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Abstract

Efforts to enhance wellness and ameliorate disease via nutritional, chronobiological, and 

pharmacological interventions have markedly intensified interest in ketone body metabolism. 

The two ketone body redox partners, acetoacetate (AcAc) and D-β-hydroxybutyrate (βOHB) 

serve distinct metabolic and signaling roles in biological systems. A highly efficient, specific, 

and reliable approach to simultaneously quantify AcAc and D-βOHB in biological specimens 

is lacking, due to challenges of separating the structural isomers and enantiomers of βOHB, 

and to the chemical instability of AcAc. Here we present a single UPLC-MS/MS method 

that simultaneously quantifies both AcAc and βOHB using independent stable isotope internal 

standards for both ketones. This method incorporates one sample preparation step requiring only 

seven minutes of analysis per sample. The output is linear over three orders of magnitude, shows 

very low limits of detection and quantification, is highly specific, and shows favorable recovery 

yields from mammalian serum and tissue samples. Tandem MS discriminates D-βOHB from 

structural isomers 2- or 4-hydroxybutyrate as well as 3-hydroxyisobutyrate (3-HIB). Finally, a 

simple derivatization distinguishes D- and L-enantiomers of βOHB, 3-HIB, and 2-OHB, using the 
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same rapid chromatographic platform. Together, this simple, efficient, reproducible, scalable, and 

all-encompassing method will support basic and clinical research laboratories interrogating ketone 

metabolism and redox biochemistry.
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1. Introduction

Ketone bodies are evolutionarily conserved and endogenously synthetized metabolites 

that become significant contributors to energy metabolism in mammals during multiple 

physiological periods such as long-term starvation, short-term fasting, the neonatal period, 

pregnancy, or adherence to low-carbohydrate, high-fat diets [1–4]. Attention to ketone body 

metabolism has intensified recently, as intermittent fasting, time restricted eating, adherence 

to low carbohydrate ketogenic diets, or application of ingested exogenous ketones are all 

under investigation in many pre-clinical and clinical studies, with the objective of enhancing 

wellness and performance, improving health, combatting disease, and offsetting the effects 

of aging [5–10].

At a biochemical level ketone bodies play imperative roles in many mammalian species, 

as their metabolism is interwoven with a myriad of crucial biochemical pathways such 

as fatty acid β-oxidation, the tricarboxylic acid cycle (TCA), gluconeogenesis, and de 

novo lipogenesis. The generation of ketone bodies is driven through an inter-organ shuttle 

that initiates with adipose tissue lipolysis of triacylglycerol to free fatty acids, which are 

transported to the liver for mitochondrial β-oxidation [11]. In hepatic mitochondria, fatty 

acid β-oxidation-derived acetyl-CoA is the prime ketone body substrate through the action 

of the fate committing enzyme 3-hydroxymethylglutyryl-CoA synthase 2 (HMGCS2) [12]. 

In mammals, liver hepatocytes and gut enterocytes robustly express HMGCS2, supporting 

the ultimate production of acetoacetate (AcAc) and β-hydroxybutyrate (βOHB), the most 

abundant ketone bodies. AcAc is the oxidized nicotinamide adenine dinucleotide (NAD+)/

NADH-dependent redox partner and precursor of D-βOHB, which is generated through a 

reaction catalyzed by β-hydroxybutyrate dehydrogenase 1 (BDH1) [13, 14]. Hepatically 

generated ketones are exported through circulating blood to extrahepatic tissues such 

as heart, skeletal muscle, and brain, where D-βOHB is converted by BDH1 back to 
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AcAc, and mitochondrial succinyl-CoA:3-oxoacid-CoA transferase (SCOT) ushers ketone 

bodies toward acetyl-CoA to support production of high energy phosphates via TCA cycle 

oxidation [15]. When applying the equilibrium constant for the reaction catalyzed by BDH1, 

the concentration ratio of AcAc/D-βOHB within a tissue provides an index of that tissue’s 

mitochondrial NAD+/NADH ratio [16]. AcAc can also spontaneously decarboxylate to 

acetone, which can be exploited to estimate the level of ketone bodies in biological fluids 

and exhaled breath [17–20].

Ketone metabolism is classically engaged during states of carbohydrate restriction. 

Circulating levels of ketone bodies in normally fed humans oscillate during the day 

between 50–200 μM, but exercise or a 24h fast can increase ketone levels up to 1 mM, 

and in pathological states like diabetic ketoacidosis, in which circulating concentrations 

reach up to 20 mM, β-oxidation and ketogenesis reduce blood pH [3, 15, 21]. Thus, 

approaches to reliably and efficiently quantify ketone bodies in the circulation and in 

tissues are of great importance. Ketone bodies are typically measured using narrow dynamic 

range-spectrophotometric methods, detecting either a derivatized product of acetone, or 

through the addition of exogenous BDH1, tracking the NADH produced through amplifying 

redox cycles [18, 22]. More sensitive, selective, dynamic, and rapid methods using gas 

chromatography (GC)-MS, or liquid chromatography (LC) separations with tandem mass 

spectrometry (MS) detection have been employed to interrogate a variety of biological 

specimens [23–29]. While these MS-based methods are sensitive, selective and relatively 

fast, they measure D- and L- enantiomers of βOHB indiscriminately, requiring indirect 

fractionation using a cumbersome application of exogenous BDH1 that leverages this 

enzyme’s selectivity for D-βOHB [30]. While mechanisms supporting L-βOHB biological 

generation are incompletely understood, and its metabolic and signaling roles are poorly 

defined, L-βOHB has been detected in biological specimens through methods requiring 

time-consuming derivatization and chromatographic separation approaches [31–33]. In 

addition, the chemical instability of decarboxylation-prone AcAc in extracted biospecimens 

poses an additional analytic challenge. Current LC-MS/MS techniques approaches estimate 

AcAc, or its derivatized products, based upon external calibration curves, or a surrogate 

internal standard, rather than an authentic isotopically-labeled AcAc as internal standard [34, 

35]. Taken together, a single method that rapidly, reproducibly, and accurately quantifies 

D-βOHB, discriminating its structural isomers and stereoisomers, and AcAc, using stable 

isotope labeled internal standards for both D-βOHB and AcAc, in biological material is 

lacking and thus poses an unmet need.

Here, we present an efficient, selective, sensitive, and scalable method for the quantitative 

estimation of ketone bodies in serum and tissue extracts, based upon the use of authentic 

stable isotope-labeled internal standards for both βOHB and AcAc. Quantifications of 

ketones in mouse serum and liver are achieved using authentic stable isotope labeled 

internal standards. Synthetized [U-13C4]AcAc is used as an internal standard for endogenous 

AcAc that is independently quantified by LC-MS/MS following NaBD4 reduction to 

[3-D1, U-13C4]βOHB. Deuterated [3,4,4,4-D4]βOHB is used as an internal standard for 

endogenous βOHB, collectively allowing quantification of ketone bodies using discrete 

mass shift transitions. This rapid UPLC separation method also separates D- and L-βOHB 

enantiomers after a simple derivatization. Finally, tandem MS readily allows this method 
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to discriminate both βOHB enantiomers from their structural isomers, 3-hydroxyisobutyrate 

(3-HIB), 2-hydroxybutyrate (2-OHB) and 4-hydroxybutyrate (4-OHB). Thus, this efficient, 

specific, and reproducible method for quantitative estimation of all ketone bodies is expected 

to be of widespread application to basic and clinical laboratories that routinely apply LC-

MS/MS techniques to measure ketone bodies.

2. Methods

2.1. Chemicals and Materials

LC-MS grade methanol (MeOH), acetonitrile (ACN) water, and (S)-2-Hydroxybutyric 

acid (S-2-OHB) were purchased from Thermo Fisher Scientific. Acetic acid 

(AA), (S)-(+)-1-(2-Pyrrolidinylmethyl)-pyrrolidine (PMP), Triphenylphosphine (TPP), 

sodium borodeuteride (NaBD4), ethyl-acetoacetate, sodium D-, L- or DL- 3-

hydroxybutyrate, DL-2-hydroxybutyrate (2-OHB), DL-3-hydroxyisobutyrate (3-HIB), 

sodium (S)-hydroxyisobutyrate (S-3-HIB), and Dowex powder (50WX8 hydrogen form) 

were obtained from Sigma Aldrich. Sodium DL-3-hydroxybutyrate ([3,4,4,4-D4]βOHB, 

98%), and [U-13C4]AcAc (synthetized from ethyl-[U-13C4]AcAc) purchased from 

Cambridge isotope laboratories were used as internal standards (I.S.). 2,2′- dipyridyl 

disulfide (DPDS) was obtained from Merck, and 4-hydroxybutyrate methyl ester was 

purchased from Santa Cruz Biotechnology.

2.2. Synthesis of AcAc and 4-hydroxybutyrate (4-OHB)

AcAc, [U-13C4]AcAc, or 4-OHB were synthetized by a base-catalyzed hydrolysis of 

ethyl-acetoacetate (ethyl-AcAc), ethyl-[U-13C4]AcAc, or 4-hydroxybutyrate methyl ester 

(4-OHB-Me), respectively, as previously described [36]. Briefly, 1 mL of ethyl-AcAc, ethyl-

[U-13C4]AcAc, or 4-OHB-Me was mixed with 8 mL of 1M NaOH, while stirring at 60 C. 

After 30 min, the reaction was neutralized with 50% HCl to pH 7–8. AcAc, [U-13C4]AcAc, 

and 4-OHB aliquots were stored at −80 C unless otherwise stated.

2.3. AcAc stability

Three independently synthetized AcAc samples were diluted in water or in extraction 

solution [ACN:MeOH:water (2:2:1, v/v/v)] at 100 μM, aliquoted and left either at room 

temperature (+21 C), +4 C, −20 C, −80 C or in liquid nitrogen tank (LN2, estimated 

temperature is −200 C) for indicated duration of time. In order to control the stability 

of AcAc each sample was spiked with 20 μM βOHB. To study the stability of AcAc 

in serum, wild type control mice were starved for 24h, bled, and serum was obtained 

using the approach described in Biospecimen preparation, below. Mouse sera were pooled 

to obtain enough of representative samples. Three to six independently obtained serum 

samples were spiked with 20 μM [3,4,4,4-D4]βOHB (I.S.), aliquoted and left at either 

room temperature (+21 C), +37 C, +4 C, −20 C, −80 C or in liquid nitrogen (LN2) 

for indicated durations. Prior to analysis, serum samples were extracted by the addition 

of 4 volumes of cold ACN:MeOH (1:1, v/v), vortex, and centrifuged at 4 C, 15,000 

× g for 10 min. Extracted serum or AcAc sample in water or extraction solution were 

analyzed using optimized UPLC-MS/MS system where signals of AcAc, βOHB, and 

[3,4,4,4-D4]βOHB were monitored using PRM scan modes. For all stability studies, one 
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aliquot of each sample was analyzed immediately, whereas the rest were stored for 

indicated times in various conditions. Prior to our experiments, the effects of storage 

duration and temperature on synthetized I.S. [U-13C4]AcAc were unknown, and in fact 

were a measured outcome of our experiments. Furthermore, the formal quantification of 

yield of I.S. [U-13C4]AcAc from ethyl-[U-13C4]AcAc requires NaBD4-driven reduction 

of [U-13C4]AcAc to [3-D1,U-13C4]βOHB (measured against I.S. [3,4,4,4-D4]βOHB, see 

Section 2.5, below). Therefore, to control for these two variables, AcAc stability was 

estimated by comparing AcAc/βOHB signal ratios among conditions, based upon the 

previously shown long term stability of βOHB against challenging matrices [38].

2.4. Biospecimen preparation

Mice were maintained on a standard low-fat chow diet (2016 Teklad global 16% protein 

rodent diet) and given autoclaved water ad libitum. Lights were off between 2000 and 0600 

in a room maintained at 21 C. Serum was obtained from submandibular bleed of 9- to 

16-week-old male or female wild-type (WT) mice from the C57BL/6NJ background. To 

create HMGCS2 knockdown mice, antisense oligonucleotide (ASO) treatment was initiated 

in six week-old mice by injecting (25 mg/kg, intraperitoneal) of Hmgcs2-targeted ASO 

(Ionis 191229) or scrambled sequence control ASOs (Ionis 141923; Control ASO) biweekly 

for 4 weeks, continued through the duration of the experiment [39]. To stimulate ketogenesis 

for fasting studies, mice were fasted for indicated durations of time, where food was 

removed from the animals, but water was available ad libitum. To synchronize the onset 

of the fast, mice were injected intra-peritoneally with 2 g/kg of 20% glucose in saline 

as food was removed. Blood from mice was allowed to sit on ice for 30 min and was 

centrifuged at 4 C, 8,000 × g for 10 min. Separated serum was aliquoted and stored at −80 

C. LN2-chilled Wollenberger tongs were used to harvest liver tissues via freeze-clamp from 

animals sacrificed by cervical dislocation. All animal experiments were performed through 

protocols formally approved by the Institutional Animal Care and Use Committee at the 

University of Minnesota.

2.5. Quantitation of [U-13C4]AcAc internal standard (I.S.)

Estimation of the concentration of synthetized [U-13C4]AcAc is adapted from reference [37] 

and is based on a stable isotope labeled internal standard method. To 25 μL of synthetized 

[U-13C4]AcAc sample (diluted 1000–4000 times to fit the calibration curve), 10 μL of 

[3,4,4,4-D4]βOHB as I.S. at known concentration (recommended final concentration is 

50 μM) was added. To externally quantify the [U-13C4]AcAc I.S. used for spiking into 

biological specimens, [U-13C4]AcAc I.S. was reduced to [3-D1,U-13C4]βOHB by using 30 

μL of freshly prepared 1.8 M NaBD4 in 0.1M NaOH. Samples were left for 5 minutes at 

room temperature, and 55 μL of ACN was added. In parallel, cation exchange dowex powder 

was loaded into an empty column scaffold installed in the solid phase extraction manifold. 

Loaded columns were cleaned with deionized water. After sample centrifugation at 4 C, 

15,000 × g, samples were loaded on prepared cation exchange column in order to desalt 

the sample from an excess of Na+, eluted using 3 mL of LCMS grade water, and dried via 

SpeedVac. These additional desalting steps, using dowex column, drying, and extraction, are 

necessary to minimize ESI ion-suppression via Na+ after NaBD4 reduction. Absence of the 

Puchalska et al. Page 5

Talanta. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dowex desalting step after the reduction with 1.8M NaBD4 overwhelms ESI, abrogating any 

signal.

Dried samples were resuspended in 60 μL of 98% water/2% MeOH with 0.0125% AA, 

vortex, centrifuged at 15,000 × g for 10 min, and the supernatant injected in the LC-MS/MS 

system (see Instrumentation, below). Concentration of [3-D1, U-13C4]βOHB [parallel 

reaction monitoring (PRM) 108.0598→61.0203] obtained after reduction of [U-13C4]AcAc 

by NaBD4 was calculated based on the area of PRM signals and known concentration 

of [3,4,4,4-D4]βOHB (PRM 107.0646→59.0133). Similarly, quantification of unlabeled 

synthetized AcAc can be performed based on the area of [3-D1]βOHB signal obtained 

after reduction of AcAc by NaBD4 (PRM 104.0464→59.0133) and calculated based on 

known concentration of I.S. [3,4,4,4-D4]βOHB (PRM 107.0646→59.0133, see Fig.1A). 

This approach allowed the use of two independent I.S., each spiked into biospecimens: 

[U-13C4]AcAc (externally quantified) and [3,4,4,4-D4]βOHB, together used to estimate 

endogenous AcAc and βOHB abundances, respectively, as described immediately below.

2.6. Quantification of ketone bodies in serum

To fit within the method’s dynamic range, serum samples were diluted 5x with water 

before extraction. Diluted serum samples (5 μL) were extracted by the addition of 20 

μL of cold ACN:MeOH (1:1, v/v) containing known concentrations of internal standards 

[3,4,4,4-D4]βOHB and [U-13C4]AcAc (recommended final concentration of each I.S. is 

50 μM). Serum samples were vortex, and centrifuged at 4 C, 15,000 × g for 10 min. 

Supernatant was analyzed using UPLC-MS/MS quantification analysis setup described 

below. For a high throughput extraction analysis, 60 μL of freshly prepared extraction 

solution of cold ACN:MeOH (1:1, v/v) with appropriate amount of [3,4,4,4-D4]βOHB 

and [U-13C4]AcAc (I.S. to yield 50 μM concentrations of each) was added to 96 well 

protein precipitation plate (Thermo Fisher Scientific, 60304–201), and to each well 15 μL 

of serum was added. Covered precipitation plates were placed onto 96 well microplate 

for autosampler, shaken for 3 min at 4 C, and centrifuged at 4 C, 500 × g for 3 

min. Microplate for autosampler was directly used for the UPLC-MS/MS quantification 

analysis. For simple and high throughput analysis, the concentrations of AcAc (PRM, 

101.0244→57.0340) or βOHB (PRM, 103.0401→59.0133) were calculated using stable 

isotope labeled internal standard method, which were based on the areas of PRM signals 

and known concentrations of I.S. [U-13C4]AcAc (PRM, 105.0378→60.0441) or [3,4,4,4-

D4]βOHB (PRM 107.0646→59.0133), respectively.

2.7. Quantification of ketone bodies in liver tissue

Freeze clamped liver specimens (~20 mg) were homogenized using a zinc-

bead homogenizer (Bead Mill, Omni International) in 500 μL of −20°C-chilled 

ACN:MeOH:water (2:2:1 v/v/v) containing known concentrations of [3,4,4,4-D4]βOHB and 

[U-13C4]AcAc (recommended final concentration of each I.S. is 20 μM for liver extracts). 

Homogenized livers were subjected to three cycles of vortexing (10 sec), freeze-thawing 

(30 sec), and water bath sonication (5 min), and centrifuged at 4 C, 15,000 × g for 10 

min to remove protein pellets from the solvent. Supernatant was used for a UPLC-MS/MS 

quantification analysis using identical PRM transition signals as in the serum.
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2.8. Sample Derivatization

Derivatization protocol was adapted from reference [40]. Extracted serum samples were 

SpeedVac dried, and equal volumes (100 μL) of freshly prepared 1 mM PMP, 10 mM TPP 

and 10 mM DPDS, all dissolved in ACN, were added and incubated for 90 min at room 

temperature. Samples were then SpeedVac dried, resuspended in a quarter of initial volume 

in 2% MeOH/98% water with 0.0125% AA, vortexed, sonicated for 5 min, centrifuged at 

15,000 × g for 10 min, and the supernatant injected in the LC-MS/MS system using positive 

ionization mode. In order to quantify the enantiomeric distributions of βOHB and 2-OHB, 

0.5 μL injection volumes were used, whereas 1 μL was used for 3-HIB enantiomers due to 

its low serum concentration.

2.9. Instrumentation

Analysis of non-reduced and reduced standards, or derivatized D- and L-ketones, was 

performed using Vanquish liquid chromatography (LC) system. Our first analysis was 

performed on Atlantis T3 column (150 × 1 mm 3 μm) as previously described [37], which 

was then optimized using Cortecs UPLC T3 column (100 × 2.1 mm 1.6 μm), used for the 

remainder of the analyses. For all analyses, the following mobile phases were used: A) 98% 

water/2% methanol with 0.0125% AA and B) 60% water/40% methanol with 0.0125% AA. 

Analysis using Atlantis column was performed using following binary gradient: 0–20% B 

for 10 min, 20–90% B for 0.5 min, 90% B for 4 min, 90–0% B for 0.5 min, and 0% B for 4 

min at 0.1 mL/min flow rate. Samples analyzed using Cortecs UPLC column were separated 

using following binary gradient: 0–20% B for 3 min, 20–90% B for 0.5 min, 90% B for 

1.5, 90–0% B for 0.5 min, and 0% B for 2 min at 0.3 mL/min. Columns were maintained at 

30 C and the injection volume was 2 μL for Atlantis or 0.5 μL for the Cortecs column. LC 

system was hyphenated to Thermo Q Exactive Plus MS equipped with heated electrospray 

ionization (ESI) source. The MS system was operated in Full Scan MS or PRM modes using 

negative or positive ionization modes during optimization of the method. In final quantitative 

targeted analysis, only PRM mode was used with appropriate inclusion list (see Fig. 1A) 

and resolution and automatic gain control (AGC) targets in PRM mode were set to 70,000 

and 1e5, respectively. For PRM mode the isolation window was set to m/z 1.0 and collision 

energy 30 (arbitrary units). For enantiomer separation MS scan range was 50–300 m/z in 

Full MS scan mode, operated solely in positive mode. The resolution was set to 35,000 

with 2e5 AGC target. For PRM scan mode, resolution was 17,500 with AGC target 2e5, 

isolation window 1.0 m/z and optimal collision energy was 50 (arbitrary units). Common 

ESI parameters were the same in both approaches: auxiliary gas: 10, sheath gas flow 35, 

sweep gas 1, spray voltage 3 kV, capillary temperature 275 C, S-lens 50, and auxiliary gas 

temperature 150 C.

2.10. Calibration, quantification, and validation

To quantify AcAc and βOHB, [3,4,4,4-D4]βOHB (1 mg/mL) or synthetized [U-13C4]AcAc 

[concentration determined empirically as described in 2.5, Quantitation of [U-13C4]AcAc 

internal standard (I.S.), above] stored as aliquots at −20 C or −80 C, respectively, were 

used as internal standards (I.S.) (for details about quantification of ketones in serum or 

tissues, see Sections 2.5, 2.6, or Fig. 1A). To study linearity three independent external 
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calibration curves of AcAc or βOHB were constructed from 0.1–250 μmoles/L with fixed 

amount of internal standards ([U-13C4]AcAc and [3,4,4,4-D4]βOHB at 20 μmoles/L). Slope, 

intercept and correlation coefficient (R2) were obtained by linear regression analysis where 

AcAc/[U-13C4]AcAc or βOHB/[3,4,4,4-D4]βOHB peak area ratios were plotted against 

the concentration. Limit of detection and quantification (LOD and LOQ) were calculated 

as the minimum concentration yielding a signal to noise ratio (S/R) equal to 3 and 10, 

respectively. LOD and LOQ were calculated for three independently prepared calibration 

curves. Repeatability (technical error) was estimated as relative standard deviation (%RSD) 

at three AcAc and βOHB concentrations levels (250 μmoles/L, 30 μmoles/L and 4 

μmoles/L) by five repeated injection of standard solutions (n=5/group). The precision of 

the method was determined by evaluating inter-day and inter-sample precision. Inter-day 

precision was performed by the triplicate injection of extracted serum in two consecutive 

days (n=6) obtained from fed or 24h fasted mice. Inter-sample precision was estimated by 

the triplicate injection of five individual extracts in same day (n=15) from fed or 24 h fasted 

mice. Recovery was evaluated by spiking two or three independent serum or tissue samples 

in triplicate, obtained from fed or 24h fasted mice with known amount of AcAc and βOHB 

before the extraction procedure.

2.11. Statistical analysis

Data were plotted and statistical analysis was performed using Prism (GraphPad v8.2.1). 

Numbers of observations, assessments of normal distributions and statistical tests applied are 

provided in Figure Legends.

3. Results and discussion

3.1. Separation and identification of β-hydroxybutyrate and acetoacetate in serum

To profile βOHB in serum, we analyzed a mouse serum extract spiked with 50 μM [3,4,4,4-

D4]βOHB, first using an Atlantis T3 C18 column hyphenated to a Q-Exactive Plus MS 

system in Full MS and PRM scan modes using negative ionization. While endogenous 

βOHB from the serum extract (m/z 103.0401) was retained on this C18 column for 

3.5 min, peak shouldering was evident on the extracted ion chromatogram (XIC) signal 

in Full MS scan mode (Fig. S1A, black XIC, top). Scrutiny of the tandem MS/MS 

spectrum for the precursor ion 103.0401 revealed the predicted βOHB m/z fragmentation 

ion 59.0133, but also two additional m/z fragments 57.0344 and 73.0295, suggesting 

co-elution of βOHB isomers on this platform (Fig. S1A, upper right spectrum). Using 

public databases (Metlin and HMDB [41, 42]) we putatively assigned these molecules to 

3-hydroxyisobutyrate (3-HIB; transition 103.0401→73.0290) and either 4-hydroxybutyrate 

(4-OHB) or 2-hydroxybutyrate (2-OHB), which share same 103.0401→57.0340 transition. 

Thus, to improve LC separation, the Cortecs UPLC T3 column was implemented, which 

compressed analytical time to only 7 minutes, while separating putative 3-HIB (Fig. S1A, 

blue XIC) from other βOHB isomers in serum extract. Retention time (RT), m/z and MS/MS 

signal comparisons from serum extract to authentic standards confirmed the identities 

of βOHB, and 3-HIB (Fig. S1B–C). Moreover, use of internal standards allowed XIC 

assignment of the endogenous signal for the 103.0401→ 57.0340 transition to 2-OHB, and 

not 4-OHB (Fig. S1D). Fig. 1A summarizes the RT, m/z and dominant MS/MS fragments 

Puchalska et al. Page 8

Talanta. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used for the analysis of unlabeled and labeled I.S. analytes on UPLC Cortecs column with 

negative PRM scan mode on Q-Exactive MS.

Discrimination of 3-HIB (a metabolite of the amino acid valine) in serum was previously 

described using GC-MS, and differentiation of 4-OHB (γ-hydroxybutyrate) from βOHB 

was previously developed for forensic purposes using LC-MS/MS in blood and urine 

samples [28, 43]. However, isomeric 2-OHB (α-hydroxybutyrate, a by-product of threonine 

and methionine catabolism, and of glutathione biosynthesis [44]) has not been reported 

as an interfering signal in serum. As expected, due to the carboxylate groups in βOHB, 

3-HIB, 2-OHB, and 4-OHB molecules, injection in negative mode results in 5–20 fold more 

efficient ionization than positive mode (Fig. 1B, Table S1). Although we did not formally 

quantify βOHB structural isomers, to assess the relative contributions of βOHB, 3-HIB, or 

2/4-OHB to the precursor ion with m/z 103.0401, we analyzed the fractional contribution of 

βOHB, 3-HIB, or 2/4-OHB fragments in PRM mode to the total pool of the 103.0401 signal 

in mouse serum from ketogenesis insufficient mice (which had been treated with Hmgcs2 
ASO) or scrambled control ASO-treated mice after a 24h fast (see Table S1) [39]. In serum 

of ketogenesis insufficient mice, we expect less contribution of βOHB to the m/z 103.0401 

due to its impaired production, and indeed the relative contributions of 3-HIB and 2-OHB 

to the total pool exceeded 64.3±1.0% of the total signal for the m/z 103.0401. In the serum 

of control mice, these isomers comprised only 15.3±1.5% of the signal for this ion, together 

underscoring the necessity to employ MS/MS to segregate structural isomers of βOHB in 

biological samples (Fig. 1C).

Finally, the RT, m/z and tandem MS/MS spectrum of AcAc standard synthetized from 

ethyl-AcAc by base hydrolysis matched those observed within the serum extract, confirming 

AcAc identity (Fig. 1A, Fig. S1E–F).

3.2. Acetoacetate stability

βOHB measurement often serves as a proxy of ketogenesis, because AcAc poses challenges 

in its quantification due to its propensity to decarboxylate to acetone [45–48]. Spontaneous 

AcAc decarboxylation proceeds through a cyclic transition state in which the carboxylate 

proton is transferred to the β-carbonyl oxygen, generating a keto-enol tautomer that readily 

yields acetone and CO2 [17, 49]. Catalytic decarboxylation mechanisms proceed through 

the formation of a Schiff base intermediate from the β-carbonyl carbon [50]. The absence 

of a β-carbonyl group (and presence instead of a β-hydroxyl) within βOHB prevents its 

decarboxylation and thus supports its long-term stability in serum, plasma, and whole 

blood [38]. Indeed, older methodologies provide a surrogate for AcAc by tracking its 

decarboxylation to acetone as an indirect measure to estimate ketone concentrations in 

various matrices [22, 25, 51]. To evaluate the stability of synthesized AcAc under conditions 

commonly relevant to biological samples, we first tested its tolerance to storage at different 

temperatures, by preparing three individual 100 μM AcAc standard samples in water, 

spiking them with 20 μM βOHB, and storing aliquots for up to 35 days at room temperature 

(+21 C), +4 C, −20 C, −80 C, or LN2. βOHB is stable in various challenging matrices and 

storage conditions such as serum, plasma, and even whole blood stored at 4°C and room 

temperature for at least 7 days [38]. Therefore, the AcAc/βOHB ion intensity ratio was used 
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as an index of AcAc stability in fresh and stored samples solutions thawed immediately 

before analysis. In water, synthesized AcAc standard was remarkably stable in all studied 

conditions, as signal diminished only at room temperature after 28 days (Fig. 2A). Using 

a similar approach, we evaluated the stability of synthesized AcAc in a common AcN/

MeOH/water (2:2:1) biological sample extraction solution. Decomposition of AcAc in this 

extraction solution at room temperature was much faster than in water, with 21.8±2.1% loss 

of exogenous AcAc relative signal at room temperature in only 6h (Fig. 2B). Decomposition 

of AcAc in this extraction solution was attenuated, but nonetheless observed at +4°C, at 

which more significant loss of AcAc was observed after 7-day period. Lower temperatures 

preserved synthesized AcAc in extraction solution for at least 35 days.

We next evaluated the stability of endogenous AcAc in serum obtained from control mice 

fasted for 24h. Three to six individual serum samples were spiked with 20 μM [3,4,4,4-

D4]βOHB, aliquoted and stored for 35 days at room temperature, +4 C, +37 C, −20 C, 

−80 C or LN2. Signal for endogenous AcAc in serum stored at +37 C was unstable, 

with 65.9±3.9% loss observed within 6h (Fig. 2C). Relative AcAc signal also decayed 

significantly in serum stored at room temperature after 2 days (42.0±1.9%), and at +4 C 

after 14 days (71.1±1.4%) but remained stable at −80 C or in LN2 after 35 days. Other 

reports also have suggested lability AcAc signal in plasma or serum [35, 45, 47]. Our results 

underscore that endogenous AcAc is stable in serum samples for at least 35 days when 

stored either at −80 C or LN2, standard temperatures for storage of biological samples. 

Notably, endogenous AcAc derived from serum extracted immediately after collection, 

followed by storage in AcN:MeOH:water extraction solution at +4 C, a common storage 

condition for extracted samples in the LC autosampler, was unstable (Fig. S2).

Finally, to test tolerance to freeze thaw cycles, we prepared synthesized AcAc standards 

(100 μM, diluted in either water or AcN:MeOH:water extraction solution, along with 20 

μM βOHB). We also tracked the relative endogenous AcAc signal in serum from mice 

in the fasted state (20 μM [3,4,4,4-D4]βOHB spiked at collection time). Samples were 

stored at −80 C and subjected to three freeze/thaw cycles within nine hours of storage. 

AcAc signal was tolerant to freeze thaw cycles in all matrices (Fig. 2D). Taken together, 

while AcAc is stable in water at all temperatures for at least 35 days, AcAc is unstable 

at higher temperatures in serum and in AcN:MeOH:water-extracted samples. While AcAc 

is remarkably tolerant to freeze/thaw cycles, interrogation of AcAc in serum analysis will 

be most accurate when data are collected immediately after extraction, or when serum or 

exacted samples are stored ≤ −80 C.

3.3. Development and use of authentic internal standards for rapid quantification of 
ketone bodies in biological samples

Although AcAc synthetized from its ethyl ester is remarkably stable in water, an internal 

standard [U-13C4]AcAc is not commercially available. Moreover, external calibration 

curves, or alternative standard addition methods are typically tedious and time-consuming 

methodologies, commonly subject to varying impacts of matrix effects between the samples 

and standards. Thus, in order to develop a stable isotope internal standard method for AcAc 

quantitation in biological samples, we synthetized [U-13C4]AcAc from ethyl-[U-13C4]AcAc 
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using base-catalyzed hydrolysis, as we have previously described [36]. To estimate 

synthetized [U-13C4]AcAc concentration, we reduced it to [3-D1, U-13C4]βOHB using 

the reducing agent NaBD4 [37], and quantified its concentration using the commercially 

available [3,4,4,4-D4]βOHB I.S. (Fig. 3A). AcAc reduction to βOHB using different 

reduction durations (n=3/group) showed this reaction to be rapid and effective at AcAc 

concentrations ranging from 5 to 250 μM (Fig. 3B). We observed an average of 5.2% 

inaccuracy between predicted and calculated AcAc concentration. Injection of reduced 

[U-13C4]AcAc (i.e., [3-D1, U-13C4]βOHB) together with [3,4,4,4-D4]βOHB I.S. confirmed 

the absence of any residual unreacted [U-13C4]AcAc, and also allowed quantitation of the % 

yield of synthetized [U-13C4]AcAc derived from ethyl-[U-13C4]AcAc (Fig. 3C). To support 

a high-throughput assay for ketone body quantification, we use this approach to quantify 

[U-13C4]AcAc in large batch quantities that are aliquoted and stored in water at −80 C 

(conditions in which AcAc is highly stable) for further use as an internal standard.

Validation of AcAc and βOHB analysis using UPLC-MS/MS showed excellent linearity 

(R2≥0.997) in the studied dynamic range that exceeded three orders of magnitude (0.1 – 250 

μmol/L) (Table S2). LOD and LOQ were below 11.7±2.1 and 39.5±7.6 nmol/L, respectively. 

Instrument repeatability (technical error) was determined at three concentrations (4, 30 and 

250 μmol/L) and was always below 3.3%. Since the matrix in fed and fasted serum could 

vary, inter-sample precision, inter-day precision and recovery studies were performed in 

samples acquired from fed or 24h fasted mice. Inter-sample precision in various days was 

lower than 6.5% for βOHB and 7.5% for AcAc in either fed or fasted serum, while inter-day 

precision calculated by injecting same extract in three consecutive days was 3.3% for βOHB 

and 2.7% for AcAc (Table S3). Recovery was determined by spiking three individual serum 

samples with known amounts of AcAc or βOHB and ranged from 95.1±1.0% to 110.9±5.7% 

(Table S4).

This developed methodology was used to quantify AcAc and βOHB in serum samples 

obtained from wild type mice, showing predicted incremental increases of concentration of 

both ketone bodies with duration of fasting, and as expected the magnitude of circulating 

βOHB increase with fasting was greater compared to those of AcAc (Fig. 4A–B) [52]. 

As expected, circulating ketone concentrations were significantly blunted after 24 hours of 

fasting in serum of ketogenesis insufficient mice that had received Hmgcs2 ASO, compared 

to mice that had received scrambled control ASO (Fig. 4C), which is consistent with our 

prior analysis of this model using a traditional spectrophotometric assay [39].

As AcAc was tolerant to freeze/thaw cycles, we also developed an extraction method for 

liver tissue samples spiked with stable isotope standards, by applying three cycles of LN2 

and sonication cycles. This method is similar to a commonly used metabolomics extraction 

method where final extraction buffer composition is the same to serum extraction buffer 

[53]. Indeed, [U-13C4]AcAc I.S. signal was comparable among samples analyzed directly in 

extraction buffer, analyzed in extraction buffer after three cycles of freeze/thaw, or freshly 

spiked within tissue extract samples (Fig. S3). Applying this method, concentrations of 

AcAc and βOHB both showed expected ~10-fold increases in extracts from livers of wild 

type mice fasted for 24h, compared to those from wild type mouse livers harvested 6h after 

initiation of refeeding following a 24h fast (Fig. 4D). Recovery studies, performed using 
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spiked AcAc and βOHB internal standards in three individual tissue liver samples, showed a 

recovery range from 84.6±12.0% to 111.9±1.0% (Table S5), which suggest no matrix effect.

3.4. Discrimination of βOHB enantiomers and structural isomers

Although liver hepatocytes predominantly produce D-βOHB (and not L-βOHB), a fraction 

of the βOHB pool within the circulation and tissues is comprised by the L-βOHB 

enantiomer [32]. While multiple reports underscore physiological and cellular roles 

for βOHB beyond energy transfer [54–56], the full scope of enantioselectivity for 

these responses has been incompletely defined. Because spectrophotometric measurement 

methods employ exogenous BDH1 enzyme reagent, they only detect D-βOHB, and 

not L-βOHB. MS-based methodologies fail to distinguish D-βOHB from L-βOHB, 

measuring both together, and chromatographic separations described heretofore are complex 

and inefficient, requiring multiple columns or extreme chromatographic conditions with 

prolonged separation times [31–33]. Therefore, we sought to differentiate the βOHB 

enantiomers by incorporating an efficient approach compatible with our UPLC-MS/MS 

workflow. Derivatization of D- or L-βOHB with stereoselective S-PMP renders βOHB into 

chromatographically separable diastereomers (Fig. 5A) [40]. Direct infusion of DL-βOHB 

standard derivatized in this manner revealed effective derivatization reactions, in which m/z 
241.1910 was observed in positive mode full MS scan when reactants were incubated in 

the presence of DL-βOHB, but not when incubated in the absence of DL-βOHB (Fig. S4A–

B). Moreover, fragmentation of the DL-βOHB-S-PMP m/z 241.1910 derivatized precursor 

showed the expected m/z fragment 170.1170 in PRM mode (Fig. 5B). As expected, injection 

of unreacted DL-βOHB, or derivatized DL-βOHB, D-βOHB, or L-βOHB standards, using 

same UPLC Cortecs chromatographic workflow employed for quantification, showed 

chromatographic separation of D- from L-βOHB signals to the baseline (Rs=1.8) only when 

βOHB is derivatized (compare Fig. S1B, Fig. 5C and Fig. S4C–D). As expected, full scan 

MS and MS/MS spectra of S-PMP-derivatized D- or L-βOHB standards were identical (data 

not shown).

We also evaluated whether this derivatization approach allows efficient separation of 3-HIB 

and 2-OHB enantiomers (4-OHB has no chiral center). Indeed, derivatization of DL-3-

HIB and DL-2-OHB standards showed baseline separation of D- and L-derived S-PMP 

diastereomers of both DL-3-HIB and DL-2-OHB, but not 4-OHB (Fig. 5D–F, S4E–F). 

Since S-PMP-derivatized βOHB, 3-HIB, 2-OHB and 4-OHB all produce isobaric precursor 

ions in full MS scan, with similar RTs among various diastereomers, we also used tandem 

MS to reveal MS/MS spectra of the S-PMP derivatized standards’ precursor ions that 

would distinguish each standard’s distribution of enantiomers. Direct infusion of S-PMP-

derivatized DL-βOHB, DL-3-HIB, DL-2-OHB, or 4-OHB at 35 and 50 N(CE) showed that 

the MS/MS spectra of m/z 241.1910 precursor ion at 35 N(CE) for all derivatized standards 

were similar, producing m/z 84.0807, 126.0913, 170.1174 and 223.1802 fragments, while 

not breaking entire signal of ionized precursors (Fig. S5A–B). However, MS/MS spectra 

obtained at a higher N(CE) of 50 significantly diminished the abundance of the m/z 
241.1910 precursor ion’s intensity, while intensifying its fragments (Fig. S5C–D). All 

selected precursor → fragment transitions selective for S-PMP-derivatized DL-βOHB; 
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DL-3-HIB; DL-2-OHB; or 4-OHB isomers, at both 35 and 50 N(CE) enabled selective 

detection of each molecule (Table 1, Fig. S6).

To apply this enantiomeric discrimination workflow to serum of ketogenesis insufficient 

mice and their control ASO-treated counterparts, animals were starved for 24h and 

relative contributions of each enantiomer for βOHB, 3-HIB, and 2-OHB were quantified. 

As predicted, the D-βOHB enantiomer in the serum of control mice was predominant 

(96.8±0.4%), while in ketogenesis insufficient mice, the D-βOHB enantiomer comprised 

only 65.4±9.6% of the βOHB pool (Fig. 6A). Enantiomeric separation of serum 3-HIB 

supported exclusive contribution of the L-3-HIB enantiomer in serum from both control 

and ketogenesis insufficient mice fasted for 24h (Fig. 6B). This is consistent with 3-HIB 

generation exclusively from L-valine in mammals [57]. Finally, 2-OHB was also present 

almost exclusively as the L- enantiomer (97.0±1%) in the serum of mice fasted for 24h, and 

its D- and L- distribution was unaffected by ketogenic insufficiency (Fig. 6C).

4. Conclusions

A UPLC-MS/MS methodology using stable isotope internal standard additions was 

developed for rapid and reliable quantification of both ketone bodies AcAc and βOHB in 

serum and tissues. The method allows reliable discrimination from βOHB structural isomers 

3-HIB, 2-OHB, and 4-OHB, as well as separation of D- from L-enantiomers of each of these 

structural isomers. This method is readily scalable to high throughput platforms, which will 

be useful in interrogation of the increasing span of dietary interventions for wellness and 

disease that modulate ketone metabolism; assessment of ketones as biomarkers of metabolic 

state; monitoring the responses to therapeutic approaches that modulate ketone metabolism 

or deliver various forms of exogenous ketone bodies; and evaluation of pre-clinical models.
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• One-step UPLC-MS/MS method to quantify AcAc and D-βOHB in serum 

and tissue

• Novel application of 13C-labeled internal standards, conferring broad dynamic 

range

• Differentiates βOHB, 2-/4-hydroxybutyrate or 3-hydroxyisobutyrate 

enantiomers
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Figure 1. UPLC-MS/MS identification of AcAc, βOHB, and βOHB structural isomers in serum 
extracts.
(A) Summary of compound names, precursor → fragment transition in Parallel Reaction 

Monitoring (PRM) negative mode, retention time (RT) in minutes, compound structures, 

and predicted fragments to quantify AcAc and βOHB ketone bodies (green boxes, top 
left and right), synthetized AcAc standards (gray box, lower left) after reduction with 

NaBD4, and structural isomers of βOHB (orange box, lower right) using Cortecs UPLC 

T3 column. Stable isotope internal standard (I.S.) used for the quantification of AcAc 

was [U-13C4]AcAc, whose concentration was externally quantified prior to its spiking 

into biospecimens by reduction to [3-D1,U-13C4]βOHB, and comparison against [3,4,4,4-

D4]βOHB. Stable isotope I.S. for quantification of βOHB was [3,4,4,4-D4]βOHB, which 

was spiked into biospecimens. Lines indicate where the molecules are fragmented upon 

higher-energy collisional dissociation [HCD using 30 N(CE)], while dots indicate 13C 

atomic positions. (B) Ionizations of βOHB, 2-OHB, 4-OHB, and 3-HIB are more efficient 

in negative mode, as determined by the ratio of the area of Full MS scan signal of 20 μM 

standards detected in negative versus positive mode under same chromatographic conditions 

(n=3/group). (C) Utilization of MS/MS mode to quantify relative contributions of structural 

isomers βOHB in mouse serum. In extracted serum from mice fasted for 24h, m/z 103.0401 

is comprised of 85% βOHB in control mice, but only 35% in ketogenesis insufficient mice 

(n>10/group). Data are expressed as the mean standard error of the mean (SEM).
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Figure 2. Variations of AcAc stability are matrix and temperature dependent, but AcAc is 
tolerant to freeze thaw cycles.
Stability of synthesized AcAc (n=3/group) in (A) water or (B) AcN/MeOH/water (2:2:1) 

extraction solution (n=3/group), stored at +4 C, 21 C (room temperature), +37 C, −20 C, 

−80 C, or LN2, quantified by the AcAc/βOHB ratio (100 μM AcAc and 20 μM βOHB were 

added simultaneously during sample preparation; βOHB does not undergo decarboxylation 

and is stable). (C) Stability of endogenous AcAc in serum (n=3–6/group), stored at +4 C, 

room temperature, +37 C, −20 C, −80 C, or LN2, quantified by AcAc/[3,4,4,4-D4]βOHB (20 

μM [3,4,4,4-D4]βOHB was added to serum immediately after collection from mice fasted 

for 24h). (D) Stability of AcAc as calculated by the AcAc/βOHB (in water or AcN/MeOH/

water) or AcAc/[3,4,4,4-D4]βOHB (in serum) signal ratios in fresh samples and samples 

subjected to three freeze/thaw cycles, all relative to unthawed sample (n=6/group). Freeze/

thaw cycles were performed within first nine hours of storage after adding 100 μM AcAc 

and 20 μM βOHB (in water or AcN/MeOH/water) or 20 μM [3,4,4,4-D4]βOHB, serum from 

mice in the fasted state. Data expressed as the mean standard error of the mean (SEM).
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Figure 3. Preparation and quantification of [U-13C4]AcAc stable isotope internal standard by its 
synthesis and reduction to [3-D1, U-13C4]βOHB.
(A) [U-13C4]AcAc is synthetized from ethyl-[U-13C4]AcAc using base-catalyzed hydrolysis. 

To formally quantify the [U-13C4]AcAc internal standard, synthetized [U-13C4]AcAc is 

reduced by the reducing agent NaBD4 to [3-D1, U-13C4]βOHB, and quantified using 

commercially available deuterated [3,4,4,4-D4]βOHB (I.S.) by UPLC-MS/MS method 

using indicated PRM transitions. Black dots indicate 13C atomic positions. Dashed lines 

indicate where the molecules are fragmented in HCD chamber. (B) Quantification of [3-D1, 

U-13C4]βOHB formed from NaBD4-reduction of [U-13C4]AcAc indicates the reaction is 

rapid and complete across [U-13C4]AcAc starting concentrations (5–250 μM) (n=3/group). 

(C) NaBD4-reduced extract lacks any residual signal from [U-13C4]AcAc substrate (green 

XIC of 105.0378, ±10 ppm), while signal attributable to reduced [3-D1, U-13C4]βOHB 

was observed in Full MS scan (blue XIC of 108.0598, ±10 ppm) and PRM (yellow XIC 

of 108.0598→61.0203, ±10 ppm) modes. Data was compared to Full MS scan (purple 

XIC of 107.0646, 10 ppm) and PRM (light blue XIC of 107.0646 → 69.0133, 10 ppm) 

corresponding to commercially available deuterated [3,4,4,4-D4]βOHB (I.S.). Data are 

expressed as the mean standard error of the mean (SEM).
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Figure 4. Application of novel UPLC-MS/MS method to quantify AcAc and βOHB 
concentrations in serum and liver tissue extracts.
Concentrations of (A) AcAc, and (B) βOHB in extracts of serum collected from wild type 

mice after increasing fasting durations (n=9/group) show the expected incremental rises in 

both ketones, with expected greater increases in βOHB concentrations. (C) After a 24h fast, 

concentrations of AcAc and βOHB are markedly blunted in ketogenesis insufficient mice 

(i.e., those receiving Hmgcs2 ASO), compared to mice receiving a scrambled control ASO 

(n=11/group). (D) AcAc and βOHB concentrations in liver tissue extracts from wild type 

mice, showing expected decreases in concentration after 6 h of refed period, compared to 

liver concentrations after a 24h fast (n>4/group). Data are expressed as the mean standard 

error of the mean (SEM). Significant differences in (C) and (D) were determined by multiple 

Student’s t test with Holm-Šidák correction when compared with control; **p < 0.001, 

****p < 0.0001, *****p < 0.000001.
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Figure 5. MS/MS detection, identification and UPLC separation of DL-βOHB enantiomers and 
their structural isomers 2-OHB, 3-HIB, and 4-OHB.
(A) Scheme of βOHB derivatization using S-PMP in the presence of TPP and DPDS 

catalysts with monoisotopic mass of uncharged and positively charged molecules. Red line 

indicates where the molecules are fragmented in HCD chamber. (B) MS/MS of derivatized 

20 μM DL-βOHB-S-PMP precursor in positive ionization mode, m/z 241.1910, ± 10 

ppm with predicted m/z fragment 170.1170 using direct infusion. Separation of 20 μM 

of derivatized (C) DL-βOHB-S-PMP, (D) DL-3-HIB-PMP, (E) DL-2-OHB-PMP showing 

baseline separation of its D(R)- and L(S)- enantiomers and (F) 4-OHB-PMP (XIC for all are 

m/z 241.1910, ±10 ppm). For separation of each enantiomer individually, see supplementary 

Figure S4.
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Figure 6. Enantiomeric distributions of βOHB, 3-HIB, and 2-OHB in mouse serum.
Enantiomeric distributions of (A) βOHB, (B) 3-HIB, and (C) 2-OHB in serum collected 

after a 24h fast from scrambled control ASO- and ketogenesis insufficient Hmgcs2 ASO-

treated mice (n=7–9/group). Data expressed as the mean standard error of the mean (SEM). 

Significant differences in were determined by multiple Student’s t test with Holm-Šidák 

correction when compared with control. *****, p < 0.000001.
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Table 1.
Optimized UPLC-MS/MS parameters for detection of DL-analytes derivatized with S-
PMP.

RT, retention time in minutes on UPLC Cortecs column using optimal chromatographic separation; FS, 

Full MS scan mode; N(CE), Normalize collision energy; PRM, Parallel Reaction Monitoring. 4-OHB 

is achiral therefore only one signal is produced. Tandem mass spectra of derivatized standards yielded 

specific low intensity fragments at 35 and 50 N(CE) for DL-βOHB, DL-3-HIB, DL-2-OHB, or 4-OHB with 

calculated putative formulas of those fragments. RTs corresponding to each enantiomer were confirmed with 

stereoselective standards.

S-PMP-derivatized analyte
RT (min) FS (m/z) Positive 

Mode (N)CE PRM transition
D (R) enantiomer L (S) enantiomer

β-hydroxybutyrate (βOHB) 4.0 4.8

241.1910

35 197.1654 (C11H21N2O)

50 197.1654 (C11H21N2O)

3-hydroxyisobutyrate (3-HIB) 3.7 4.7
35 211.1810 (C12H23N2O)

50 139.0997 (C8H13NO)

2-hydroxybutyrate (2-OHB) 4.0 4.7
35 112.0762 (C6H10NO)

50 142.1232 (C8H16NO)

4-hydroxybutyrate (4-OHB)- achiral 4.1
35 153.1392 (C9H17N2)

50 154.1232 (C9H16NO)
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