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Abstract NMR spectroscopy was used to evaluate growth

media and the cellular metabolome in two systems of interest

to biomedical research. The first of these was a Chinese

hamster ovary cell line engineered to express a recombinant

protein. Here, NMR spectroscopy and a quantum mechanical

total line shape analysis were utilized to quantify 30

metabolites such as amino acids, Krebs cycle intermediates,

activated sugars, cofactors, and others in both media and cell

extracts. The impact of bioreactor scale and addition of anti-

apoptotic agents to the media on the extracellular and

intracellular metabolome indicated changes in metabolic

pathways of energy utilization. These results shed light into

culture parameters that can be manipulated to optimize

growth and protein production. Second, metabolomic anal-

ysis was performed on the superfusion media in a common

model used for drug metabolism and toxicology studies, in

vitro liver slices. In this study, it is demonstrated that two of

the 48 standard media components, choline and histidine are

depleted at a faster rate than many other nutrients. Aug-

menting the starting media with extra choline and histidine

improves the long-term liver slice viability as measured by

higher tissues levels of lactate dehydrogenase (LDH), glu-

tathione and ATP, as well as lower LDH levels in the media

at time points out to 94 h after initiation of incubation. In

both models, media components and cellular metabolites are

measured over time and correlated with currently accepted

endpoint measures.
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Introduction

Early work in the area of metabolomics (also known as

metabonomics) was motivated to help understand the sys-

tems biology in human health (Pauling et al. 1971; Jellum

et al. 1988; Adams et al. 1999), toxicology (Nicholson

et al. 1999), and plant science (Sauter et al. 1991;

Trethewey et al. 1999). In metabolomics, the objective is

typically to measure as many small molecule components

in a given matrix as possible, and use this information to

understand the biology of the system under study.

Numerous analytical tools have been applied to this

endeavor, the bulk of which have focused on mass spec-

trometry and NMR spectroscopy (Robertson et al. 2007;

Issaq et al. 2009). NMR has played a significant role in the

development of this field because of its ability to quantify

individual species in complex mixtures (Lindon 1999).

Important medical needs that are difficult to address with

traditional small molecule drugs have fostered an increased

interest in protein and nucleic acid-based therapeutics.

These so-called ‘‘biologics’’ (especially proteins) are fre-

quently manufactured through expression in genetically

modified mammalian or bacterial cells. At later stages of
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drug development, the cell culture vessels can reach

capacities of 20,000 L, produce 100 kg of drug product and

cost millions of dollars per run. With a fixed cost per culture,

it is obvious that even a modest increase in yield (protein

titer) represents a substantial reduction in the per-dose cost

of the final drug product. Earlier in drug discovery, the

importance of producing safe and efficacious medicines,

both large and small, has led to the establishment of many in

vitro testing models that provide early information on drug

metabolism and toxicity. One of these models is the in vitro

liver slice assay, where thin slices of liver are suspended in

defined media and treated with drug. The slice and/or media

are then analyzed over time to determine how the drug is

either metabolized or what effects it has on the liver slice.

These approaches, born of scientific, safety and cost incen-

tives, have contributed to the development of novel appli-

cations of metabolomics in the area of analysis of cell

cultures expressing protein therapeutics (Chong et al. 2009,

2010; Bradley et al. 2010; Chrysanthopoulos et al. 2010;

Cuperlovic-Culf et al. 2010; Lim et al. 2010) and to a lesser

extent mammalian tissue cultures (Gomez-Lechon et al.

2010; Seagle et al. 2008; Dunn et al. 2009).

In order to apply metabolomics to such systems, it must

be possible to accurately quantify the small molecule

endogenous metabolites produced by or utilized by the cells

or tissues in culture. For prominent components and those

that have peaks that are well separated from interfering

peaks, simple integration normally does an adequate job of

quantification. However, frequently one encounters situa-

tions where critical changes occur in low-level metabolites

or in crowded regions of the NMR spectrum and achieving

accurate quantitation can be a challenging in such circum-

stances. In the case of cell and tissue culture, this is further

complicated because mammalian cells often require the

presence of proteins in their media (e.g. fetal bovine serum)

and produce proteins which are excreted into the superna-

tants. Such biomolecules produce broad signals detected in

the NMR spectrum as the so-called ‘protein envelope’.

These broad background resonance signals make simple

integration and ‘bucketing’ or ‘binning’ approaches

impracticable or at least inaccurate. On the other hand,

NMR methods used for reduction of broad lines such as T2

filtering depend on the correlation time and quantity of the

proteins present which may not be the same across all

samples. This confounding factor affects the accurate

quantization of metabolites, which themselves, are follow-

ing non-linear rates of change across the cell’s life time.

In this work, we present metabolomics results on two

systems of relevance to pharmaceutical research and

development: the CHO cell expression system for protein

therapeutic production and the rat liver slice model for

assessing drug metabolism and toxicity. In the former, we

investigate the effects of bioreactor scale (7–5,000 L) and

the addition of dextran sulfate, a commonly used anti-

apoptotic agent (Dee et al. 1997; Zanghi et al. 2000), on the

growth media and intracellular metabolome in CHO cells

expressing a recombinant protein. Also, for the purpose of

accurate quantification of low level components, we dem-

onstrate that iteratively calculating and fitting the whole

NMR spectrum by means of the quantum mechanical total

line shape algorithm, produced the most accurate results,

especially in the presence of challenging spectral overlap.

In the rat liver slice model, we analyze the media for

potentially growth-limiting nutrients.

Materials and methods

CHO cell experiments

The CHO cell line expressing a recombinant fusion protein

used in these studies was subcloned from DG44 parental

cells. Two cell culture processes are described; the first one,

Process A, is utilized in the scale up study, a modified Pro-

cess B, is utilized for the lab scale investigation of the effects

of dextran sulfate addition. Both processes used the same

cell line, but differed mainly in formulations for the pro-

prietary serum-free growth, production, and feed media.

Bioreactor experiments were performed in 7-L (Sarto-

rius, Goettingen, Germany) bioreactors with working

volumes of approximately 4–6 L. Process A was also per-

formed at large scale in 5,000-L bioreactors. Temperature

was initially controlled at 37�C, but was shifted to a lower

value during the culture to extend culture duration. For each

experiment, the timing and magnitude of the temperature

shift was the same for each bioreactor. The bioreactor pH

was controlled by CO2 gas and base addition. In addition to

media formulations, the two processes differed with respect

to determination of feed media volume and timing of

addition of dextran sulfate, an additive found to inhibit

apoptosis. The bioreactors were operated in fed-batch mode

in which the feed volume was determined based upon the

measured glucose concentration for Process A, but was fed

using fixed volumes for Process B. The concentration of an

additive found to inhibit apoptosis, dextran sulfate, was the

same for both processes, but it was added when culture

viability decreased below approximately 90% for Process

A, or on day 3 for Process B. Viable cell density and percent

viability were measured using automated cell counters.

Culture samples were analyzed offline using a BioProfile

400 Analyzer to monitor pH, pCO2, pO2, glucose, gluta-

mine, lactate, and ammonium (Nova Biomedical, Waltham,

MA). Samples were pulled at various time points during the

processes, and supernatants were prepared by centrifuga-

tion. In cases where cell extracts were analyzed, cell pellets

containing an equal amounts of cells were washed twice
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with 19 PBS and then frozen at -70�C prior to extraction

as described below.

Liver slice experiments

Krebs-Henseleit buffer, Insulin (from bovine pancreas),

Gentamicin, calcium chloride, glucose, sodium bicarbon-

ate, HEPES were purchased from Sigma–Aldrich (St.

Louis, MO). Waymouth MB752/1 was purchased from

Invitrogen (Carlsbad, CA). Fetal bovine serum and

Amphotericin-B were purchased from MediaTech, Inc.

(Manasass, VA). Choline chloride was purchased from

Fluka Analytical. L-Histidine was purchased from Alfa

Aesar (a Johnson Matthey company). Acetonitrile (HPLC-

grade) was obtained from Burdick and Jackson (Muskegon,

MI). Formic acid (analytical-grade) was from J. T. Baker

(Phillipsburg, NJ). All other reagents were of analytical

grade. Lysing Matrix D Tubes were purchased from MP

Biomedical (Solon, OH).

Male Sprague–Dawley rats (325–450 g, 10–15 weeks

old, obtained from Charles River Laboratories, Raleigh,

NC) were individually housed in a temperature- and light-

controlled room. They were fed standard diet and water

ad libitum. On the morning of each experiment rats were

anesthetized with CO2 and exsanguinated prior to hepa-

tectomy and dissection of the liver into individual lobes,

which were placed into ice-cold culture medium. Slices

were prepared the day of each experiment using a protocol

closely following previously published procedures

(Lerche-Langrand and Toutain 2000; Olinga et al. 2001).

Tissue cores were prepared with an 8 mm diameter motor-

driven tissue coring tool (Alabama Research and Devel-

opment Corporation, Munford, AL). Tissue slices,

approximately 250 lm thick, were prepared in ice-cold

culture medium using a Krumdieck tissue slicer (Alabama

Research and Development Corporation, Munford, AL).

Liver slice thickness was determined by macroscopic

comparison to a 250 lm thickness gauge.

The slices were placed onto Vitron (Vitron Inc, Tucson,

AZ) type C titanium roller inserts and cultured in glass

scintillation vials containing 1.75 mL culture medium and

continuously exposed to Carbogen (95% O2/5% CO2). The

culture medium consisted of Waymouth’s media supple-

mented with 25 mM HEPES, 10% fetal bovine serum,

5 lg/mL insulin, 50 lg/mL gentamicin, 2.5 lg/mL

amphotericin B, 25 mM glucose, 2.4 g/L sodium bicar-

bonate with the final pH adjusted to 7.4. In one experiment,

slices were incubated with the above culture medium for 0,

7 and 20 h and aliquots of media from those samples were

removed periodically and stored at -80�C for non-targeted

metabolomics analysis (see below). In a separate experi-

ment to investigate the effect of choline and histidine

augmentation, the above culture medium was modified by

adding choline chloride (250 mg/L) and/or L-histidine

(128 mg/L). Aliquots of 10 lL were taken from the media

every 24 h (up to 94 h) to measure extracellular LDH

activity as described below. After 94 h of incubation, slices

and media were separated to facilitate slice processing for

biochemical analysis. The slices were homogenized in

1 mL of 0.1 M phosphate buffer, pH 7.4 using Lysing

Matrix D Tubes in the Savant FastPrep 120 (MP Bio-

medical, Solon, OH) shaker for 20 s. Liver slice superna-

tants were then obtained by centrifugation at approximately

5,0009g, for 5 min. Aliquots of the supernatant were used

for lactate dehydrogenase (LDH), reduced glutathione

(GSH) and adenosine triphosphate (ATP) measurements as

described below. In a separate experiment, freshly prepared

slices were processed as described above to obtain refer-

ence values of total intracellular GSH, ATP and LDH.

GSH, ATP and LDH measurements

Intracellular GSH was measured using a standard dithiobis-

nitrobenzoic acid (DTNB; Ellman’s Reagent) assay. Slice

homogenates were prepared as described above. Fifty lL

of liver slice supernatant was added to 200 lL of a DTNB

(3.96 mg/mL) solution in 0.1 M TRIS, pH 8.9. Absorbance

at 405 nm was measured in a 96-well plate on a Spectro-

Max Pro spectrophotometer using SoftMax Pro software.

GSH in slice homogenates were quantitated using a GSH

standard curve from 25 to 250 lM.

Intracellular ATP was measured using a CellTiter-Glo

Luminescent cell viability assay kit from Promega. Assay

reagents were prepared according to the manufacturer.

Immediately after slice processing, 100 lL of slice extract

was combined with 100 lL of 10% trichloroacetic acid to

stabilize the ATP. Ten lL of each sample were added to

100 lL of above assay reagent in a 96-well plate. The plate

was incubated at room temperature for 30 min and read on

a TopCount (Perkin Elmer) in luminescence mode.

Both extracellular and intracellular LDH were measured

using a Raichem LDH assay kit according to the manu-

facturer. Ten lL of each sample (incubation media or liver

slice extract) were added to 200 lL of the assay reagent in

a 96-well plate. Data was captured on a SpectraMax plate

reader using SoftMax Pro software in the kinetic setting.

NMR sample preparation

For CHO cell media measurements, samples were centri-

fuged to remove cells. For the investigation of scalability

effects (process A), 0.4 mL of supernatants were mixed

with 0.2 mL of 99.9% D2O with 0.1 mM 1,1,2,2-tetra-

deutero-3-trimethylsilylpropionic acid (TSP) for reference.

For experiments investigating the effect of dextran sulfate

addition, (process B), 0.40 mL aliquots of the supernatant
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were mixed with 0.20 mL of 0.2 M phosphate buffer in

20% D2O, pH 7.0 (meter reading uncorrected for deuterium

isotope effect) containing 0.1 mM TSP for reference. The

samples were transferred to 5 mm NMR tubes and imme-

diately queued up in the sample changer. Samples were

maintained at 4–6�C until acquisition of spectra, which

were collected at 27�C.

For CHO cell extracts, 1.0 9 107 cells frozen pelleted

cells were mixed with 6 9 volumes of dry ice-cold meth-

anol in 2 mL eppendorf microfuge tubes, and a 3 mm

carbide bead (Qiagen Inc., Valencia, CA) was added.

The samples were subject to bead mill homogenization

for 2 min at 30 Hz in a Retsch Model MM300 (Haan

Germany) homogenizer. The extracts were centrifuged in

an Eppendorf microfuge for 10 min at 4�C, 6,000 rpm,

0.5 mL of supernatant removed, and subjected to extrac-

tion by addition of 1 part of deionized water and two parts

of chloroform. Samples were vortexed and centrifuged at

1,000 rpm for 1 h to aid phase separation. The water/

methanol phase (top layer) was collected and dried under

nitrogen flow overnight to remove all traces of solvent.

Dried extracts were kept at -80�C until they were ana-

lyzed. For the scalability study (process A), samples were

dissolved in 99.9% D2O with 0.1 mM TSP; for the dextran

sulfate addition study (process B), the extracts were dis-

solved with two parts of D2O and one part of deuterated

0.2 M phosphate buffer as described above for superna-

tants, for a total volume of 0.6 ml. Once prepared, samples

were transferred to 5 mm NMR tubes for NMR spectros-

copy and immediately queued up in the sample changer.

Samples were maintained at 4–6�C on the sample changer.

For liver slice experiments, 180 lL of media was mixed

with 20 lL of a D2O solution of 0.65 mg/mL of 1,1,2,2,3,3-

hexadeutero-3-pentane sulfonic acid (DSS-d6) plus

0.21 mg/mL of 1,1-difluoro-1-trimethylsilanylmethylpho-

sphonic acid (DFTMP) as an internal pH reference (Reily

et al. 2006). Samples were placed into 3 mm NMR tubes and

immediately placed into the NMR sample changer, where

they were maintained at room temperature until analysis.

NMR spectroscopy

For CHO cell samples, 1D proton NMR spectra of super-

natants and cell extracts were measured on a 600 MHz

NMR Bruker spectrometer (Bruker Analytik, Rheinstetten,

Germany) equipped with a 5 mm TCI cryoprobe and a

SampleJet sample changer. Samples were maintained at

4–6�C while in the sample changer and then warmed to

27�C for measurement. A constant number of scans (256

for supernatants and 512 for cell extracts) and receiver gain

were used into facilitate comparisons of relative analyte

concentrations between samples. The pulse sequence used

was a 1D version of a NOESY experiment with gradient

water suppression during nOe mixing time of 0.05 s and

during a relaxation time of 2 s. The 90� pulse width was

automatically determined for each sample. All free induc-

tion decays (FID’s) were subjected to Fourier transforma-

tion and automatic phase and baseline correction prior to

calibrating to TSP at 0 ppm.

For liver slice media samples, 1D proton NMR spectra

were measured on a 700 MHz NMR Bruker spectrometer

(Bruker Analytik, Rheinstetten, Germany) equipped with a

5 mm TCI cryoprobe and a BACS-120 sample changer. A

total of 256 transients digitized into 16K complex points

were accumulated for each sample, with all inter-sample

parameters held constant to facilitate comparisons of rel-

ative analyte concentrations between samples. The 90�
pulse width was determined for the first sample. The pulse

sequence used was a 1D version of a NOESY experiment

with continuous wave saturation of the water signal during

the nOe mixing time of 0.10 s and during a relaxation time

of 2.4 s. All FID’s were subjected to Fourier transforma-

tion, and manual phase and baseline-correction prior to

calibrating to DSS at 0 ppm.

Data analysis and quantification of metabolites

For CHO cell analysis, a quantum mechanical total-line-

shape fitting (QMTLS) approach was used to quantify up

to 32 metabolites in two separate models for either

supernatant or extract built from the metabolite database

bbiorefcode-2-0-0 (Bruker BioSpin, Rheinstetten,

Germany). The QMTLS models provide starting values for

chemical shifts, proton-proton couplings, individual line

widths for each spin-particle and the individual metabolite

populations, which were then iteratively optimized to fit

the experimental data for each data set in an automated

batch-run using PERCH NMR Software (PERCH Solu-

tions Ltd., Kuopio, Finland). Both integral transform and

total-line-shape fitting were used in two subsequent steps

(Laatikainen et al. 1996) first adjusting smaller variations

of chemical shifts up to several Hz, and then also opti-

mizing coupling constants, individual line-widths and the

line-shape (Gaussian/Lorentzian contribution) for each

spin-particle, followed by a baseline optimization routine

using a mixture of Fourier and polynomial terms. The

relative metabolite populations were normalized to the

sum of all integrals in each spectrum. No attempt was

made to normalize to total signal intensity due to dis-

similar protein signal background in the spectra. The data

analysis and visualization was performed utilizing the

Partek Genomics Suite package (Version 6.5, Partek Inc.

St Louis, Missouri).

For analysis of the liver slice media and for some

measurements of CHO cell media components, spectra

were integrated in the program AMIX version 3.9 (Bruker
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BioSpin, Rheinstetten, Germany) using the ‘‘multi-inte-

grate’’ routine and defining integration regions around

selected peaks interactively while observing all spectra

superimposed or stacked vertically to ensure proper

inclusion of the peak of interest and exclusion of extrane-

ous peaks across the entire dataset—essentially a visually

guided bucketing approach. The output from AMIX was

exported to Microsoft Excel for statistical analysis and

evaluation. One drawback to this method is that, even for

reasonably well pronounced peaks, the baseline in such

samples is rarely totally devoid of intensity due to non-zero

baseline or low level overlapping peaks. Therefore, even in

the total absence of a particular target component, a non-

zero integral may be obtained.

Results and discussion

Effect of scale on CHO cell production

For this scalability study, a 1 h post-inoculation aliquot of a

production size (5,000 L) bioreactor was obtained for

inoculation of two lab-scale bioreactors (7 L, satellites 1

and 2). All three systems were nourished with identical

feed medium and kept at otherwise constant fermentation

parameters (temperature, pH, etc.). Supernatants and cell

pellets were collected as described above. Metabolite

concentrations measured by NMR for all three samples

were compared directly to each other, since there was some

variability between both satellites and not enough power

for statistical analysis (N = 2 for satellites and N = 1 for

5,000 L). It is not uncommon to observe a decrease in

productivity upon scale-up in recombinant protein expres-

sion (Hu and Aunins 1997). Indeed, in this study, the 7 L

batches presented higher viability at the end of the culture

(83% vs. 65%) and productivity (up to twofold more
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Fig. 2 Time course of relative intracellular concentrations of galact-

ose (bottom) and its activated form, galactose-UPP (top) in the large

(red circles) and satellite 1 (dark blue diamonds) and satellite 2 (light
blue triangles) experiments over the course of a 10 day culture.

Sample numbers correspond to: 1—day of inoculation; 2—day 5

before addition of dextran sulfate; 3—day 5 after addition of dextran

sulfate; 4—day 6 before temperature shift; 5—day 6 after temperature

shift; 6—day 8; 7—day 10
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protein per unit volume) under otherwise identically con-

trolled conditions. In order to elucidate possible biochem-

ical mechanisms that would account for this phenomenon,

a comparison of the metabolomics data from media

supernatants from the three bioreactors was carried out.

The cell extracts and supernatants showed many differ-

ences in the metabolites that were detectable and measurable.

The most striking differences were in the energy-activated

molecules such as adenosine nucleoside phosphates (AXPs),

and activated glycosides such as UDP-glucose, 1,6-glucose

bisphosphate (Glu-PP), UDP-galactose, etc., which were

only detectable in the cell extracts, and certain tricarboxylic

acid metabolites including citric and 2-oxoglutaric acids,

which were only found in the supernatants.

The intracellular metabolites that discriminated most

between the production batch and the small scale satellites

included the activated glycosides and sugars. The signals of

the sugar phosphates and sugars were close to the water

signal where some suppression artifacts distorted the

baseline, and were of very small intensity. Under such

conditions, the advantage of the QMTLS approach for

measuring some of these very low level metabolites

becomes apparent and is illustrated in Fig. 1. The activated

glycosides increased steadily with time in the satellite

batches, but apparently to a lesser extent in the large scale

batch, Fig. 2a. On the other hand galactose, which is part of

the daily feed, disappears quickly from the media in the

large batch extracts as evidenced by its consistently low

level, while it was present at higher levels through day 4 in

both the satellite batches, as shown in Fig. 2b.

In the supernatants, the metabolites that differentiated

scale were Asn/Asp and Glu/Gln pairs, and aromatic and

branched chain amino acids, Fig. 3. The rate of glucose and

galactose depletion was faster in the 5,000 L bioreactor,

while more citrate and other Krebs cycle intermediates

were produced in the small bioreactor than in the produc-

tion size one, as illustrated in Fig. 4 for galactose and

citrate. Galactose is a fed component, so the lower levels in

at each time point in the 5,000 L batch indicate more rapid

utilization of this carbohydrate; glucose utilization shows a

similar trend. Similarly, Krebs cycle intermediates, exem-

plified by citrate, are only produced by the cells (i.e. are not

media or feed components) and these increase at later time

points in the culture more significantly in the smaller bio-

reactors. Both of these observations point to a higher

reliance of the cells in the large bioreactor on glycolysis for

energy compared with those growing at the lab scale. It is

known that galactose as carbon source prolongs cell via-

bility, postpones onset of apoptosis and reduces lactate

concentration in the medium (Altamirano et al. 2006). We

observed that, in spite of increased utilization of glucose

and galactose in the large batch, lactate levels remained

comparable in the small and large batches up to day 6 post

temperature shift, increasing only at the two final days 8

and 10, after complete galactose depletion, Fig. 4. Acti-

vated and phosphorylated galactose and other activated

cofactors needed for the conversion of galactose to glucose

via the Leloir pathway (Frey 1996) need ATP, which is

produced mostly during the Krebs mitochondrial respira-

tion cycle. Given our findings, it is tempting to hypothesize

that in the large batch, cells are producing their energy

mostly through anaerobic glycolysis, where galactose

consumption allows for extended viability under subopti-

mal conditions. Thus, it may be that oxygen availability
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and consumption for all cells at all times during the process

(micro aerobic conditions), which would allow for

enhanced mitochondrial function and TCA cycle activity,

may not be optimally achieved in production size batch, as

compared to laboratory scale batches.

Effect of dextran sulfate on CHO cell production

In order to elucidate possible biochemical mechanisms of

the empirically observed titer-enhancing effect of added

dextran sulfate (DS), six lab-scale (7 L) bioreactors were

run concurrently, 3 with and 3 without DS. Samples were

collected at several times during the entire 14 day culture

period.

Most of the significant differences in metabolic profiles in

the supernatants from all six reactors were in the time

coordinate, with the major changes being the depletion of

Asn and Asp from the medium by days 4, and 7 respectively,

and glycerol accumulating after day 6. Regions of the daily

spectra from all bioreactor samples with and without dextran

sulfate added are shown superimposed in Fig. 5. Glucose

changes were also quantified, but because this nutrient was

given as an ad hoc bolus when levels dropped below a certain

threshold, the measurements were not correlated to any of

the variables, time or treatment. The metabolites in the

supernatants showed different concentration trends

depending upon the metabolite; since we were interested in

metabolic trajectories that would distinguish between cul-

tures with and without DS, the findings can be grouped into

three categories as follows: metabolites that behave identi-

cally with or without DS (e.g. asparagine, aspartic acid),

metabolites that differentially accumulate with DS (e.g.

uracil, niacinamide, some essential amino acids, acetate,

fumaric acid, lactate, sugars other than galactose and glu-

cose), and metabolites that express differently during the

temperature shifts (e.g. AXP, citrate, valine, alanine). The

temporal change in concentration of representatives of each

of these categories is illustrated in Fig. 6 and is compre-

hensively summarized in Table 1.

It has been empirically demonstrated that during the

temperature shift CHO cells rearrange their biosynthetic

machinery to arrest cell division and growth and increase
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Fig. 4 Galactose utilization is higher in the large scale conditions

(red circles), while citrate concentrations increase in the small

batches (blue triangles and diamonds), and lactate levels remain

constant over the course of a 10 day culture. Sample numbers

correspond to: 1—day of inoculation; 2—day 5 before addition of

dextran sulfate; 3—day 5 after addition of dextran sulfate; 4—day 6

before temperature shift; 5—day 6 after temperature shift; 6—day 8;

7—day 10

Day3, day 4, day6, day 7, day 10, day 11, day 12

AsnGlycerol

Glucose

Asp 

ppm

Fig. 5 NMR spectra showing

changes of extracellular

metabolites from a single

culture containing dextran

sulfate with time include

utilization of carbon (glucose,

glycerol) and nitrogen sources

(e.g. asparagine). Spectra are

color coded by day
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protein synthesis (Moore et al. 1997). Changes in metabo-

lites during the temperature shift that are related to energy

utilization, such as citrate, acetate, alanine and AXP, may

indicate a change in energy utilization optimized for protein

synthesis. Furthermore, we observed DS-induced changes in

nucleotide concentrations, which may indicate changes in

their utilization and biosynthesis. For example, uracil and

niacinamide begin to enrich 24 h after DS addition and days

before the temperature shift. This suggests that dextran

sulfate both improves viability and growth during the cell

growth period, and enhances energy utilization post tem-

perature shift, when protein synthesis is emphasized. Inter-

estingly, these observations correspond temporally with

experimentally determined cellular aggregation, which

showed that the level of aggregation was significantly lower

in the DS-treated batches starting after about day 5 and

through the end of the culture, Fig. 7a. Cell viability and

productivity also correlated with many of the metabolite

measurements. The viability of the cells started differenti-

ating significantly at day 8 (difference of 1.6%) and the

difference kept increasing until the end of the process (dif-

ference of 5.5%) even though the total number of cells in all

batches was not significantly different, Fig. 7b. The titer, a

direct measure of the protein production, started differenti-

ating at day 6 and continued increasing until the harvest,

Fig. 7c. Thus, the phenomenon of cell aggregation and the

observed cell viability and titer are all temporally correlated

to the metabolomic changes described above.

Liver slice metabolomics

The precision-cut liver slice is a commonly used model for

assessing drug metabolism and certain types of hepato-

toxicities in vitro (Laskin and Pilaro 1986; Laskin et al.

1986; Goldin et al. 1996). The recipe for this model is well

established (Lerche-Langrand and Toutain 2000) and relies

on commercially available media and common additives
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Fig. 6 Time course of selected

extracellular metabolite relative

concentrations with (blue
triangles) and without (red
diamonds) dextran sulfate over

the course of a 14 day culture.

Error bars indicate 1 standard

deviation from the mean

(N = 3)

Table 1 Metabolite changes in media with and without dextran

sulfate

Metabolite Percent

differencea
Metabolite Percent

differencea

MNNA -11.7 Serine -2.6

Niacinamide 39.1 Lysine -4.8

Histidine -3.0 Asparagine -3.9

Tryptophane -11.2 Aspartic acid -5.1

Phenylalanine -4.5 Methionine -2.0

Tyrosine -14.8 Citrate -3.1

Fumaric acid -16.2 Pyroglutamate 8.2

Uracil 64.3 Valine -9.8

Galactose 12.5 Glutamate 1.2

Glucose 17.5 Acetate 23.6

4-Hydroxyproline -4.1 Butyrate -18.2

Malic acid -8.9 Alanine 4.5

Threonine -7.4 Lactate -0.2

Asparagine -0.4 Isoleucine -7.5

a Percent difference is: (100 9 (A - B))/(A ? B), where A the sum

of peak areas from all time points the DS supplemented media and B

the sum of peak areas from all time points of the unsupplemented

media
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(see ‘‘Materials and methods’’). In practice, liver slices can

typically be maintained in a healthy state for at least 20 h

without changing media in this model. We were interested

in applying metabolomic technology to study the changes

in culture media as a function of culture duration and

viability. With a complete knowledge of the makeup of the

media, it was possible to quantitatively assess the disap-

pearance of nutrients and appearance of metabolites

produced by the liver slices themselves. Figure 8 shows

selected regions of NMR spectra obtained on media at

various times of incubation up to 20 h. As can be seen,

several components such as choline, histidine and trypto-

phan are dramatically reduced in concentration, whereas

others, such as alanine, 3-hydroxybutyrate (BHB) and

lactate increase over time. Mean relative levels of some of

these are shown in Fig. 9. Since lactate was speculated to
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Fig. 7 Time course of various

commonly measured culture

parameters for lab scale

bioreactions with (blue) and

without (red) dextran sulfate.

a Percent cell aggregation,

individual bioreactor readout;

b percent viability and viable

cell density (VCD), mean

readouts for each

group ± standard deviation;

c percent titer (from maximum),

individual bioreactor readout
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Fig. 8 Selected regions of the

700 MHz 1H NMR spectrum of

liver slice (Waymouth’s) media

over a 20 h culture. Spectra

were acquired on biological

triplets at 0 (black), 7 (blue) and

20 (green) hours of incubation.

All slices came from a single

rat. Selected components are

labeled
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arise from glycolysis within the liver slices, glucose and

lactate were also measured, and a clear relationship

between lactate production in the tissue and depletion of

supplied glucose is observed, Fig. 10. It should be pointed

out that although alanine, lactate and BHB are not present

in the media itself, integrated intensity is non-zero at

T = 0, because of the binning method used to quantify in

this part of the work. Although QMTLS would have pro-

vided superior results, it was not available at the time this

work was done. Nonetheless, as can be seen by the stan-

dard deviations in the data (N = 3) in Fig. 9 and 10, the

biological variation was extremely small and the changes

in these metabolites are very clear.

Based on the apparent depletion of certain metabolites

around the time the slices tend to begin to fail, histidine and

choline in particular, we speculated that these compounds

may be essential for viability. To test this hypothesis, we

augmented the culture media with a twofold excess of each

of these metabolites individually and together and

measured cell viability parameters, such as GSH, ATP and

LDH in the liver slices. Higher levels of these in the tissue

are consistent with viable tissue. Even after 94 h, when
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the liver slice culture. Choline and histidine are provided nutrients in

the media and are depleted, whereas Ala and 3-hydroxybutyric acid

(BHB) are products of the liver slice metabolism. Error bars indicate

1 standard deviation from the mean (N = 3)
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both His and choline are increased, the levels of these

markers of cellular function are close to levels found in

fresh liver slices, whereas they are significantly depleted

with normal media or media augmented with His or choline

alone, Fig. 11. These results indicate that, even at the very

long incubation times the cells seem more viable when

augmented with both limiting metabolites.

Conclusions

We have demonstrated that NMR-based metabolomics is

useful for simultaneous monitoring of many supplied and

excreted small molecules in living mammalian cells.

Unlike conventional biochemical analysis, a metabolomics

approach allows the quantification of many metabolites of

which could not be anticipated to be significant a priori.

With this information, we can probe the health and via-

bility of mammalian cell or tissue cultures and identify

which small molecule media components may affect cell

growth and viability. This can either be by the early

depletion of an essential nutrient or by excessive build-up

of metabolites deleterious to the cell. Further, we can

generate hypotheses that, once tested, can provide insight

to biochemical mechanisms. This application of meta-

bolomics avoids many of the pitfalls of studying whole

animals, since there are fewer concurrent processes and

nutrient influx and efflux can be more closely controlled

and measured. In a protein production setting, metabolo-

mics can dramatically increase the information available on

the on biochemical changes occurring within the culture,

since relatively few selected metabolites and parameters

are traditionally monitored. Here, we have shown its utility

in discovering previously unknown molecular modulations

induced by physical (reactor size) and chemical (dextran

sulfate) perturbations in engineered CHO cells. Similarly,

in a widely used tissue culture model, we have shown that

metabolomics can identify critical supplied nutrients that

can potentially extend the culture duration of the model

and therefore it’s usefulness. Finally we have demonstrated

that by considering each metabolite as a complete spin

system that must obey certain quantum mechanical rules,

we can provide highly accurate relative metabolite con-

centrations even for low level metabolites in the presence

of strong overlap, higher order effects, severe baseline

distortion and background interference.
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