
 
Fig. 1. Diagram of pharmacodynamic and pharmacokinetic 
pathways monitored by the MBP method. 

Fig. 2:  Pathway-centric output of MBP for JM1 
cells. 

 Fig. 3:  Metabolic category output of MBP for rat hepatocyte     
cultured over 2 days. 

Fig 4:  Metabolic category output for the 
pharmacokinetics for the 2D cultures of 
human hepatocytes.  Values are expressed as 
a percentage of total intracellular APAP, 
conjugated or unconjugated.  
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INTRODUCTION:  We report a novel metabolomic method, mass balance phenotyping (MBP), 
which is based on compartmental analysis [1], and uses empirical NMR data as input. The 
method employs u-13C-glucose and u-13C-glutamine to quantify metabolic flux. The 
pharmacodynamics (i.e., effect of drug on metabolism) is demonstrated using 2D cultured rat 
hepatocytes, a rat liver cell-line (JM1), and 2D primary human hepatocyte cultures treated with 
acetaminophen (APAP). There are two techniques to determine mass balance, static and 
dynamic. The static method uses 2D liver cell cultures and a single time point obtained at steady-
state where the 13C fractional enrichments of endogenous metabolites are incorporated into the 
mass balance model. The dynamic method uses a 3D hepatocyte culture in an NMR-compatible 
bioreactor [2], and flux is derived from the in vivo 13C spectral time course.  Together the 
footprint (media) and fingerprint (cell extract) data are entered into a metabolic model and 
expressed as a pathway-centric output (Figure 1), or with the metabolites grouped into metabolic 
categories. The 13C –nutrient replacement validates the mass balance so the change in 
concentration is robustly elucidated.  The purpose of this abstract is to demonstrate the static 
application of MBP to these three metabolic systems.  

 
METHODS:  Isolated rat hepatocytes 
are cultured on 15 cm plastic culture 
dishes coated with rat tail collagen. 
Plates containing approximately 5 x 107 
rat hepatocytes, 108 JM1 cells, or 6 x 106 human hepatocytes are extracted to collect the water soluble and 
insoluble fractions. Extracts are speed-vacuumed and resolubilized in D2O with 0.5% TSP as a concentration 
and chemical shift reference. 1H NMR spectra are acquired in intervals of 15 sec using a 90o pulse on a 
narrow-bore 16.5 T Varian INOVA equipped with a 5 mm inverse detect probe. The 1H NMR spectra are 
either fit with Chenomx NMR Processor (Chenomx, Inc. Edmonton, Canada) and expressed as concentrations 
relative to TSP or the spectra are manually binned and integrated with ACD NMR Suite (Advanced Chemistry 
Development, Toronto, Canada). The media and cell extracts are termed the metabolomic footprint and 
fingerprint, respectively. The footprint, lipid, and water-soluble components were analyzed for concentration 
and flux using 13C-labeled nutrients in the culture media. These values were used to generate the metabolic 
flux model as well as steady-state assessment of metabolite changes. 
 

RESULTS:  Figure 2 is the pathway-centric output of MBP for JM1 cells demonstrating that 
nearly all of the glucose is metabolized to alanine and lactate, when cultured in media 
supplemented with labeled glucose. Figure 3 is a metabolic category output for 2D cultures of 
rat hepatocytes demonstrating that they use endogenous triglycerides (TG) for energy especiall 
during the first 24 hrs.  This results in the formation of ketone bodies such as beta-
hydroxybutyrate and acetate over the first 24 hrs. By 48 hrs the rat hepatocytes were forming 
lactate and alanine from glucose, similar to the JM1 cells, and relying less on triglycerides, 
expressing a Warburg-like metabolome. With the addition of various concentrations of APAP 
to 2D cultured hepatocytes, there is a difference in distribution of the phase 2 conjugates. 
Figure 4 demonstrates the metabolic category output of the MBP for the pharmacokinetics of 
APAP in human hepatocyte cultures.  

DISCUSSION: This study demonstrates 
a new metabolomic method, MBP, using 
2D cultures of transformed and primary 
hepatocytes. MBP includes concentration 
and flux of the cell footprint and 
fingerprint to output a robust, unbiased 
quantification of mass balance. Changes 
in the mass balance resulting from drug 
exposure can be correlated to sub-lethal 
effects and ultimately off-target toxicity. 
This method demonstrated the trans-differentiations process in rat hepatocytes, whereby initially endogenous 
triglycerides are used for energy via ß-oxidation, and then shift toward a Warburg-type metabolome relying more 
on aerobic glycolysis. The trans-differentiation process is common in primary cultures, and the method could be 
used to optimize regenerative medicine biotechnology. In the future this method will be applied in a dynamic 
fashion using an NMR compatible bioreactor as previously demonstrated [2]. The output is either a pathway-
centric format familiar to the biochemist (Fig. 2), or metabolic category format familiar to toxicologist (Fig. 3 & 
4). MRS, unlike chromatography, does NOT require prior knowledge of analytes. This results in an unbiased 
analysis with little sample preparation generating in a global analysis of the 13C distribution (i.e., flux and 
concentration) and discovery of novel pathways associated with the xenobiotic or ex vivo culturing perturbation.. 
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