHB, with re-oxidation of NADH. Additionally, hepatic loss 

of BDH1 diminishes TCA cycle flux rate and provokes subtle changes in whole 

body glucose homeostasis, but with minimal overall effect on liver energy charge. 

Future studies that quantify the impact of hepatocyte BDH1 in varying metabolic 

contexts, such as nonalcoholic fatty liver disease, or in response to exogenous 

ketone body supplements, which provoke the unusual state of net ketone body 
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import into hepatocyte mitochondria, may provide further insight into the roles of 

ketone body-governed mitochondrial redox homeostasis in metabolic physiology.  

 

 

 

 

 

 

 



48 
 

 

Figure 2.1. Effects of boluses of exogenous AcAc and D-βOHB on circulating 
ketones and liver redox. (A) Kinetic study of exogenously delivered AcAc 
(middle) and D-βOHB (right) turnover in random-fed C57BL/6NJ mice. Mice were 
injected i.p. [10 µmol/g body weight; vehicle was an equimolar concentration of 
ethanol vehicle] and blood was collected at the indicated time points (μM; n = 5-
10/group). (B) Schematic of D-βOHB dehydrogenase 1 (BDH1) catalyzed 
interconversion of AcAc and D-βOHB. (C) Liver NAD+ (nmol/g liver), NADH (nmol/g 

liver), and NAD+/NADH ratio 15 min post exogenous ketone injections as 
described in (A) (n = 6-8/group). Data presented as mean ± SEM. *P <0.05 by one-

way ANOVA with Tukey’s multiple comparisons test. 
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Figure 2.2. Confirmation of hepatocyte-specific BDH1-KO mice. (A) 

Immunoblots of HMGCS2, BDH1, and protein loading obtained from liver protein 
lysates of fasting littermate control (Bdh1flox/flox) and Hepatocyte-BDH1-KO 
(Albumin-Cre X Bdh1flox/flox) mice (n = 6/group). (B) Representative 20X 
magnification of immunohistochemical stain for BDH1 in fasting liver cryosections. 
Scale bar = 25 μm. (C) Fasting liver transcript abundances of Bdh1 and (D) 
Hmgcs2 in control and KO mice (n = 6-7/group). (E) Immunoblots of BDH1 and 

Actin obtained from liver and heart protein lysates of fasting, male control and KO 
mice (n = 2/group). Data presented as mean ± SEM. *P <0.05; ****P <0.0001 by 

Student’s t test. 
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Figure 2.3. Hepatocyte-BDH1-KO mice exhibit impaired ketogenesis and 
ketone interconversion. (A) Fasting (18h) serum ketones (μM; n = 7/group). (B) 

Liver ketone production, quantified by LC-MS of hepatic venous effluent from 60-
min portal vein perfusion using an oxygenated buffer containing 0.2 mM unlabeled 
sodium octanoate as exogenous fat from 18h fasted mice (μmol/min/g liver; n = 6-
8/group). (C) Labeled circulating ketones (μM) 10 min post i.p. [U-13C4]AcAc or (D) 

D-[U-13C4]βOHB injection (1 µmol/g body weight) in random-fed control and KO 
mice (n = 7/group). (E) Full kinetics of [U-13C4]AcAc and D-[U-13C4]βOHB 

metabolism in random-fed control and KO mice. Mice were injected i.p. (1 µmol/g 
body weight) and blood was collected at the indicated time points (n = 7/group). 
The ten-minute time points for this experiment are also presented in panels (C-D). 
Twenty minute time points are shown in Supplemental Figure 2.4E-F, and 

fractional contributions of all endogenous and exogenous ketones to the total pools 
are shown in Supplemental Figure 2.4G-H. Data presented as mean ± SEM. *P 

<0.05; **P <0.01; ***P <0.001; ****P <0.0001 by Student’s t test. 
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Figure 2.4. Hepatocyte-BDH1-KO mice maintain liver redox state. (A) LC-MS-
determined static quantities of liver mitochondrial (nmol/mg protein) and (B) whole 

tissue (nmol/g liver) total NAD+ and NADH in fasting (18h) control and KO mice (n 
= 6-12/group). (C) Measured static quantities of liver α-ketoglutarate and (D) 
glutamate in fasting (18h) control and KO mice (nmol/g liver, n = 10-12/group). (E) 
Liver mitochondrial NAD+/NADH ratios determined from direct NAD+ and NADH 
measurements from isolated mitochondria (left) and calculated from mass action 
ratio of glutamate dehydrogenase system from whole liver tissue (right) (n = 6-

12/group). Data presented as mean ± SEM. 
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Figure 2.5. Loss of hepatic BDH1 diminishes hepatic oxidative fluxes. (A) 

Schematic highlighting hepatic oxidative fluxes obtained from liver perfusions 
using a 2H-NMR and 13C-NMR based approach. (B) TCA cycle flux, (C) 
anaplerosis flux, (D) hepatic glucose production, (E) phosphoenolpyruvate (PEP)-
supported (TCA cycle-sourced) flux to gluconeogenesis (glycogen- and glycerol-
sourced fluxes to hepatic glucose production are shown in Supplemental Figure 
2.6C-D), (F) acetate production, and (G) octanoate consumption rates, quantified 
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by 13C-, 2H-, and 1H-NMR, from perfusions using an oxygenated buffer containing 
0.2 mM unlabeled sodium octanoate, 3% 2H2O, and 0.1 mM sodium [U-
13C3]propionate in control and KO mice (μmol/min/g liver; n = 7-8/group). (H) 
Imputed balances of octanoate-derived acetyl-CoA fates based on measured 
disposal of acetyl-CoA through the TCA cycle and production of AcAc, βOHB, and 
acetate (n = 6-8/group). (I) Measured static quantities of liver mitochondrial 

(nmol/mg protein) total acetyl-CoA, succinyl-CoA, malonyl-CoA, and propionyl-
CoA in fasting (18h) unperfused control and KO mice (n = 6-12/group). (J) 

Immunoblots of phosphorylated AMPKα (pAMPKα), total AMPKα, and protein 
loading obtained from fasting (18h) unperfused liver protein lysates of control and 
KO mice (n = 7/group). (K) Transcript abundances of Ppargc1a, Pparg, Pck1, Pc, 
Acadm, Cpt1a, and Cpt2 from livers of fasting (18h) unperfused control and KO 
mice. (n = 6-7/group). Data presented as mean ± SEM. *P <0.05; **P <0.01; ***P 
<0.001 ****P <0.0001 by Student’s t test. 
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Figure 2.6. Altered glucose homeostasis in Hepatocyte-BDH1-KO mice. (A) 
Fasting serum measures of glucose (mg/dL), (B) insulin (ng/mL), (C) HOMA-IR, 
and (D) glucagon (pg/mL) in male control and KO mice (n = 7-8/group). (E) Blood 
glucose (mg/dL) time course in male control and KO mice during a 48h starvation 
experiment (n = 8/group). (F) Blood glucose (mg/dL) time course in female control 
and KO mice during a 24h starvation experiment (n = 4/group).  (G) Random-fed 

IPITT (1 U/Kg body weight) with absolute and relative to baseline blood glucose 
curves (n = 8/group). Data presented as mean ± SEM. *P <0.05 by repeated 

measures ANOVA with Sidak’s multiple comparisons.  
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Figure 2.7. Hepatocyte-BDH1-KO mice remain insulin sensitive, with an 
intact ketone response to insulin. (A) Immunoblots of phosphorylated AKT 

(pAKT), total AKT, and protein loading obtained from 18h fasting liver protein 
lysates of control and KO mice 15 min post insulin (0.75 U/Kg body weight) or 
saline vehicle injection (n = 4/group). (B) Immunoblots of pAKT, total AKT, and 
protein loading obtained from protein lysates of control and KO mice fasted for 4h, 
injected with insulin (1 U/Kg body weight), then harvested 2h post injection (n = 
8/group). (C) Effect of insulin (1 U/Kg body weight) on circulating ketones in control 
and (D) KO mice (n = 7-9/group). The full kinetic course for these data are 
presented in Supplemental Figure 2.8B. Data presented as mean ± SEM. *P 

<0.05; **P <0.01 by repeated measures ANOVA with Sidak’s multiple 
comparisons. 
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Figure 2.8. Summary of hepatocyte-specific BDH1-KO induced changes on 
ketone equilibration. (A) Schematic detailing the effect of an exogenous bolus of 
AcAc on circulating ketone equilibration in control and (B) KO mice. In vivo, liver 
mitochondrial NAD+/NADH redox potential, ketone body mass action, and SCOT-
dependent extrahepatic AcAc terminal oxidation together govern circulating 
AcAc/D-βOHB ratio. The results provided here suggest that governance of 

circulating AcAc/D-βOHB ratio is shared between hepatic and extrahepatic BDH1. 
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Supplemental Figure 2.1 (paired with Figure 2.1). Increased hepatic BDH1 
expression in wild-type mice maintained on a 60% HFD.  (A) Serum ketone 
levels prior to exogenous ketone injections in random fed wild-type male mice (μM; 
n = 5-10/group). (B) Immunoblots of HMGCS2, BDH1, and protein loading 
obtained from liver protein lysates of 26 week-old male mice maintained on either 
chow or 60% HFD for 16 weeks. (C) Densitometric quantifications of HMGCS2 and 
BDH1 normalized to protein loading (n = 4/group). Data presented as mean ± SEM. 

***P <0.001 by Student’s t test. 
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Supplemental Figure 2.2 (paired with Figure 2.2). Loss of hepatic BDH1 
expression by 8 weeks of age in hepatocyte-specific BDH1-KO mice. (A) 

Immunoblots of HMGCS2, BDH1, and protein loading control obtained from liver 
protein lysates of random-fed male and (B) female control and KO mice at different 

ages (n = 2/group). 
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Supplemental Figure 2.3 (paired with Figure 2.2). Fasting body weights and 
circulating lipids do not differ with hepatic BDH1 loss. (A) Fasting (18h) body 

weight (g), serum triacylglycerols (TAG; mg/dL), and non-esterified fatty acids 
(NEFA, mmol/L) in male and (B) female control and KO 26-week old mice (n = 5-
8/group). (C) Free, ester-bound, and total circulating cholesterol (mg/dL) in fasting 
male and female control and KO mice (n = 5-8/group). (D) Representative H&E 

staining of liver sections from fasting control and KO mice. Data presented as 
mean ± SEM. Scale bars = 50 μm. 
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Supplemental Figure 2.4 (paired with Figure 2.3). Effects of hepatocyte BDH1 
loss on equilibration of circulating ketones. (A) Fasting (18h) serum ketones 
in female control and KO mice (μM; n = 5-8/group). (B) Fasting (4h) serum ketones 
in male control and KO mice (μM; n = 8-9/group). (C) Random-fed serum ketones 
in male and (D) female control and KO mice (μM; n = 6-8/group). (E) Labeled 
circulating ketones (μM) 20 min post [U-13C4]AcAc or (F) D-[U-13C4]βOHB injection 
(1 µmol/g body weight) in random-fed control and KO mice (n = 7/group). The full 
time course for the data presented in panels E-F are presented in Figure 2.3E. (G) 
Replotted data from the experiment presented in Figure 2.3E showing total ketone 
pool enrichments for mice injected with [U-13C4]AcAc and (H) D-[U-13C4]βOHB. 
Values above bars indicate total ketone pool sizes (μM; n = 7/group). Data 

presented as mean ± SEM. *P <0.05; **P <0.01; ***P <0.001 by Student’s t test. 
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Supplemental Figure 2.5 (paired with Figure 2.3). Abundance of ketogenic 
mediators in mouse kidney. (A) Fasting (18h) kidney mRNA transcript 
abundances of Hmgcs2 and (B) Bdh1 in control and KO mice. (n = 6-7/group). (C) 
Immunoblots of HMGCS2, BDH1, and protein loading control obtained from kidney 
protein lysates of fasting (18h) control and KO mice (n = 6/group). Data presented 
as mean ± SEM. *P <0.05 by Student’s t test. 
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Supplemental Figure 2.6 (paired with Figures 2.4 and 2.5). Loss of hepatic 
BDH1 diminishes hepatic oxidative fluxes while maintaining total liver 
energy charge. (A) Measured static quantities of liver ammonia in fasting (18h) 
control and KO mice (nmol/g liver, n = 6-11/group). (B) Pyruvate cycling, (C) 
glycogenolysis flux to hepatic glucose production, and (D) glycerol flux to hepatic 
glucose production, quantified by 13C-, 2H-, and 1H-NMR, from perfusions using an 
oxygenated buffer containing 0.2 mM unlabeled sodium octanoate, 3% 2H2O, and 
0.1 mM sodium [U-13C3]propionate in control and KO mice (μmol/min/g liver; n = 
7-8/group). (E) Measured static quantities of whole liver tissue (nmol/g liver) acetyl-
CoA, succinyl-CoA, malonyl-CoA, and propionyl-CoA in fasting (18h) unperfused 
control and KO mice (n = 6-12/group). (F) LC-MS-measured static quantities of 
liver mitochondrial (nmol/mg protein) and (G) whole tissue (nmol/g liver) total AMP, 

ADP, and ATP in fasting (18h) unperfused control and KO mice (n = 6-12/group). 
(H) Fasting (18h), unperfused liver transcript abundances of Acaca, Acacb, Acsl1, 

Acsl3, Lipc, and Cd36 in control and KO mice. (n = 6-7/group). Data presented as 
mean ± SEM. **P <0.01 by Student’s t test. 
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Supplemental Figure 2.7 (paired with Figure 2.6).  Glucose homeostasis in 
Hepatocyte-BDH1-KO mice. (A) Fasting (18h) serum measures of glucose 
(mg/dL), (B) insulin (ng/mL), (C) HOMA-IR, and (D) glucagon (pg/mL) in female 
control and KO mice (n = 7-8/group). (E) Male fasting (18h) IPITT (0.75 U/Kg body 

weight) with absolute and relative to baseline blood glucose curves (n = 7-8/group). 
Data presented as mean ± SEM. *P <0.05; **P <0.01 by repeated measures 

ANOVA with Sidak’s multiple comparisons. 
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Supplemental Figure 2.8 (paired with Figure 2.7). Intact ketone response to 
insulin in Hepatocyte-BDH1-KO mice.  (A) Circulating NEFA levels (mmol/L) in 
control and KO mice fasted for 4h, injected with insulin (1 U/Kg body weight), then 
harvested 2h post injection (n = 8/group). (B) Replotted data from the experiment 
shown in Figure 2.7C-D showing the kinetics of circulating ketones following 

injection with insulin (1 U/Kg body weight) or saline vehicle in 4h fasted control and 
KO mice (n = 7-9/group). Data presented as mean ± SEM. 
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Supplemental Figure 2.9 (paired with Figure 2.7).  Response to exogenous 
glucose in Hepatocyte-BDH1-KO mice. (A) 18h fasting IPGTT curve with 
calculated AUC graph in male (1 mg glucose/g body weight) and (B) female (2 mg 

glucose/g body weight) control and KO mice. (n = 8/group). Data presented as 
mean ± SEM. *P <0.05 by repeated measures ANOVA with Sidak’s multiple 

comparisons. 
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Supplemental Figure 2.10 (paired with Figure 2.7). Renal markers of glucose 
homeostasis. (A) Fasting (18h) kidney transcript abundances of Ppargc1a, 
Pparg, Pck1, and Pc, in control and KO mice. (n = 6-7/group). (B) Enrichment of 
fasting kidney TCA cycle intermediates 15 min post [U-13C3]lactate (5 μmol/g body 
weight) injection in control and KO mice (18h fasted) (n = 5-8/group). (C) Fasting 
(18h) kidney transcript abundances of Slc2a1, Slc2a2, Slc5a1, and Slc5a2, in 
control and KO mice. (n = 6-7/group). Data presented as mean ± SEM. *P <0.05 
by Student’s t test. 
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Supplemental Table 2.1. Genotyping primer sequences 

Primer Sequence 5’ to 3’ 

Product band 
size (base pairs) 

WT Mutant 

Bdh1flox Forward TGCAGGAATCAGTGCTCTCTCCTAGCA 
523 697 

Bdh1flox Reverse GGTGTCAGGGCTGAAGGATG 

Alb-Cre Wild type 
Forward 

TGCAAACATCACATGCACAC 

350 

 

Alb-Cre Common 
Reverse 

TTGGCCCCTTACCATAACTG 

390 
Alb-Cre Mutant 
Forward 

GAAGCAGAAGCTTAGGAAGATGG  

 

Supplemental Table 2.2. MS parameters for energy metabolite 

quantification 

Analyte 
Retention 

Time 
(min) 

Molecular ion 
Precursor-product 

transition 

Precursor-
product 

transition 
of Internal 
Standards 

ATP 7.7 [ATP + DBAA + H]+ 637.1548136.0623 

[13C10, 15N5] 
ATP 

652.1735
146.0642 

ADP 7.3 [ADP + DBAA + H]+ 557.1885136.0623 

NAD+ 5.1 [NAD+ + H]+ 664.1164136.0623 

ADPR 
(NADH) 

6.6 [ADPR + DBAA + H]+ 689.2307136.0623 

AMP 6.6 [AMP + DBAA + H]+ 477.2222136.0623 

[13C10, 15N5] 
AMP 

492.2408
146.0642 

Acetyl-
CoA 

8.2 [Acetyl-CoA + H]+ 810.1333303.1379 

[1,2-13C2] 
Acetyl-CoA 
812.1400
305.1446 

Malonyl-
CoA 

8.0 [Malonyl-CoA + H]+ 854.1229303.1379 
[1,2,3,-13C3] 

Malonyl-
CoA 

857.1330
305.1446 

Succinyl-
CoA 

8.1 [Succinyl-CoA + H]+ 868.1385361.1434 

Propionyl-
CoA 

8.4 [Propionyl-CoA + H]+ 824.1487317.1535 
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Supplemental Table 2.3. Gene expression primer sequences 

 

Supplemental Table 2.4. MS parameters for glutamate dehydrogenase 

system metabolite quantification 

Analyte 
Retention 

Time 
(min) 

Molecular ion 
Precursor-

product 
transition 

Precursor-
product 

transition of 
Internal 

Standard 

α-ketoglutarate 5.1 [α-ketoglutarate - H]- 
145.0142101.0243 

N(CE) 30 [U-13C5]glutamine 
150.0787132.0679 

N(CE) 30 
glutamate 5.2 [glutamate - H]- 

146.0459102.0560 
N(CE) 40 

 

 

 

 

Gene Forward Sequence 5’ to 3’ Reverse Sequence 5’ to 3’ 

Hmgcs2 TGGTTCAAGACAGGGACACAGAAC AGAGGAATACCAGGGCCCAACAAT 

Bdh1 TGCAACAGTGAAGAGGTGGAGAAG CAAACGTTGAGATGCCTGCGTTGT 

Ppargc1a CGGAAATCATATCCAACCAG TGAGGACCGCTAGCCAGTTTG 

Pparg AGACAAGATTTGAAAGAAGC CTTCCATCACGGAGAGGTCC 

Pck1 GGAAGGACAAAGATGGCAAGTTC AGGCGTTTTCCTTAGGGATGTAG 

Pc ACAGCACACACACTACCTGCAATG GCAGGCCCTTATTTGGCAAGAGAT 

Acadm TGTTAATCGGTGAAGGAGCAG CTATCCAGGGCATACTTCGTG 

Cpt1a CATGTCAAGCCAGACGAAGA TGGTAGGAGAGCAGCACCTT 

Cpt2 GGCATTGCGTATGCTGTTCACGAT AAGCACTTCTGGACACAGTGGAGA 

Acaca AAGTCCTTGGTCGGGAAGTATACA ACTCCCTCAAAGTCATCACAAACA 

Acacb AACCCACTGTCTTCCAATGACA GAAGGACAACCCATTAGCATCTG 

Acsl1 AACTCGAAGGCCATTCGTAC GATAGATGAACTGTACGCCACC 

Acsl3 AGCGAGATGGAAAATGAGGTC ACTTGAAGGCATCTGTCACC 

Lipc TGGGTTATGACATCCGCAAG GTAAAAGTAGGCTCTACCGGC 

Cd36 GATCCGAACACAGCGTAGATAG GCGACATGATTAATGGCACAG 

Slc2a1 TCGTTGGCATCCTTATTGC ACGAAGACGACACTGAGCAG 

Slc2a2 GTCACTATGCTCTGGTCTCTG CAAGAGGGCTCCAGTCAATG 

Slc5a1 CTTTGAATGGAACGCCTTGG GGACAGAACGGAAAGGTAGATC 

Slc5a2 TGGTTATCGCTGCCTATTTCC ACTGTGCCTCTATTGGTTCTG 

Rpl32 CCTCTGGTGAAGCCCAAGATC TCTGGGTTTCCGCCAGTTT 

Rna18s5 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
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Supplemental Table 2.5. Distribution of genotypes in offspring of Albumin-

Cre+/-, Bdh1flox/flox X Cre-/-, Bdh1flox/flox Crosses. 

Male offspring at weaning Female offspring at weaning 

Genotype Observations 
Expected 

(%) 
Actual 

(%) 
Genotype Observations 

Expected 
(%) 

Actual 
(%) 

Cre -/- 106 50 54 Cre -/- 90 50 51 

Cre +/- 92 50 46 Cre +/- 85 50 49 

p = 0.4569 expected vs. actual using chi-square analysis (n=373) 
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Chapter 3: Reduced hepatic TCA cycle flux, glucose 
production, and liver fibrosis in D-β-hydroxybutyrate 
dehydrogenase hepatocyte-deficient mice maintained on 
NAFLD-inducing diets 

 

Abstract 

Objective: The regulatory roles of ketogenesis and ketone metabolism on liver 

homeostasis and health remain incompletely understood, especially in the context 

of nonalcoholic fatty liver disease (NAFLD). As there is ever increasing interest in 

intermittent fasting, ketogenic diets, and exogenous ketone therapies as possible 

health-promoting agents, we sought to develop a better understanding of the 

metabolic consequences of hepatic ketone body metabolism by focusing on the 

mitochondrial enzyme D-β-hydroxybutyrate dehydrogenase (BDH1), which is 

required for NAD+/NADH-dependent interconversion of ketone bodies. 

Methods:  Using targeted high-resolution liquid chromatography-mass 

spectrometry, dual stable isotope tracer nuclear magnetic resonance 

spectroscopy-based metabolic flux modeling, and complementary physiological 

approaches in hepatocyte-specific knockout mice, we quantified the roles of 

hepatocyte D-β-hydroxybutyrate dehydrogenase (BDH1), in multiple dietary-

induced mouse models of NAFLD.  

Results:  Compared to littermate controls, hepatocyte specific BDH1 deficient 

mice maintained on western-style diet showed diminished liver tricarboxylic acid 

(TCA) cycle flux and impaired gluconeogenesis, but normal overall hepatic energy 
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charge. Insulin sensitivity after acute insulin challenge was enhanced in knockout 

mice, however, no alterations in hepatic or muscle insulin signaling were seen. 

Lastly, the livers of knockout mice maintained on a 60% high fat diet were less 

fibrotic than littermate controls.  

Conclusions:  Ketone bodies, and BDH1 activity, influence liver homeostasis and 

health in the context of NAFLD. Loss of the ability to interconvert ketone bodies in 

hepatocytes results in reduced TCA cycle flux and hepatic glucose production, with 

a beneficial effect on liver fibrosis. Therefore, augmentation of hepatic BDH1 

activity could prove beneficial in the treatment of NAFLD.  

 

3.1 Introduction 

Nonalcoholic fatty liver disease (NAFLD), the most common cause of liver disease 

in Western countries, affecting twenty-five percent of Americans[1; 2], is a multi-

organ condition that includes hepatic fat infiltration alone (simple steatosis) or 

steatosis plus inflammation, liver cell injury (ballooning) and death (nonalcoholic 

steatohepatitis [NASH]). Hepatic steatosis alone (storage of excess 

triacylglycerols in hepatocytes, >5% of liver weight) [3] can be a stable clinical 

condition existing as the hepatic manifestation of obesity-related insulin resistance.  

Cirrhosis due to NASH develops in 2% of all Americans, driven through failed 

attempts to regenerate healthy liver, promoting activated hepatic stellate cells’ 

execution of fibrogenesis, and the risk of hepatocellular carcinoma in NASH 

patients is 2% per year [4]. With no durable pharmaceutical interventions and 
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lifestyle modification remaining the standard of care, a profound need exists for the 

identification of novel therapeutic targets in the treatment of NAFLD [14].  

Mitochondrial dysfunction contributes to NAFLD pathogenesis, with multiple 

studies observing increased hepatic oxidative energy fluxes [i.e., tricarboxylic acid 

(TCA) cycle flux and gluconeogenesis] in obesity and/or NAFLD [16-20]. Oxidative 

flux provides a fate for a portion of excess delivered fat, but does not fully 

compensate for the hepatocyte load, contributing to ectopic fat accumulation. 

Acting as an overflow for the hepatocyte TCA cycle, particularly active when 

carbohydrates are in short supply, hepatic ketogenesis can provide an additional 

fate for excess fat. 

Through a series of reactions requiring the fate-determining enzyme 3-

hydroxymethylglutaryl-CoA synthase 2 (HMGCS2), ketogenesis synthesizes 

acetoacetate (AcAc) from β-oxidation-derived acetyl-CoA [22]. AcAc is then 

reduced to D-β-hydroxybutyrate (βOHB) by the mitochondrial matrix enzyme D-

βOHB dehydrogenase (BDH1), which catalyzes a near-equilibrium reaction 

requiring reduced (NADH) and generating oxidized (NAD+) forms of nicotinamide 

adenine dinucleotide [23; 24; 79]. AcAc and D-βOHB are then released into the 

circulation for extrahepatic terminal oxidation. In livers with simple steatosis, 

ketogenesis is preserved or increased [16-20; 36; 64], while NASH progression in 

humans and animal models correlates with decreased ketogenesis and decreased 

expression of enzymatic mediators of ketone metabolism, before TCA cycle flux 

becomes impaired [17; 20; 64-69]. Additionally, loss of hepatic ketone metabolism 

has been linked increased liver injury and fibrosis [35].   
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Previously, we observed that treatment with exogenous AcAc attenuates 

hepatic fibrosis in wild-type mice fed a fibrogenic diet for 4 weeks, while D-βOHB 

administration modestly exacerbates fibrosis [44]. As the interconversion of AcAc 

and D-βOHB involves an oxidation-reduction (redox) reaction catalyzed by BDH1, 

this result suggests that mitochondrial redox potential, which is predominantly set 

by the NAD+/NADH ratio, may contribute to the fibrotic response. Additionally, we 

have shown that hepatocyte-specific BDH1 loss reduces TCA cycle flux and 

hepatic glucose production in mice maintained on a chow diet [102]. Together, 

these observations suggest that augmentation of hepatic BDH1 activity may be 

beneficial in the treatment of NAFLD. To test this hypothesis, using intersectional 

approaches in physiology and analytical biochemistry of static and dynamic 

metabolic signatures, we quantified the role of hepatic BDH1 on both liver and 

whole-body metabolism with multiple dietary-induced mouse models of NAFLD. 

 

3.2 Materials and Methods 

3.2.1 Animals and diet 

The Institutional Animal Care and Use Committee at the University of Minnesota 

approved all animal experiments. Hepatocyte-specific BDH1 knockout mice 

(Albumin-Cre X Bdh1flox/flox; KO) and Cre-negative (Bdh1flox/flox; Control) littermate 

control mice on a C57BL/6NJ sub-strain hybrid background were generated and 

maintained as previously described [102]. Adult male mice over the age of 14 

weeks were used for all experiments. Prior to experimental diets, mice were 
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maintained on a standard low-fat chow diet (Teklad Global; 2016; 12% kcal fat, 

22% protein, and 66% carbohydrate). NAFLD-inducing diets included a western-

style diet (WD; TD.88137 ; Envigo; 42% kcal fat, 15% protein, 43% carbohydrate; 

0.2% cholesterol by weight), a high fat diet (HFD; D12492; Research Diets; 60% 

kcal fat, 20% protein, 20% carbohydrate), and a choline-deficient, methionine-

limited, high fat diet (CDAHFD; Research Diets; A06071302; 62% kcal fat, 18% 

protein, 21% carbohydrate; 0.1% Methionine by weight with no added choline). 

Mice were placed on NAFLD-inducing diets at 8-10 weeks of age, guaranteeing 

complete hepatocyte deficiency of BDH1 before diet commencement [102]. 

Experiments were conducted after 16-20 weeks on diet. Mice received autoclaved 

water ad libitum and were housed on corncob bedding in groups of 4 with lights off 

between 2000 and 0600 in a room maintained at 22°C. 18h, overnight fasts 

commenced at 1600 with experiments conducted at 1000 the next day. 4h fasts 

commenced at 0900 with experiments conducted at 1300. If mice were used for 

multiple studies, at least 1 week lapsed between experiments.  

3.2.2 Immunoblot 

Whole tissue protein lysates were prepared from frozen tissues and homogenized 

in ten times volume (microliters) to mass protein lysis buffer containing 20 mM Tris, 

150 mM NaCl, 1 mM EDTA, 1% Triton-X 100, protease inhibitors (Roche) and 

phosphatase inhibitors (Sigma) [45]. Protein targets of interest were probed with 

the following primary antibodies: HMGCS2 (Santa Cruz, Sc-33828), BDH1 (Atlas 

Antibodies, HPA030947), pAKT (Ser473), total AKT, pIRβ (Tyr1150/1151), and 

total IRβ (Cell Signaling, 9271, 9272, 3024, and 3020 respectively). Horseradish 
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peroxidase (HRP)-conjugated secondary antibodies included goat anti-rabbit IgG 

and goat anti-mouse IgG (Southern Biotech 4030-05 and 1015-05 respectively). 

Protein loading was assessed by BlotFastStain (G-Biosciences, 786-34). Blots 

were developed using SuperSignal West Pico Plus Chemiluminescent substrate 

(Thermo Fisher, 34577) and imaged using a Bio-Rad ChemiDoc MP imaging 

system. 

3.2.3 Gene expression analysis 

RNA was purified from liver lysates homogenized in RLT buffer (Qiagen) with 1% 

2-Mercaptoethanol using the RNeasy Mini Kit (Qiagen, 74016) following the 

manufacturer’s instructions. Reverse transcripts were generated using Iscript (Bio-

Rad, 1708891) and real-time reverse-transcription polymerase chain reaction (RT-

PCR) was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-

Rad, 172-5274) on a CFX384 Real-Time System (Bio-Rad). Transcripts were 

quantified using the 2-ΔΔCt method. Transcripts were normalized to Rpl32 gene 

expression. Primer sequences used for gene expression analyses are listed in 

Supplemental Table 3.1.  

3.2.4 Ketone body quantification 

Circulating ketones were quantified using a method recently described by our 

group [83]. For serum or perfusion effluent samples, 10 μL of diluted 

serum/perfusion effluent were extracted with 40 μL of cold 1:1 

acetonitrile:methanol containing the internal standards [3,4,4,4-D4]βOHB and [U-
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13C4]AcAc both at 50 μM. Samples were vortexed, and centrifuged at 4°C, 15,000 

x g for 10 min before analyzing the supernatant by UPLC-MS/MS.  

3.3.5 Serum measurements 

Blood was acquired via submandibular bleed for fasting serum measurements. 

Blood glucose measurements were performed in duplicate using two CVS Health 

Advanced glucometers per collection, and the mean was taken. Non-esterified 

fatty acids (NEFA; Fujifilm, HR Series NEFA-HR2), triacylglycerols (TAG; Thermo 

Scientific, TR22421), and cholesterol (Fujifilm, 999-02601 and 993-02501) serum 

measurements were made using colorimetric assays following the manufacturer’s 

instructions. Serum insulin was measured by an ELISA (Millipore Sigma, EZRMI-

13K). All colorimetric assays were quantified using a Biotek Synergy HTX plate 

reader. HOMA-IR values were calculated as (Blood glucose (mg/dL) X Insulin 

(μU/mL)] / 405) [85]. 

3.2.6 Histology 

Following euthanasia by cervical dislocation, mouse liver sections were fixed in 

10% neutral buffered formalin. Formalin tissue embedding, sectioning, and 

staining with hematoxylin and eosin (H&E) or picrosirius red was performed by the 

University of Minnesota Clinical and Translational Science Institute histology core.  

Bright field (for H&E) and polarized light (for picrosirius red) Images were obtained 

using a Leica DM5500 B microscope. Picrosirius red fibrosis staining was 

quantified using ImageJ software (version 1.53c), by obtaining the percent area of 

picrosirius red staining in randomly selected fields at 20X magnification. To 
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quantify only sinusoidal fibrosis, central veins and portal triads were excluded from 

the quantification, thereby excluding collagen juxtaposed to luminal openings of 

the central vasculature [44].   

3.2.7 Metabolic flux studies 

Portal vein perfusions were performed as previously described [36]. Briefly, mice 

were anesthetized with 50 μL of sodium pentobarbital (65 mg/mL, Vortech) 

administered i.p., and once fully unconscious and unresponsive to toe pinch 

(approximately 5 minutes following delivery), the portal vein was exposed and 

cannulated with a 24-gauge catheter needle, the abdominal aorta and inferior vena 

cava cut, and the catheter was firmly tied into the portal vein. The beating heart 

was then exposed, and right atrium cut to prevent recirculation of buffer to the liver 

and to terminate perfusion to the brain. Livers were perfused with an oxygenated, 

glucose-free Krebs-Henseleit buffer, containing 3% 2H2O, 0.1 mM sodium [U-

13C3]propionate, 1.5 mM sodium lactate, 0.15 mM sodium pyruvate, 0.25% 

glycerol, and  a 0.2 mM mix of non-esterified free fatty acids (40% palmitic, 35% 

oleic, 15% linoleic, and 10% palmitoleic acids bound to fatty acid-free BSA) as an 

exogenous fat source. The buffer was prewarmed to 45°C (determined empirically 

to counter heat loss in tubing such that tissue delivery is maintained at 

physiological temperature) in a thermostat-controlled water bath. The buffer 

delivery was maintained at a rate of 8 mL/min using a peristaltic pump for a period 

of 1 hour. The perfusate effluent from the final 30 minutes of the procedure was 

collected and frozen for further processing. Hepatic oxidative fluxes were 

quantified using a 2H-NMR and 13C-NMR based approach as previously detailed 
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[35; 36] by profiling monoacetone [13C/2H] glucose derivatized from hepatic venous 

effluent 13C/2H-labeled glucose. 1H-NMR, as previously described, was used to 

quantify total hepatic glucose and acetate production, and the uniformity of the 

perfusion procedure from separate perfusate effluent aliquots collected every 10 

minutes. Perfusion effluent ketone bodies were quantified by LC-MS/MS as 

described in Section 3.2.4 to determine their rates of production. 

3.2.8 Energy metabolite quantification 

Frozen liver sections (weighed frozen) were homogenized in an 0.4 M perchloric 

acid, 0.5 mM EGTA extraction solution containing [13C10,15N5]ATP sodium salt (100 

µM), [13C10,15N5]AMP sodium salt (100 µM), [1,2-13C2]acetyl-CoA lithium salt (5 

µM), and [1,2,3-13C3]malonyl-CoA lithium salt (5 µM) purchased from Sigma. After 

incubation on ice for 10 min, samples were centrifuged at 15,000 x g for 15 min at 

4°C. The resulting supernatants were neutralized with freshly prepared 0.5 M 

K2CO3, vortexed, and centrifuged at 15,000 x g for 30 min at 4°C. Final extracts 

were then analyzed by LC-MS/MS as previously described [102]. 

3.2.9 Glucose and insulin tolerance tests 

Measurements of blood glucose were performed prior to, and at regular intervals 

following intraperitoneal glucose/insulin injection. For glucose tolerance tests 

(IPGTT), a bolus of a sterile-filtered glucose solution was delivered i.p. to mice at 

1 mg glucose/g body weight for tests following an overnight fast (18h), or 0.8 mg 

glucose/g body weight for tests following a 4h fast. The dosage of glucose for 4h 

fasting experiments was lowered because the 1 mg glucose/g body weight dose 
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resulted in blood glucose readings outside the range of our glucometer. For 

intraperitoneal insulin tolerance tests (IPITT), mice were administered i.p. human 

insulin (Lilly, HI-213) at 2 U/Kg body weight following a 4h fast. 

3.2.10 Quantification of 4-hydroxylalkenal species 

Freeze-clamped liver samples were homogenized in ice-cold 0.1x PBS and protein 

concentrations were determined by bicinchoninic acid (BCA) assay. Per 1 mg of 

protein, 0.7 nmol of 4-hydroxynonenal-d3 (Cayman) internal standard was added 

to the homogenates, which were then extracted using modified Bligh and Dyer 

method [103], dried, and diluted in chloroform/methanol (1/1, v/v). Approximately  

20 µL of extract (equivalent to 400 µL/mg protein) was mixed with 22 µL of 125 

mM carnosine and 250 µL of water, then incubated at 37⁰C for 24h for 

derivatization [104]. Derivatization was ended by adding 1.5 mL of 

chloroform/methanol (1/1, v/v) and 0.5 mL water to the sample. Derivatized 4-

hydroxynonenal species were extracted into the upper aqueous layer after 

centrifugation at 2700 rpm for 5 min. Collected aqueous phase was washed two 

times by addition of chloroform (0.75 mL) each time. Retained aqueous phase 

extracts were evaporated under the nitrogen stream. The residue was 

reconstituted in 100 µL of water/methanol (1:1, v/v). The resulting solution was 

further diluted 20X in methanol/water/formic acid (80/20/0.1, v/v/v) and infused in 

TSQ Quantis mass spectrometer (Thermo, San Jose, CA) equipped with 

automated nanospray device (Triversa Nanomate, Advion Bioscienc Ltd. Ithaca, 

NY). Ionization voltage was maintained at 1.0 kV, and gas pressure at 0.3 psi. A 2 

min full scan period was allowed to obtain stable spray. Analysis was performed in 
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positive ion mode using neutral loss scans of 71.2 and 117.2 with collision energies 

23 and 28 eV, respectively, and collision gas pressure at 1 mTorr. Quantitation of 

4-hydroxynonenal species was obtained by averaging the results determined from 

neutral loss scans of 71.2 and 117.2 in comparison to internal standard using in-

house software.    

3.2.11 Statistical analyses 

Analyses were performed with GraphPad version 9.0.0 software (Prism, San 

Diego, CA) using tests described in the figure legends. P values describe 

comparisons between (or among) group means for measured values, accounting 

for the variances. Confidence intervals (CI, 95%) or percent differences within the 

text define the range spanning fold- or percent differences between groups. 

 

3.3 Results 

3.3.1 Circulating ketones are diminished in hepatocyte-specific BDH1 KO 

mice maintained on a NAFLD-provoking western style diet 

Previously, we showed that hepatic loss of BDH1 reduces total circulating 

ketones and hepatic ketogenesis in mice maintained on a chow diet [102]. To 

determine if these alterations are preserved in a model of NAFLD, male 

hepatocyte-specific BDH1 knockout mice (KO) were fed a western-style diet (WD) 

which has been shown to provoke NAFLD [105]. Hepatic BDH1 knockout on the 

WD was confirmed by hepatic protein (immunoblot) and mRNA abundance 

(Figure 3.1A-B). No significant differences in hepatic HMGCS2 protein (Figure 
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3.1A) or mRNA (Figure 3.1C) expression were seen between control and KO 

mice. Circulating ketones were quantified in the serum of mice following an 18h 

fast. Compared to littermate controls, serum AcAc levels were elevated, albeit not 

significantly, by 31.2 ± 16.4% (p = 0.108) in KO mice, while serum βOHB levels 

were diminished by 71.6 ± 13.9% (p < 0.001), yielding a net decrease of 53.4 ± 

14.0% (p < 0.001) in circulating TKB in KO mice (Figure 3.1D).   

To determine the distribution of ketones produced by the liver, we next 

performed ex-vivo portal vein perfusions in male KO and littermate control mice 

following an 18h fast. Sixty-minute perfusions were conducted using an 

oxygenated, glucose-free Krebs-Henseleit buffer, containing a 0.2 mM mix of non-

esterified free fatty acids (40% palmitic, 35% oleic, 15% linoleic, and 10% 

palmitoleic acids bound to fatty acid-free BSA) as an exogenous fat source. The 

hepatic venous effluent was collected and used for LC-MS/MS ketone 

quantification. Livers of KO mice produced AcAc at a rate 3.9-fold (95% CI 2.8 - 

5.6, p < 0.01) greater than livers from littermate controls, while βOHB production 

was approaching zero at a rate of 0.010-fold (95% CI 0.007 – 0.014, p < 0.0001) 

that of littermate controls (Figure 3.1E). However, the TKB production rate in livers 

of KO mice was comparable to littermate controls at a rate of 0.8-fold (95% CI 0.6 

– 1.1, p = 0.2433).  

Mirroring what we previously saw in chow fed mice [102], the [AcAc]/[βOHB] 

ratio in hepatic venous effluent [112.8 (± 17.3)-to-1] from livers of perfused KO 

mice (Figure 3.1E) was discordant from that of the circulating ketone pool [1.01 (± 

0.05)-to-1] in these mice (Figure 3.1D), whereas hepatic venous effluents from 
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perfused livers of littermate control mice showed [AcAc]/[βOHB] ratios [0.25 (± 

0.04)-to-1] that were much more concordant with circulating ratios [0.21 (± 0.01)-

to-1]. The recovery of [AcAc]/[βOHB] ratios in the circulation of Hepatocyte-BDH1-

KO mice maintained on western diet suggests the continued presence of 

extrahepatic ketone equilibration [102]. 

Fasting body weights (34-week-old mice), weight gained (tracked for first 

18 weeks of diet), and fasting liver weights were similar between control and KO 

mice maintained on WD (Figure 3.2A-C),  with no significant differences in fasting 

serum levels of triacylglycerols (TAG), non-esterified fatty acids (NEFA), or 

cholesterol (Figure 3.2D-F). Additionally, no hepatic morphological differences 

were observed in hematoxylin and eosin-stained liver sections obtained from 

control and KO mice that were fasted for 18h prior to tissue harvest (Figure 3.2G). 

In cohorts of mice maintained on either a 60% high fat diet (HFD; Supplemental 

Figure 3.1A-G) or choline deficient, methionine-limited high fat diet (CDAHFD; 

Supplemental Figure 3.2A-F), KO mice were also phenotypically similar to 

littermate controls with a few noted exceptions. KO mice maintained on HFD 

showed a trending increase of 21.8 ± 9.1% (p = 0.061) and a significant increase 

of 52.1 ± 17.1% (p < 0.05) in 18h fasting circulating TAG and NEFA respectively 

(Supplemental Figure 3.1D-E). Although their weight trajectories were similar 

over the course of the diet, following an 18h fast, KO mice maintained on CDAHFD 

weighed significantly more than littermate controls (24.7 ± 0.2 vs. 23.2 ± 0.6 

respectively, p < 0.05; Supplemental Figure 3.2A), with increases in 18h fasting 

circulating TAG (36.4 ± 10.0%, p < 0.01) and both ester (58.8 ± 19.5%, p < 0.05) 
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and total cholesterol (28.9 ± 11.9%, p < 0.05) species (Supplemental Figure 3.2C 

& E).    

3.3.2 Loss of hepatic BDH1 diminishes total hepatic glucose production 

without altering liver energy charge in mice maintained on a NAFLD-

provoking western-style diet. 

Our previous work using ex-vivo 60-minute portal vein perfusions, utilizing the 

medium chain fatty acid octanoate as an exogenous fat source, revealed that 

hepatic loss of BDH1 reduces both TCA cycle flux, and phosphoenolpyruvate 

sourced gluconeogenesis in 18h overnight-fasted mice. We therefore 

hypothesized that loss of hepatic BDH1 could beneficially reduce the increased 

hepatic glucose production (HGP) that is associated with NAFLD [106; 107]. To 

test this hypothesis, ex-vivo 60-minute portal vein perfusions were performed on 

littermate control and Hepatocyte-BDH1-KO mice maintained on WD following an 

overnight fast. Perfusions were performed using oxygenated Krebs-Henseleit 

buffer lacking glucose, but containing unlabeled 0.2 mM mix of non-esterified free 

fatty acids (40% palmitic, 35% oleic, 15% linoleic, and 10% palmitoleic acids bound 

to fatty acid-free bovine serum albumin) as an exogenous fat source, and flux 

tracers 3% 2H2O and 0.1 mM sodium [U-13C3]propionate, then collecting the 

hepatic venous effluent. After quantification of total HGP using 1H-NMR, the 

hepatic 13C/2H–labeled glucose pool was extracted and converted to monoacetone 

glucose, from which 2H- and 13C-NMR spectra were collected, allowing hepatic 

oxidative fluxes and glucose sourcing to be determined.  
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TCA cycle flux in livers of KO mice was diminished to 0.7-fold (95% CI 0.5 

- 0.9, p < 0.05) that of littermate controls (Figure 3.3A) with corresponding 

decreases in the rates of anaplerosis, (0.6-fold, 95% CI 0.4 - 0.7, p < 0.001, Figure 

3.3B), and pyruvate cycling (0.6-fold, 95% CI 0.4 - 0.9, p < 0.01, Figure 3.3C). 

Total HGP was decreased to 0.7-fold (95% CI 0.6 - 0.9, p < 0.01, Figure 3.3D) 

that of controls in KO mice, with significant decreases in the both the contribution 

of phosphoenolpyruvate (PEP, i.e., TCA cycle-sourced, 0.5-fold, 95% CI 0.4 - 0.7, 

p < 0.0001, Figure 3.3E), and glycogenolysis (0.7-fold, 95% CI 0.6 - 0.9, p < 0.05, 

Figure 3.3F) to HGP. Additionally a trending decrease in glycerol flux (0.7-fold, 

95% CI 0.5 – 1.0, p = 0.0546, Figure 3.3G) to HGP was also observed. Strikingly, 

given that the experiments were performed following an 18h fast, glycogen 

remained the major contributor to total HGP for both KO (53.9 ±2.2%) and control 

(51.6 ± 2.8%) mice (Figure 3.3H). Glycerol contributed 36.5 ± 2.1% and 35.8 ± 

2.7% of total HGP for KO and control mice respectively. Neither of these 

contributes, as percentages of total HGP, varied between KO and control mice. 

However, the percentage contribution of PEP sourced glucose to total HGP was 

significantly smaller KO mice (9.6 ± 0.9% versus 12.7 ± 0.7% in controls, p < 0.05).  

 Given the reductions in oxidative fluxes in KO mice, we next assessed if KO 

mice maintained on WD would maintain liver energy charge. Echoing our previous 

assessments using a chow diet [102], static whole, liver tissue concentrations of 

AMP, ADP, ATP, NAD+, and NADH, measured by LC-MS/MS using authentic 

internal standards [84] from unperfused livers of fasting mice, showed no 

differences between genotypes (Figure 3.4A-B), resulting in comparable 
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NAD+/NADH and EC ratios (Figure 3.4C). Additionally, no differences in whole 

liver tissue Acyl CoA species were observed between KO and control mice (Figure 

3.4D). Lastly no differences in gene expression on a panel of metabolism genes, 

including Ppargc1a, Pparg, Pck1, Pc, Cpt1a, Cpt2, Acaca, Acacb, Acadm, Acadl, 

Acsl1, Acsl3, Lipc, and Cd36 were seen between KO and control mice (Figure 

3.4E).  

3.3.3 Alternated whole body glucose homeostasis in Hepatocyte-BDH1-KO 

mice maintained on a western-style diet.  

Given the impairment of hepatic gluconeogenesis in KO mice (Figure 3.3D), we 

next wanted to determine whether loss of hepatocyte BDH1 also affects whole-

body glucose homeostasis in mice maintained on a western-style diet. While 4h 

fasting blood glucose levels were significantly higher in KO mice,  (212.2 ± 9.0 

mg/dL versus 183.4 ± 7.3 mg/dL in controls, p < 0.05, Figure 3.5A),18h fasting 

blood glucose levels in male KO mice were only modestly, and not significantly, 

elevated over controls (Figure 3.5B). 18h fasting serum insulin showed a trending 

decrease in KO mice (4.1 ± 0.7ng/mL versus 6.8 ± 1.2 ng/mL in controls, p = 

0.0751, Figure 3.5C), and calculated HOMA-IR (Figure 3.5D) was similar between 

control and KO mice. To assess glycemic excursion after an exogenous glucose 

load, we performed a fasting (18h) i.p. glucose tolerance test (IPGTT). Area of the 

curve (AOC) analysis showed a trending improvement in glucose tolerance 

(increasing AOC corresponding to less glucose tolerance), with the AOC of KO 

mice 0.8 fold (95% CI 0.6 – 1.0, p = 0.073, Figure 3.5E) that of controls. To 

determine the ability of these mice to defend glycemia after an insulin challenge, 
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we performed a fasting (4h) i.p. insulin tolerance tests (IPITT). The acute response 

to insulin in KO mice was more pronounced (compare the initial curve slopes in 

Figure 3.5F) resulting in a significantly higher AOC (increasing AOC 

corresponding to increased insulin sensitivity) in KO mice of 2.0 fold (95% CI 1.4 

– 2.8, p < 0.001) that of controls. Taken that serum levels of insulin were 

comparable following the IPITT (Figure 3.5G), this increase in AOC suggests 

improved whole body insulin sensitivity in KO mice when compared with controls.   

 With this result, suggesting improved systemic insulin sensitivity in KO mice, 

we next looked for molecular evidence of alterations in insulin signaling in both 

liver and muscle (gastrocnemius) tissue of KO mice. Following a 4h fast, mice were 

injected with either insulin (2 U/Kg body weight) or vehicle (saline) and tissues 

were harvested (post cervical dislocation euthanasia) 10 minutes post injection. 

Following insulin treatment, levels of AKT phosphorylation were similar between 

KO and control mice in both liver and gastrocnemius tissues (Figure 3.6A-B). 

Additionally, no differences in insulin receptor beta (IRβ) phosphorylation were 

seen between KO and control mice in both liver and gastrocnemius tissues (Figure 

3.6C-D). Together, these results suggest that alterations in insulin signaling, either 

in liver or gastrocnemius tissue, are not responsible for the improvement in whole 

body insulin sensitivity seen in KO mice.  

3.3.4 Loss of hepatic BDH1 reduces markers of fibrosis and oxidative stress 

in mice in models of NAFLD 

As alterations in ketone body metabolism have been shown to worsen fibrosis in 

mouse models of NAFLD [35; 44], we next determined the impact of hepatic BDH1 
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loss on liver fibrosis in mice maintained on either a WD or HFD. Assessment of 

liver fibrosis using picrosirius red staining revealed similar levels of fibrosis in KO 

and control animals maintained on WD (Supplemental Figure 3.3A). However, in 

mice maintained on a HFD, KO animals qualitatively appeared to have less fibrotic 

livers (Figure 3.7A). In comparing 20X fields, quantitative assessment of 

picrosirius red-positive area revealed significantly decreased fibrosis (56.1 ± 0.1% 

reduction, p < 0.0001) in fields obtained from KO mice when compared with 

controls (left graph, Figure 3.7B). When taking the average field per mouse, 

levels of fibrosis remained reduced (56.1 ± 0.3% reduction, p = 0.0630) in KO mice, 

however this result was not quite statistically significant (right graph, Figure 

3.7B).  

 Complementing these results, transcript abundances of the fibrotic gene 

markers Col1a1 (0.25-fold, 95% CI 0.04 – 0.65, p < 0.01) and Col3a1 (0.4-fold, 

95% CI 0.02 – 0.7, p < 0.05) were both significantly reduced, in addition to 

nonsignificant reductions in Col4a1 and Acta2, in the livers of KO mice maintained 

on a HFD (Figure 3.7C). However, none of these markers of liver fibrosis varied 

between KO and control mice maintained on a WD (Supplemental Figure 3.3B). 

With reductions in fibrosis seen on the HFD, we next assessed markers of 

oxidative stress, and found a significant reduction (0.5-fold, 95% CI 0.3 – 0.9, p < 

0.01) in Nox2 gene expression in the livers of KO mice on HFD (Figure 3.7D). 

Additionally, although no differences in Nox2 gene expression were seen between 

KO and control mice on WD (Supplemental figure 3.3C), a shotgun lipidomics-

based quantification of 4-hydroxyalkenal species, a class of peroxidative products 
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of polyunsaturated acids [104], revealed a significant reduction (23.9 ± 16.8%, p < 

0.05) in 4-hydroxy-2E-nonenal (HNE) in KO mice when comparted with controls 

(Supplemental Figure 3.3D).  

Lastly, qualitative assessment of liver fibrosis using picrosirius red staining 

suggested less liver fibrosis in KO mice maintained on CDAHFD when compared 

with controls (Supplemental Figure 3.4). Furthermore, out of the 8 control animals 

assessed, 2 (25%) had liver tumors (presumably hepatocellular carcinoma) at time 

of harvest, whereas no tumors were seen in KO livers (0 out of 8), suggesting a 

protective effect of hepatic BDH1 loss on the fibrosis-to-tumor-formation 

progression. Although not definitive, these results, using multiple dietary models 

of NAFLD, suggest that hepatic specific loss of BDH1 may be beneficial in reducing 

fibrosis, oxidative stress, and the progression to tumor formation in NAFLD.     

 

3.4 Discussion 

Using high-resolution LC-MS/MS, dual isotope tracer NMR spectroscopy, and 

integrated physiological approaches in hepatocyte-specific BDH1 knockout mice, 

our results reveal new insights into the role hepatic BDH1 in NAFLD. In mice 

maintained on a NAFLD-inducing WD, hepatocyte-specific loss of BDH1 

diminished total circulating ketone concentrations. While circulating AcAc levels 

were similar to controls, KO mice showed large decreases in both circulating βOHB 

and TKB levels in the 18h fasting state. Long chain fatty acid perfusion studies 

showed similar rates of liver TKB production, however KO mice almost exclusively 
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exported AcAc, whereas the majority of the AcAc produced by livers of control 

mice is reduced to D-βOHB before its export from the liver.  

Together, the decrease in circulating ketone concentrations in Hepatocyte-

BDH1-KO mice, in the context of near normal liver TKB production, suggests 

increased ketone clearance by extrahepatic tissues [80; 102], which could possibly 

be explained by increased substrate availability. Normally, the liver releases 

substantially less AcAc than βOHB than into the circulation ([AcAc]/[βOHB] ratio of 

[0.25 (± 0.04)-to-1] for control mice in this study). Whereas all extrahepatic tissues 

are capable of utilizing AcAc, only a subset express BDH1, such as heart, muscle, 

and kidney, meaning βOHB utilization is more restricted. By increasing the 

availability of circulating AcAc, hepatocyte-specific BDH1 loss, shifts the balance 

of circulating ketones, allowing for increased usage by the extrahepatic tissues that 

cannot utilize βOHB.  

We previously showed that hepatocyte-specific BDH1 loss reduced TCA 

cycle flux, and TCA cycle-soured gluconeogenesis in chow fed mice. Here, our 

perfusion studies, utilizing long-chain fatty acids as an exogenous fat source, 

showed that these reductions remain in Hepatocyte-BDH1-KO mice maintained on 

a WD. Additionally, a significant reduction in total HGP was seen, suggesting that 

the reductions in HGP conferred by hepatocyte-specific BDH1 loss are more 

pronounced with WD feeding. Without BDH1, liver mitochondria have lost a conduit 

to re-generate NAD+ from NADH. Impairment in TCA cycle flux, and the 

corresponding decreases in gluconeogenesis, both observed in livers of KO mice, 

most likely results primarily a consequence of this redox perturbation. It is also 
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possible that without BDH1, liver mitochondria could retain more NADH, 

decreasing the demand for oxidative metabolism in the liver.  

As BDH1 is one of several mitochondrial dehydrogenases [24; 87], loss of 

BDH1 in hepatocytes may provoke compensations that protect against more 

pronounced abnormalities of redox homeostasis. Indeed, while hepatic TCA cycle 

flux was diminished in livers lacking BDH1, overall energy balance fell within 

normal limits, and energy charge and whole liver tissue redox were normal. To 

determine these compensations and therefore fully understand the redox effects 

of BDH1 loss on hepatocyte mitochondria, dynamic measurements of specific 

mitochondrial dehydrogenase activities against incrementally controlled variations 

of energy charge will be required. 

The perfused liver model employed herein, utilizing a mix of long-chain fatty 

acids, better reflects the physiological fatty acid supply sampled by hepatocytes in 

vivo, than our previous studies, which utilized the carnitine palmitoyltransferase–

independent medium chain fatty acid, octanoate. This difference in experimental 

design, precludes a perfect comparison with our previous study utilizing 

Hepatocyte-BDH1 KO mice maintained on a chow diet, and any oxidative flux 

comparisons between these datasets must consider fuel source as a potential 

variable. Nonetheless, reductions in TCA cycle flux and HGP in Hepatocyte-BDH1 

KO mice have now been shown not only in two dietary states, but also with two 

different exogenous fuel sources, further supporting the validity of these 

alterations.   
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Comparable to our previous study using chow-fed mice, hepatocyte-specific 

loss of BDH1 alters systemic glucose homeostasis in WD-fed mice. Although 18h 

fasting HGP is reduced in KO mice maintained on WD, 18h fasting glucose is 

maintained with a trending decrease in 18h fasting insulin. Additionally systemic 

insulin sensitivity, as assessed by IPITT is increased in KO mice, although this 

increase could not be linked to differences in either hepatic or muscle insulin 

signaling. The insulin-stimulated drop in glycemia, in the IPITT, could therefore be 

due to greater glucose uptake in other tissues, such as heart, brain. With the 

complexity of whole body Insulin sensitivity, experiments in isolated tissues might 

not be able to fully explain the systemic effects.  

In addition to the elevations in 4h fasting blood glucose in KO mice 

maintained on WD, multiple models of insufficient hepatic ketogenesis have shown 

mild elevations in fasting blood glucose. A recent report of whole body BDH1 

knockout mice showed higher blood glucose after a 48h starvation [34]. HMGCS2 

knockdown results in mild hyperglycemia, and increased HGP from pyruvate [35; 

36]. With extended periods of fasting, hepatic fat oxidation by the liver normally 

increases ketone production, which can then be utilized by tissues, such as the 

brain, which oxidizes fat much less avidly compared to the liver, heart, or skeletal 

muscle. With programmed deficits in hepatic ketone production, the brain loses a 

primary fuel source during fasting [27]. Perhaps due to high energy requirements 

in human brains (relative to mouse), ketogenic insufficiency is not as well tolerated 

by fasting humans and yields severe hypoglycemia [108]. However, based on prior 

studies of HMGCS2 deficiency in mice [35], and the studies performed herein, 
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ketogenic insufficiency likely provokes compensatory mechanisms that preserve 

glycemia in mice. Nonetheless, further study is needed to fully understand the link 

between ketogenic insufficiency and glucose homeostasis at both liver and whole-

body levels.  

By far the most exciting results from this study were the evidence 

suggestive that hepatocyte-specific loss of BDH1 might slow disease progression 

in NAFLD. In the HFD model, reduced hepatic fibrosis with hepatocyte-specific 

BDH1 loss was evident in picrosirus red-stained liver sections. There was evidence 

of less oxidative stress with hepatocyte-specific BDH1 in both the HFD model 

(Nox2 expression) and WD model (HNE quantification). Furthermore, whereas 

hepatic tumors were seen in 25% of littermate controls maintained on CDAHFD, 

none were seen in KO mice. Further study will be required to determine the 

mechanisms behind these beneficial effects of hepatocyte-specific loss of BDH1. 

It is possible that the decrease in fibrosis and oxidative stress could be due to the 

redox implications of hepatic BDH1 loss. However, as Hepatocyte-BDH1 KO mice 

maintain whole liver energy charge and NAD+/NADH ratio, a global change in 

redox explaining the fibrosis phenotype is less likely. Nevertheless, compensation 

mechanism to maintain total energy charge and redox state might contribute to the 

fibrosis phenotype, and dynamic mitochondrial redox measurements will be 

needed to determine this.         

  Another possible explanation for the improved fibrosis in KO mice could 

be from the altered ketone concentrations in the liver sinusoid. We previously 

observed that treatment with exogenous AcAc attenuates hepatic fibrosis in wild-
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type mice fed a fibrogenic diet for 4 weeks, while D-βOHB administration modestly 

exacerbates fibrosis [44]. Without BDH1, the liver sinusoidal environment has 

increased AcAc availability, affording non-hepatocyte sinusoidal cells, for instance 

stellate cells and macrophages, with an additional fuel source. Conversely 

decreased BOHB availability could be beneficial. Furthermore, AcAc and βOHB 

each confer distinct signaling effects through unique G protein coupled receptor 

targets, components of the immune and inflammatory signaling systems, 

cytoplasmic signal transduction cascades, as well as post-translational histone 

modification [54; 109; 110]. Therefore, the improvement in fibrosis seen with 

hepatocyte-specific BDH1 loss could be the result of a distinct signaling outcome 

attributable to the preservation/enhancement of AcAc signaling and loss of βOHB 

signaling.  

The study herein utilized three different NAFLD-including diets, each with 

differing degrees of fibrotic progression. The WD had the lowest fat content (42% 

Kcal fat), with a much higher proportion of kcals from carbohydrates (43%), 

possibly explaining why glycogen remains the primary source of gluconeogenesis 

in these mice. With its higher fat content (60% kcal fat), the HFD was likely more 

ketogenic, possibly explaining why a clearer effect on fibrosis was seen in this diet, 

but not as evident with the WD. Mice maintained on CDAHFD, which had 

comparable macronutrients to the HFD but with no choline and limited methionine, 

gained little to no weight over the course of the diet, contrasting with what has been 

shown previously [111]. Although it did confer a progressive NAFLD/NASH liver 

phenotype, the CDAHFD was not obesogenic, and this distinction must be 
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considered when interpreting the present results. The subtle, and sometimes 

pronounced, differences between these diets highlight the variability that can exist 

between studies using different diet-induced mouse models of NAFLD [112]. 

Therefore, without one perfect model system, hypotheses should be investigated 

utilizing multiple models before definitive conclusions are made.    

In conclusion, ketone bodies, and BDH1 activity, influence liver 

homeostasis and health in the context of NAFLD. Loss of the ability to interconvert 

ketone bodies in hepatocytes results in reduced TCA cycle flux and glucose 

production, increased systemic insulin sensitivity, and a beneficial effect on liver 

fibrosis, all with minimal overall effect on liver energy charge. Therefore, 

augmentation of hepatic BDH1 activity could prove beneficial in the treatment of 

NAFLD. Future studies that quantify the impact of hepatocyte BDH1 in additional 

metabolic contexts, such as response to exogenous ketone body supplements, 

exercise, or intermittent fasting, may provide further insight into the roles of ketone 

body-governed mitochondrial redox homeostasis in metabolic physiology.  

 

 

 

 

 



96 
 

 

Figure 3.1. Diminished circulating ketones and impaired hepatic ketogenesis 
in hepatocyte-specific BDH1 KO mice maintained on a NAFLD-provoking 
western style diet. (A) Immunoblots of HMGCS2, BDH1, and protein loading 
obtained from liver protein lysates of fasting (18hr) littermate control (Bdh1flox/flox) 
and Hepatocyte-BDH1-KO (Albumin-Cre X Bdh1flox/flox) mice maintained on a 
western-style diet (n = 8/group). (B) Fasting liver transcript abundances of Bdh1 
and (C) Hmgcs2 in control and KO mice (n = 11-12/group). (D) Fasting serum 
ketones (μM; n = 11-12/group). (E) Liver ketone production, quantified by LC-MS 

of hepatic venous effluent from 60-min portal vein perfusion using an oxygenated 
buffer containing 0.2 mM unlabeled mix of non-esterified free fatty acids as 
exogenous fat from 18h fasted mice (μmol/min/g liver; n = 9-12/group). Data 
presented as mean ± SEM. ****P <0.0001 by Student’s t test or by two-way 

ANOVA with Sidak’s multiple comparisons. 
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Figure 3.2. In mice maintained on a western-style diet, fasting body weights 
and circulating lipids do not differ with hepatic BDH1 loss. (A) Fasting (18h) 
body weight (g), (B) weight gain (g), (C) liver weight (g), (D) serum triacylglycerols 
(TAG; mg/dL), (E) non-esterified fatty acids (NEFA, mmol/L) and (F) free, ester-
bound, and total circulating cholesterol (mg/dL) in fasting male control and KO 
mice (n = 10-12/group). (G) Representative H&E staining of liver sections from 

fasting control and KO mice. Data presented as mean ± SEM. Scale bars = 50 μm. 
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Figure 3.3. Loss of hepatic BDH1 diminishes hepatic oxidative fluxes in mice 
maintained on a western-style diet. (A) TCA cycle flux, (B) anaplerosis flux, (C) 
pyruvate cycling, (D) hepatic glucose production, (E) phosphoenolpyruvate (PEP)-
supported (TCA cycle-sourced) flux to gluconeogenesis, (F) glycogenolysis flux to 
hepatic glucose production, and (G) glycerol flux to hepatic glucose production 

quantified by 13C-, 2H-, and 1H-NMR, from perfusions using an oxygenated buffer 
containing 0.2 mM unlabeled mix of non-esterified free fatty acids, 3% 2H2O, and 
0.1 mM sodium [U-13C3]propionate in fasting (18hr) control and KO mice 
(μmol/min/g liver; n = 9-11/group). (H) Relative contributions of PEP, glycogen, 

and glycerol to hepatic glucose production, imputed from data presented in panels 
D-G. Data presented as mean ± SEM. *P <0.05; **P <0.01; ***P <0.001 ****P 

<0.0001 by Student’s t test. 
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Figure 3.4. Preserved liver energy charge in Hepatocyte-BDH1-KO mice 
maintained on a western-style diet. (A) LC-MS-determined static quantities of 
liver AMP, ADP, ATP and (B) NAD+ and NADH in fasting (18hr) control and KO 
mice (nmol/g liver; n = 11-12/group). (C) Whole liver NAD+/NADH and energy 
charge (EC) ratios calculated from data presented in A-B. (D) Measured static 
quantities of whole liver (nmol/g liver) total acetyl-CoA, succinyl-CoA, malonyl-
CoA, and propionyl-CoA in fasting control and KO mice (n = 11-12/group). (E) 
Transcript abundances of Ppargc1a, Pparg, Pck1, Pc, Cpt1a, Cpt2, Acaca, Acacb, 
Acadm, Acadl, Acsl1, Acsl3, Lipc, and Cd36 from livers of fasting control and KO 
mice. (n = 11-12/group). Data presented as mean ± SEM. 
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Figure 3.5. Altered glucose homeostasis in Hepatocyte-BDH1-KO mice 
maintained on a western-style diet. (A) 4hr fasting blood glucose (mg/dL) in 
control and KO mice (n = 10-12/group). (B) 18hr fasting serum measures of 
glucose (mg/dL), (C) insulin (ng/mL), and  (D) HOMA-IR in control and KO mice (n 
= 10-12/group). (E) 18h fasting IPGTT (1 mg glucose/g body weight) and (F) 4hr 
fasting IPITT (2 U/Kg body weight) curves with calculated AOC graphs in control 
and KO mice. (n = 11-12/group). (G) Post IPITT serum insulin (ng/mL) in control 
and KO mice. (n = 11-12/group). Data presented as mean ± SEM. *P <0.05; ***P 

<0.001 by Student’s t test. 
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Figure 3.6. Insulin signaling in Hepatocyte-BDH1-KO mice maintained on a 
western-style diet remains comparable to controls. (A) Immunoblots of 
phosphorylated AKT (pAKT), total AKT, and protein loading obtained from 4hr 
fasting liver and (B) gastrocnemius protein lysates of control and KO mice 10 min 
post insulin (2 U/Kg body weight) or saline vehicle injection (n = 4/group). (C) 

Immunoblots of phosphorylated IRβ (pIRβ), total IRβ, and protein loading obtained 
from 4hr fasting liver and (D) gastrocnemius protein lysates of control and KO mice 

10 min post insulin (2 U/Kg body weight) or saline vehicle injection (n = 4/group). 
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Figure 3.7. Loss of hepatic BDH1 reduces markers of fibrosis in mice 
maintained on a 60% high fat diet. (A) Representative picrosirius red staining of 
liver sections from control and KO mice maintained on a 60% HFD. (B) 

Quantification of picrosirius red-positive area (%area/20X field) for all fields 
obtained (left, n = 120-150/group) and mouse averages (right n = 4-5/group) in 
control and KO mice. (C) Transcript abundances of fibrotic markers Col1a1, 
Col3a1, Col4a1, and Acta2, and (D) oxidative stress marker Nox2 from livers of 

control and KO mice. (n = 5-7/group). Scale bars = 50 μm.  Data presented as 
mean ± SEM. *P <0.05; **P <0.01; ****P <0.0001 by Student’s t test or by two-way 

ANOVA with Sidak’s multiple comparisons. 
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Supplemental Figure 3.1 (paired with Figure 3.2). Body weight and circulating 
lipid assessment in Hepatocyte-BDH1-KO mice maintained on a 60% high fat 
diet. (A) Fasting (18hr) body weight (g) and (B) weight gain (g), in control and KO 
mice maintained on a 60% HFD (n = 11-14/group). (C) Liver weight (g), (D) serum 
triacylglycerols (TAG; mg/dL), (E) non-esterified fatty acids (NEFA, mmol/L) and 
(F) free, ester-bound, and total circulating cholesterol (mg/dL) in fasting control and 
KO mice (n = 5-7/group). (G) Representative H&E staining of liver sections from 
fasting control and KO mice. Scale bars = 50 μm. Data presented as mean ± SEM. 

*P <0.05 by Student’s t test. 
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Supplemental Figure 3.2 (paired with Figure 3.2). Body weight and circulating 
lipid assessment in Hepatocyte-BDH1-KO mice maintained on a choline-
deficient, methionine-limited high fat diet. (A) Fasting (18h) body weight (g), 
(B) weight gain (g), (C) serum triacylglycerols (TAG; mg/dL), (D) non-esterified 
fatty acids (NEFA, mmol/L) and (E) free, ester-bound, and total circulating 
cholesterol (mg/dL) in fasting control and KO mice maintained on CDAHFD (n = 
8/group). (F) Representative H&E staining of liver sections from fasting control and 
KO mice. Data presented as mean ± SEM. Scale bars = 50 μm. *P <0.05; **P 

<0.01 by Student’s t test. 



105 
 

 

 

Supplemental Figure 3.3 (paired with Figure 3.7). Markers of fibrosis and 
oxidative stress in Hepatocyte-BDH1-KO mice maintained on a western-style 
diet. (A) Representative picrosirius red staining of liver sections from control and 
KO mice maintained on WD. (B) Transcript abundances of fibrotic markers Col1a1, 
Col3a1, Col4a1, and Acta2, and (C) oxidative stress marker Nox2 from livers of 
control and KO mice. (n = 11-12/group). (D) Shotgun lipidomics-based 

quantification of the 4-hydroxyalkenal species 4-hydroxy-nondienal (HNDE), 4-
hydroxy-2E-hexenal (HHE), 4-hydroxy-2E-nonenal (HNE), and 4-hydroxy-
dodecatrienal (HDTE) in the livers of control and KO mice. Scale bars = 50 μm.  
Data presented as mean ± SEM. *P <0.05 by two-way ANOVA with Sidak’s 

multiple comparisons 
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Supplemental Figure 3.4 (Paired with Figure 3.7). Assessment of fibrosis in 
Hepatocyte-BDH1-KO mice maintained on a choline-deficient, methionine-
limited high fat diet. Representative picrosirius red staining of liver sections 

from control and KO mice maintained on CDAHFD. Scale bars = 50 μm. 
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Supplemental Table 3.1. Gene expression primer sequences 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Forward Sequence 5’ to 3’ Reverse Sequence 5’ to 3’ 

Hmgcs2 TGGTTCAAGACAGGGACACAGAAC AGAGGAATACCAGGGCCCAACAAT 

Bdh1 TGCAACAGTGAAGAGGTGGAGAAG CAAACGTTGAGATGCCTGCGTTGT 

Ppargc1a CGGAAATCATATCCAACCAG TGAGGACCGCTAGCCAGTTTG 

Pparg AGACAAGATTTGAAAGAAGC CTTCCATCACGGAGAGGTCC 

Pck1 GGAAGGACAAAGATGGCAAGTTC AGGCGTTTTCCTTAGGGATGTAG 
Pc ACAGCACACACACTACCTGCAATG GCAGGCCCTTATTTGGCAAGAGAT 

Cpt1a CATGTCAAGCCAGACGAAGA TGGTAGGAGAGCAGCACCTT 

Cpt2 GGCATTGCGTATGCTGTTCACGAT AAGCACTTCTGGACACAGTGGAGA 

Acaca AAGTCCTTGGTCGGGAAGTATACA ACTCCCTCAAAGTCATCACAAACA 
Acacb AACCCACTGTCTTCCAATGACA GAAGGACAACCCATTAGCATCTG 

Acadm TGTTAATCGGTGAAGGAGCAG CTATCCAGGGCATACTTCGTG 

Acadl CAGTTGCATGAAACCAAACG GAGTTGCACACATTCATAAGC 

Acsl1 AACTCGAAGGCCATTCGTAC GATAGATGAACTGTACGCCACC 

Acsl3 AGCGAGATGGAAAATGAGGTC ACTTGAAGGCATCTGTCACC 
Lipc TGGGTTATGACATCCGCAAG GTAAAAGTAGGCTCTACCGGC 

Cd36 GATCCGAACACAGCGTAGATAG GCGACATGATTAATGGCACAG 

Col1a1 TGCTTCGTGTAAACTCCCTC TTGTTCGTCTGTTTCCAGGG 

Col3a1 GAAGTCTCTGAAGCTGATGGG TTGCCTTGCGTGTTTGATATT 

Col4a1 AGACCATTCAGATTCCGCAG CGCTTCTAAACTCTTCCAGACAG 
Acta2 CCGCAAATGCTTCTAAGTCC TTTGGGCAGGAATGATTTGG 

Nox2 AGAGCATCTCCAACTCAGAATCCG ACACTGGTTTCCTGGTGAAAGAGC 

Rpl32 CCTCTGGTGAAGCCCAAGATC TCTGGGTTTCCGCCAGTTT 
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Chapter 4: Conclusions and future directions 

 

With the use of high-resolution LC-MS/MS, dual isotope tracer NMR spectroscopy, 

and integrated physiological approaches in novel hepatocyte specific BDH1 

knockout mice, this thesis has revealed new insights into the role of hepatic BDH1 

in ketone body metabolism and liver health. Likewise, a host of new questions have 

emerged. Here, the main conclusions from this work are summarized and future 

directions are discussed.  

4.1 Distinct effects of exogenous AcAc versus D-βOHB on circulating 

ketones and liver redox 

Rather than remaining in circulation until terminal ketolysis, exogenously 

administered AcAc is first reduced to D-βOHB in a BDH1-dependent manner by 

the liver and other BDH1-expressing tissues. Furthermore, exogenously 

administered AcAc can transiently increase static liver NAD+/NADH ratios. 

Conversely, bolus-delivered D-βOHB does not as readily equilibrate in the 

circulation to the same extent as AcAc.  

The mechanisms and utility behind these differences remain unknown, and 

can only be speculated upon. Perhaps this is a homeostatic response to maintain 

the normal circulating ratio of AcAc to D-βOHB. However, if this were the case, a 

larger portion of exogenously delivered D-βOHB would be expected to be 

converted to AcAc. Alternatively, the conversion of circulating AcAc to D-βOHB 

may target circulating AcAc to BDH1-expressing tissues, such as the brain, heart, 

and skeletal muscle. This could be physiologically significant, because while all 
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extrahepatic cells express SCOT, BDH1 is not ubiquitously expressed [44]. 

Regardless, the growing interest in exogenous ketone therapies, which vary in 

their deliveries of D-βOHB or AcAc [77; 100; 101], merits broader study into these 

kinetic differences.  

Additionally, the liver redox implications of exogenous ketones will need to 

be further assessed. For instance, as exogenous AcAc treatment transiently 

increases liver NAD+/NADH in wild-type mice, this likely perturbs oxidative fluxes, 

like TCA cycle flux.  Future studies looking at the acute effects of exogenous 

ketones on hepatic oxidative fluxes in both wild-type and hepatocyte-specific 

BDH1 KO mice will be beneficial. 

4.2 Hepatic BDH1 loss reduces circulating ketones, but hepatic BDH1 is not 

required for systemic ketone equilibration 

While our studies showed similar to slightly increased circulating AcAc levels over 

controls, KO mice showed large decreases in both circulating βOHB and TKB 

levels in the 18h fasting state. Additionally, our perfusion studies showed similar 

to modestly reduced rates of liver TKB production in KO mice, with KO mice almost 

exclusively exporting AcAc, whereas the majority of the AcAc produced by livers 

of control mice was reduced to D-βOHB before its export from the liver.  

Together, the decrease in circulating ketone concentrations in Hepatocyte-

BDH1-KO mice, in the context of near normal liver TKB production, suggests 

increased ketone clearance by extrahepatic tissues [80; 102], with only a marginal 

effect on liver ketogenesis. Additional assessments will be needed to determine if 
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this increase in ketone clearance is systemic or due to enhanced ketolysis in only 

a subset of tissues. For instance, ketone perfusions on mouse hearts or kidneys, 

followed by quantification of ketones in the resulting perfusate, would allow for a 

direct determination of extrahepatic ketone clearances in BDH1 mice. Regardless 

of the mechanism, hepatic loss of BDH1 greatly reduces circulating ketone levels, 

and targeting hepatic BDH1 could prove useful in pathological ketotic states such 

as diabetic ketoacidosis. 

Additionally, the studies herein indicate that although the liver is a primary 

site of ketone body equilibration, extrahepatic organs can contribute to ketone 

equilibration, thus adding nuance to a fifty-year-old mechanism [80]. This illustrates 

the utility of revisiting and expanding upon older studies, especially with the vast 

improvements in technology and techniques over the past decades.   

In all the experiments presented in this work, the assessments occurred in 

the context of chronic BDH1 loss, and therefore compensatory mechanisms are 

invariably playing a role. Studies assessing the acute effects of BDH1 loss will 

undoubtedly reveal even further insights. Currently, no inhibitors of BDH1, 

including hepatic specific inhibitors, are available, meaning an inducible Cre-lox 

genetic system will be needed to assess acute BDH1 loss.    

4.3 Loss of hepatic BDH1 diminishes liver oxidative fluxes without altering 

whole liver energy charge    

Using two different diet models and two different exogenous fuel sources, this work 

has shown that hepatic loss of BDH1 reduces both TCA cycle flux and hepatic 
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glucose production.  Without BDH1, liver mitochondria have lost a conduit to re-

generate NAD+ from NADH. Conversely, liver mitochondria may retain more 

NADH, decreasing the demand for oxidative metabolism in the liver. As overall 

energy balance fell within normal limits, and as whole liver tissue redox remained 

normal, additional experiments will be needed to mechanistically link the oxidative 

flux impairments with a perturbation in liver redox. 

As BDH1 is one of several mitochondrial dehydrogenases [24; 87], loss of 

BDH1 in hepatocytes likely provokes compensations that protect against more 

pronounced abnormalities of redox homeostasis. Future dynamic measurements 

of specific mitochondrial dehydrogenase activities will prove insightful. Another 

potential way to assess the TCA flux impairment in KO mice would be to perform 

additional perfusion studies with nicotinamide supplementation, thereby 

augmenting the available NAD+ pool. If nicotinamide supplementation normalizes 

TCA flux in KO mice to control levels, this would strongly suggest a liver redox 

mechanism.   

4.4 Hepatic BDH1 loss alters systemic glucose homeostasis  

Hepatocyte-specific loss of BDH1 alters systemic glucose homeostasis, with 

reductions in hepatic glucose production in the setting of normal to elevated 

circulating blood glucose. Additionally, alterations in systemic insulin sensitivity, as 

assessed by IPITTs are apparent in KO mice, although these differences could not 

be linked to differences in either hepatic or muscle insulin signaling. The ability of 

KO mice with impaired HGP to maintain normal, or even elevated, levels of 

systemic glycemia suggests either enhanced extrahepatic gluconeogenesis or 
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reduced whole body glucose utilization. While some gene expression evidence 

supports increased kidney gluconeogenesis in KO mice, we were unable to 

confirm this finding. Without increases in extrahepatic gluconeogenesis, 

compensations in systemic glucose utilization are more likely, justifying an 

assessment of muscle, heart, and brain glucose utilization in KO mice. Additionally, 

with gene expression evidence suggestive of increased glucose reuptake in the 

kidney, an experiment measuring urine glucose in KO mice could prove useful. 

Furthermore, if KO mice have increased kidney glucose reuptake, experiments 

with sodium/glucose cotransporter inhibitors would be informative as well.  

Although our assessments with hepatic BDH1 loss have focused on the 

liver, assessment of the systemic effects, beyond glucose homeostasis, could 

prove interesting. What happens to the heart or brain when other tissues are able 

to use a greater portion of the circulating ketone pool? Would hepatic BDH1 loss 

be a benefit or detriment in heart failure? How are immune cells, like macrophages, 

affected by the increased availability of AcAc? Could this alter systemic fibrotic 

responses? What about the redox implications in extrahepatic BDH1 expressing 

tissues that are now converting AcAc to BOHB. With so many possibilities, further 

investigation into the systemic consequences of hepatic BDH1 loss is necessary.  

4.5 Loss of hepatic BDH1 reduces markers of fibrosis and oxidative stress 

in mice in models of NAFLD 

Given the lack of durable treatments currently available, the evidence suggestive 

that hepatocyte-specific loss of BDH1 might slow NAFLD progression is enticing. 

The results herein suggested improvements in hepatic fibrosis, oxidative stress, 
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and even disease progression (tumor formation) with loss of hepatocyte-specific 

BDH1. However, further study will be required to determine the mechanisms 

behind these beneficial effects. 

Experiments utilizing exogenous ketones could help determine if the 

improvements in fibrosis are the result of a redox phenomenon or changes in AcAc 

and D-βOHB concentrations. We previously observed that treatment with 

exogenous AcAc attenuates hepatic fibrosis in wild-type mice fed a fibrogenic diet 

for 4 weeks, while D-βOHB administration modestly exacerbates fibrosis [44]. If 

these results are also seen in AcAc/D-βOHB treated hepatocyte BDH1 KO mice, 

this would suggest that the fibrotic changes are dependent on AcAc and D-βOHB 

concentration changes. In contrast, if neither of these results are seen in AcAc/D-

βOHB treated KO mice (comparable levels of fibrosis in vehicle, AcAc, and D-

βOHB treated KO mice), this would suggest that the improvements in fibrosis are 

redox dependent.  

Given the distinct kinetics of exogenous AcAc and D-βOHB [102], the 

former hypothesis, that fibrosis improvement is dependent on AcAc and D-βOHB 

concentration, is slightly favored over the latter, redox dependent hypothesis. In 

both AcAc treated wild-type mice and hepatocyte BDH1 KO mice, the liver 

sinusoidal environment will have increased AcAc concentration, albeit only 

transiently in the case of AcAc treated wild-type mice, meaning increased AcAc 

could explain improvements in fibrosis in both models. On the other hand, with 

exogenous AcAc treatment, the liver readily reduces exogenous AcAc to D-βOHB, 

representing an increase in the redox reaction catalyzed by BDH1, while in 
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hepatocyte BDH1 KO mice, this reaction does not occur. Therefore, two distinct 

redox mechanisms would be needed to adequately describe the improvements in 

fibrosis. Future studies will hopefully better define the fibrosis improving 

mechanisms with both exogenous AcAc treatment and hepatic BDH1 loss.  

Furthermore, the mechanisms might extend to other forms of liver fibrosis, and 

experiments determining the effects of AcAc treatment or hepatic BDH1 loss in 

models of alcoholic and hepatitis induced liver disease would be of interest.  

Collectively, this thesis illustrates how ketone bodies and BDH1 activity, 

influence liver homeostasis and health. While liver BDH1 is not required for whole 

body equilibration of AcAc and D-βOHB, loss of the ability to interconvert these 

ketone bodies in hepatocytes results in impaired TCA cycle flux and glucose 

production, with a beneficial effect on liver fibrosis. Therefore, BDH1 is a significant 

contributor to hepatic mitochondrial redox, liver physiology, and organism-wide 

ketone body homeostasis, and augmentation of hepatic BDH1 activity could prove 

beneficial in the treatment of NAFLD.  
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