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Abstract

Glucose and glycerol are important circulating metabolites. Due to poor ionization and/or ion 

suppression, the liquid chromatography-mass spectrometry (LC-MS) detection of glucose and 

glycerol presents challenges. Here, we propose an efficient LC-MS method of quantitative glucose 

and glycerol detection via enzymatic derivatization to glucose-6-phosphate and snglycerol-3-

phosphate, respectively. This derivatization protocol can be used to measure the concentrations of 

glucose production in a plethora of sample types for metabolic analysis and is compatible with the 

general metabolomics workflow. This novel approach allows us to quantitatively study glucose 

and glycerol metabolism using stable isotope tracers in vivo.

Circulating glucose in living animals is tightly controlled to achieve euglycemia. High levels 

of blood glucose over a prolonged period is characterized as diabetes mellitus. Elevated 

glucose levels may be the result of both impaired glucose uptake in muscle/adipose tissues 

and increased glucose production in the liver. Obesity, which is known to be a risk factor for 

Type 2 diabetes, is excess body fat accumulation. Excess amounts of triglycerides are major 

sources of free fatty acids and glycerol through lipolysis. Free fatty acids impair insulin 

signaling [1] and lowers glucose uptake in the periphery. Moreover, evidence suggests 

glycerol plays a role in gluconeogenesis in diabetic patients [2,3]. Therefore, it is important 

to measure glycerol and glucose simultaneously to study their metabolism.

Various methods exist to measure glucose and glycerol respectively. One popular option is 

the commercially available colorimetric/fluorometric kits. These kits are easy to use, 

relatively sensitive and do not require specialized equipment. However, there are limitations 

to using these kits. Firstly, the kits are designed for very specific use. A kit measuring free 

glycerol in serum may not be suitable for measuring free glycerol levels in tissue samples. 

Secondly, the kits use coupled enzymatic assays. Whether the coupled enzymatic reactions 
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are interfered with or inhibited by endogenous metabolites other than glycerol has not been 

fully characterized. Third, glycerol and glucose measurements require different kits. This 

increases the cost and requires more biological samples. More importantly, the kits can only 

measure the total level of glucose or glycerol. To measure the endogenous production rate of 

glucose or glycerol, stable isotope labeled tracers are often used. Stable isotope tracers 

cannot be used with colorimetric and fluorometric kits, making them an unsuitable option 

for studying dynamic metabolism. Thus, NMR [4] and mass spectrometry are the only 

options.

Sensitive detection and quantitation of glycerol is most typically associated with analysis 

using gas chromatography-mass spectrometry (GC-MS). A good number of established 

protocols commonly rely on silylation agents [5–8] or heptafluorobutyric anhydride [9]. 

Similar approaches have been applied to glucose measurements for better sensitivity and 

accuracy [10]. GC-MS has been a reliable and widely used method. However, the 

derivatization is laborious and potentially deleterious to compounds of interest. Moreover, 

GC-MS is not the most suitable platform for metabolomics analysis due to relatively low 

sensitivity and compound-specific derivatization procedures.

LC-MS is currently the most popular analysis platform measuring metabolite levels. Some 

reported methods involve derivatization with benzyol chloride which reacts with hydroxy 

groups [11,12]. These methods work well for the detection of glucose and glycerol, but other 

common metabolites such as lactate and malate may also react with the derivatization 

reagent, decreasing the compatibility of these methods with the general metabolomics 

workflow. Another approach is to detect glucose and glycerol as their alkali metal adducts 

such as [M+Na]+ [13] or [M+Cs]+ [14]. These methods do not require chemical 

derivaitization of the sample, however, to efficiently form these adducts mobile phase 

modifiers such as cesium acetate are typically added. The impact of such modifiers in 

typical metabolomics analysis is yet to be evaluated. The [M+Na]+ adducts can be detected 

without additional salt in the mobile phase, but in some systems, ours included, this adduct 

is not detected [15,16].

Our goal is to find a method that is easy, reliable and compatible to the general 

metabolomics workflow. To this end, we have developed a simple derivatization method that 

uses a combination of hexokinase, glycerol kinase and ATP to phosphorylate glucose and 

glycerol at the same time. The resulting glucose-6-phosphate (Glc-6-P) and sn-glycerol-3-

phosphate (Gro-3-P) can be sensitively detected under negative ionization mode. Other 

metabolites in the sample are not affected by the highly specific enzymatic derivatization, 

making it a metabolomics-compatible method. This HILIC compatible derivatization 

requires a fairly short chromatography method of 6 minutes per run, allowing for good 

throughput. Also, using this method, we can explore the importance of glycerol in glucose 

production.

To make glucose and glycerol more ionizable, they were enzymatically derivatized to Glc-6-

P and Gro-3-P using ATP as the phosphate donor. The enzymatic reactions involved 

hexokinase and glycerol kinase, both of which were active under pH 8.0, making the 

derivatization a simple one-pot reaction (Figure 1A). The derivatization reactions were 
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performed in a buffer containing 25mM Tris-HCl (pH 8.0), 50mM NaCl, 10mM MgCl2, and 

5mM ATP (Sigma-Aldrich A2383). Hexokinase (Sigma-Aldrich H4502) and glycerokinase 

(Sigma-Aldrich G6278) were diluted to 40U/mL in the same buffer with 10% sucrose. This 

enzyme mix can be aliquoted and stored under −80°C for up to 3 months. To each reaction, 

2.5μl of this enzyme mix was added, along with 5μl of the sample to be tested. The mixture 

was allowed to sit at room temperature for 10 minutes, followed by the addition of 950μl of 

quenching solvent, which is acetonitrile/methanol/water 40/40/20 (V/V) with 0.1M formic 

acid (Fisher Scientific A117). The reaction mixture was then neutralized with 88μl of 15% 

NH4HCO3 (Sigma-Aldrich A6141, M/V), spun at 16,000g for 10min under 4°C and 

transferred to LC-MS vials for analysis.

Our LC-MS system is Thermo Q Exactive PLUS with a HESI source coupled with UltiMate 

3000 UHPLC. The chromatography uses a Waters XBridge BEH Amide column (2.1mm × 

150mm, 2.5μm particle size, 130Å pore size) coupled with a Waters XBridge BEH Amide 

XP VanGuard cartridge (2.1mm × 5mm, 2.5μm particle size, 130Å pore size) guard column. 

The column oven temperature was set to 25°C. The chromatography method is a 6min 

isocratic method using 27% solvent A (water/acetonitrile, 95/5 V/V with 20mM NH3Ac and 

20mM NH3OH at pH=9.4) and 73% solvent B (water/acetonitrile, 20/80 V/V with 20mM 

NH3Ac and 20mM NH3OH at pH=9.4). The flow rate was 0.3mL/min. The autosampler 

temperature was set to 4°C and the injection volume was 5μL. The source of the mass 

spectrometer was set to a spray voltage of −2.7kV and sheath, auxiliary, and sweep gas flow 

rates of 40, 10, and 2 (arbitrary unit) respectively. The capillary temperature was set to 

300°C and aux gas heater was 360°C. The S-lens RF level was 45. For a better metabolome 

coverage, the m/z scan range was set to 72 to 1000m/z at a resolution of 70,000 under 

negative polarity with AGC target of 3e6 and a maximum IT of 500ms. The derivatized 

Glc-6-P is eluted at 2.4min (m/z 259.0224) and Gro-3-P is eluted at 1.9min (m/z 171.0063).

Method validation was performed on linearity, LOD, LOQ, intra-day and inter-day precision 

for both Glc-6-P and Gro-3-P and the overall method accuracy (Table 1). These data were 

obtained in accordance with the pharmacokinetic analytical methods validation procedures 

established by Shah et al [17]. The determined LOD is 25pmol and LOQ is 50pmol for both 

glucose and glycerol input. The sensitivity is similar to the one reported by Rogatsky E. et 
al. [14] and lower than the one by Bornø A. et al. [11]. Input concentrations of 20, 80, and 

4000μM were used to assess the method precision. This range represents physiological 

concentrations of glycerol and glucose that will be encountered in various sample types as 

established in published literature, as well as a low concentration that is slightly above the 

LOQ. Measurement of glucose, at lower concentrations, poses greater variability with 

respect to quantification. This is something we believe to be negligible because the 

physiological concentrations of glucose we observe in samples is higher and in a range 

where better reproducibility is observed. Also, the inter-day measurements are higher than 

the inter-day measurements, suggesting a batch specific standard curve is necessary to obtain 

the most reliable quantification.

Comparing the signal intensities of underivatized glucose and derivatized Glc-6-P, the 

detection sensitivity improved 30-fold (Figure 1B). Glycerol before derivatization could not 

be detected even at 5mM concentration, neither did we detect Na+ adducts of glucose or 
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glycerol under positive mode (data not shown). After the derivatization reaction, glycerol 

was readily detected at 50μM concentration (Figure 1C). Standard curves for derivatized 

glucose and glycerol showed good linearity, R2=0.9978 and R2=0.9987 for glucose and 

glycerol respectively, (Figure 1D). Using this method, we measured the glucose production 

rates of primary hepatocytes using glycerol as the gluconeogenic substrate. After a 12-hour 

incubation, the glycerol concentration in the culture media dropped from 2.0mM to 

0.295mM, indicating significant glycerol consumption (Figure 2A). When pyruvate and 

lactate were used as additional gluconeogenic substrates, the glycerol concentration at the 

end of the 12-hour incubation was elevated in comparison to using glycerol alone as a 

substrate. This suggests that the addition of pyruvate and lactate decreased the overall 

glycerol consumption rate. However, addition of pyruvate and lactate increased the glucose 

production rate. In fact, when 13C3-glycerol was used as the gluconeogenic substrate, the 

labeling pattern of glucose showed mainly M+3 and M+6 after the correction of isotope 

natural abundance and tracer isotope impurity [18]. This labeling pattern is consistent with 

the biochemistry that glycerol makes Gro-3-P and dihydroxyacetone phosphate for glucose 

production and always keeps its 3-carbon backbone intact, whereas pyruvate and lactate go 

to TCA cycle through pyruvate carboxylase and then scramble their carbon backbones. The 

measured labeling pattern of glucose suggests glycerol is the major gluconeogenesis 

substrate even in the presence of pyruvate and lactate (Figures 2B,C).

Our glucose/glycerol measurement method also works well in serum and tissue samples. To 

this end, we evaluated a commonly used commercial biochemical kit (Sigma-Aldrich 

F6428) for “free glycerol” measurement. This kit uses a coupled enzymatic assay of glycerol 

kinase and glycerol phosphate oxidase. This method can measure free glycerol from serum 

or plasma samples. In tissue samples, however, the endogenous Gro-3-P will also be 

oxidized by glycerol phosphate oxidase and be measured incorrectly as free glycerol. To test 

the ratio of free glucose/glycerol and Glc-6-P/Gro-3-P, we compared the liver extract after 

kinase derivatization and after a mock derivatization. Glc-6-P levels in the mock derivatized 

samples were low and increased significantly after the derivatization (Figure 2D). This 

suggests that in liver tissue glucose is mainly present in the form of free glucose, not Glc-6-

P. Gro-3-P levels, on the other hand, only increased ~2-fold after derivatization (Figure 2E). 

This demonstrates liver tissue has roughly equal molarity of free glycerol and Gro-3-P. 

Therefore, the commercial “free glycerol” kit that also measures Gro-3-P may overestimate 

the glycerol concentration if used in tissue sample glycerol measurements.

A clear advantage of using LC-MS to measure glucose and glycerol production in biological 

samples is the ability to detect and quantify isotopologues, which enables quantitative 

metabolic flux analysis using stable isotope tracers. Using this enzymatic derivatization 

method, we measured the contribution of glycerol as a gluconeogenic substrate in vivo. The 

mouse was infused with U-13C3-glycerol at 20nmols per gram body weight per minute. The 

infusion lasted 5 hours for the glycerol and glucose to reach metabolic steady state, followed 

by blood sampling from tail vein. At steady state at this infusion rate, circulating glycerol is 

6.4% M+3 labeled (Figure 2F). The large portion of unlabeled glycerol suggests a high 

endogenous production rate of glycerol. The circulating glucose labeling pattern showed that 

the most abundant labeled fraction is M+3 (Figure 2G). This 13C3-glucose was made by 

combining a labeled 3-carbon unit and an unlabeled one at the aldolase step of 
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gluconeogenesis. This is the pathway that incorporates the intact glycerol carbon backbone 

into newly synthesized glucose. Meanwhile, 1.9% of glucose showed 13C1 labeling, which 

suggested some further metabolism of glycerol is involved. Indeed, we observed the 13C3 

labeled lactate in the serum (Figure 2H). The glycerol derived lactate has to go into TCA 

cycle where it loses 13C atoms through oxidative decarboxylation to become gluconeogenic 

intermediates. This is the major pathway that 13C1-glucose is made. Therefore, glycerol in 
vivo can contribute to glucose in two ways, either directly go through gluconeogenesis as a 

3-carbon unit or indirectly through lactate and TCA cycles (Figure 2I).

Here, we describe a novel derivatization method for the accurate and sensitive detection of 

glucose and glycerol in samples. This method is fast and easy to perform and requires only 

5μl of cell culture media or mouse serum sample. Moreover, our method is compatible to the 

general metabolomics workflow. Our enzymatic derivatization does not affect other 

metabolites, and we routinely use HILIC chromatography for our polar metabolomics 

studies. Therefore, when analyzing the derivatized samples, other metabolites such as amino 

acids and organic acids can still be reliably measured. Enabled by this new method, we 

discovered that glycerol makes significant amount of glucose in isolated primary 

hepatocytes and in mice.
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1. Sensitive LC-MS quantitation of glucose and glycerol via enzymatic 

derivatization to glucose-6-phosphate and glycerol-3-phosphate.

2. Improvement on current quantitation methods and compatible metabolomic 

workflow and applicable to cells, serum, and tissue samples.

3. Our results suggest glycerol plays a key role in gluconeogenesis
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Figure 1. 
Enzymatic Derivatization of Glucose and Glycerol. (A) Derivatization Schematic. Glucose 

and glycerol are converted to glucose-6-phosphate (Glc-6-P) and sn-glycerol-3-phosphate 

(Gro-3-P) using hexokinase and glycerokinase and ATP. (B) Extracted ion chromatograms 

comparing the detection of the underivatized glucose (Glc) (m/z 179.0556) to derivatized of 

Glc-6-P (m/z 259.0224). The Glc intensity is enhanced 5X. (C) Extracted ion 

chromatograms comparing the detection of the underivatized Glycerol (Glo) (m/z 105.0190) 

to derivatized of Gro-3-P (m/z 171.0063). (D) Standard curves of Glc and Glo at 0μM, 5μM, 

10μM, 20μM, 30μM, 40μM, 50μM, 75μM, 100μM, 250μM, 500μM, 1000μM, and 2000μM 

concentrations. R2=0.9978 and 0.9987 for Glc-6-P and Gro-3-P respectively.
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Figure 2: 
Using Enzymatic Glucose/Glycerol Derivitization to Study Circulating Metabolism in 

Hepatocytes and Animal Tissue. (A) In hepatocyte media, the total glycerol concentration 

after 12 hours. Starting concentration of glycerol was 2mM. Glycerol was added alone 

(Gro), or supplemented with pyruvate (5mM) and lactate (50mM) (GroPL). (B) Glucose 

production rate. (C) The distribution of the labeled fractions of glucose in the hepatocyte 

culture media. (D-E) Comparison of free glucose / total glucose (free glucose + hexose 

phosphate) and free glycerol / total glycerol (free glycerol + glycerol phosphate). (F-G) 

Labeling pattern of glycerol, glucose, and lactate after 13C-Glycerol infusion. (I) Schematic 

of glycerol contribution to gluconeogenesis. Glycerol contributes to gluconeogenesis 

directly, or by first going through the TCA cycle, which results in loss of glycerol carbon 

atoms. All bars are showing mean ± SEM, n=3.
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