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Biotechnology is currently evolving through 
the era of big data, thanks to advances in the 
high-throughput technologies for rapid and 
inexpensive genome sequencing and other 
genome-wide studies [1]. With the daunting 
amount of data, it has been possible to put 
them together into a coherently organized 
biological network that provides counterintui-
tive insights on biological systems [2]. Among 
such biological networks, a genome-scale 
metabolic network model is expected to play 
an increasingly important role in the biophar-
maceutical industry [3]. Before enumerating 
their specific strengths, it is important to note 
that principles underlying genome-scale meta-
bolic network models are consistent with the 
holistic perspective of systems biology, the aim 
of which is to unveil hidden factors causing 
diseases and to find relevant treatment strate-
gies [4]. Despite the importance of metabolism 
in a biological system, studies on diseases 
in relation to metabolism were far fewer in 
number than those performed on signaling 
and transcriptional regulatory networks [5]. 
However, metabolism, highly linked with 
observable phenotypes, is a biological network 
that is more comprehensively characterized 
when compared with the other two types of 
networks [6]. Metabolism is, therefore, ame-
nable to large-scale mathematical modeling 
and simulation. It is with this motivation 
that the genome-scale metabolic simulation 
deserves more attention in drug discovery 
campaigns and optimization of a host strain 
for the production of biopharmaceuticals.

Reconstruction and application of 
genome-scale metabolic network models 
have been forged as a major research strategy 
of systems biology. Over the last decade, 
genome-scale metabolic models have been 
built for almost all biologically important 
organisms across the domains of archea, 
bacteria and eukaryotes [3]. They range from 
simple microorganisms such as Escherichia 
coli [7] and Saccharomyces cerevisiae [8] to 
higher organisms including Chinese ham-
ster ovary (CHO) cells [9,10] and a generic 
human cell [11,12]. It should be noted that all 
these organisms that have been subjected to 
metabolic modeling are important cellular 
hosts for biopharmaceutical production or 
medically meaningful organisms that need 
to be cured (e.g., specific cancer cells) or 
destroyed (e.g., pathogens). A recent notable 
development of importance in the genome-
scale metabolic modeling would be the newly 
updated human metabolic network Recon 2 
[12]. Recon 2 is a result of efforts from a group 
of researchers, going over a vast amount of lit-
erature and biochemical data and reconciling 
conflicting information. Scope of the hith-
erto reconstructed genome-scale metabolic 
models manifest high expectations for their 
potential contributions to biopharmaceutical 
industry.

Genome-scale metabolic network models 
are not just a simple pileup of biochemical 
reactions, but allow mathematical simula-
tion under precisely defined conditions of 
constraints [13]. Once the experimentally 
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or theoretically validated biochemical reactions are 
incorporated into the metabolic network, the network 
model is mathematically expressed in a matrix using 
stoichiometric coefficients of associated metabolites. 
The complete metabolic network model is simulated 
using numerical optimization, often called con-
straint-based flux analysis [14]. The constraint-based 
flux analysis has proved to be extremely useful in 
predicting metabolic fluxes for individual reactions 
under specific genetic and environmental conditions, 
without requiring kinetic parameters. This approach 
allows prediction of the effects of consuming specific 
nutrients or inactivating genes on the metabolic status 
at genome-scale. Another strength of constraint-based 
simulations of genome-scale metabolic network mod-
els is that it can be easily combined with experimental 
data [15], mainly omics data, or different modeling 
approaches (e.g., dynamic reactions) for more precise 
description of the target organisms [16]. These features 
are especially useful in designing environmental con-
ditions, including nutritional composition, for opti-
mal growth of the production host, and predicting 
drug targets that effectively inhibit the proliferation of 
cancer cells or pathogens. We herein introduce recent 
contributions of genome-scale metabolic network 
models in various aspects of the biopharmaceutical 
industry.

CHO cells can be considered one of the most 
important production hosts for recombinant thera-
peutic proteins. In bioprocess engineering, increas-
ing the production titer and yield is always a great 
challenge, and the CHO cell is not an exception. 
For this reason, systems-level metabolic analysis is 
critical, and this approach was reinforced through 
the use of the genome-scale metabolic model [9,10] in 
addition to various omics technologies. For instance, 
the metabolic model was used to characterize the 
CHO cell’s metabolism at growth phases at which 
lactate was produced or consumed [9]. As the CHO 
cell consumes glucose, it secretes lactate, and once the 
glucose is depleted, it then starts to consume lactate. 
A detailed analysis employing the metabolic model 
revealed that the lactate-consuming cells had greater 
efficiency of energy production than the glucose-
consuming (or lactate-producing) cells. Likewise, 
CHO cells were subjected to systematic metabolic 
analysis using their metabolic model and analytical 
metabolomics for the three different growth phases 
during a fed-batch cultivation: early and late expo-
nential and nongrowth phases [10]. This integrative 
approach identified changes in metabolism associated 
with energy, glutathione and glycerophospholipid as 
potential causes for the growth limitation towards 
the end of the fed-batch cultivation. Although these 

studies did not provide specific strategies as to what 
should be done to overcome the confronted limita-
tions for cultivating the CHO cells at high efficiency, 
they nonetheless provided best possible scenarios on 
what is really happening inside the cell throughout 
the course of cultivation. Such insights would no 
doubt be reflected accordingly in the design of more 
efficient CHO cell-based bioprocesses.

Drug targeting for various diseases is also an impor-
tant aspect of fundamental research in biopharma
ceutical industry. Genome-scale metabolic network 
models have made significant contributions to 
predicting the effects of genetic and environmental 
perturbations in  silico. A relevant implication is the 
prediction of selective gene targets for cancers [17]. A 
genome-scale generic cancer metabolic model was 
created using a generic human metabolic network 
model Recon 1 [11], a previous version of Recon 2, 
encompassing cancerous features that are generally 
observed across specific cancer types. After valida-
tion with experimental shRNA gene silencing data, 
the generic cancer metabolic model was subjected to 
constraint-based flux analysis that looked for synthetic 
lethal genes that could selectively target cancer cells 
against healthy cells. The rationale for this selective 
targeting is that it is possible to damage cancer cells 
without harming healthy cells if a drug interferes with 
one of the metabolic genes in a synthetic lethal pair 
while the pair gene is inactive or very lowly expressed 
only in cancer cells. Under this circumstance, cancer 
cells die because they cannot produce the necessary 
metabolite, whereas healthy cells can still produce the 
next metabolite using an alternative reaction through 
the synthetically lethal pair gene.

Drug targeting to treat microbial pathogens can 
also be predicted in a similar manner, but because 
of their relatively simple biological system, the pre-
dicted information can be more directly validated 
using experimental drug screening [18,19]. A relevant 
example is the drug targeting of a human opportu-
nistic pathogen Vibrio vulnificus that causes septi-
cemia, necrosis and gastroenteritis for patients with 
damaged liver or a compromised immune system [18]. 
With its manually reconstructed genome-scale meta-
bolic network model, VvuMBEL943, it was used to 
predict so-called essential metabolites, the removal of 
which stops the cellular growth. The predicted final 
five essential metabolites were then used as templates 
to find their chemical analogs out of the large-sized 
chemical compound library. This approach was based 
on a rationale that commercially available effec-
tive drugs appear to have structural similarity with 
metabolites [20]. Subsequently, the selected structural 
analogs were subjected to whole-cell screening for the 
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identification of hit compounds. This study demon-
strated how systematically predicted information can 
usefully be combined with other scientifically proven 
conventional experimental tools.

The aforementioned studies using the metabolic 
models are just the tip of the iceberg, and may more 
groundbreaking achievements are expected to come. 
This trend can be anticipated based on the fact that 
medically important organisms’ models are continuously 
upgraded, as in the case of Recon 2, and biologically 
more reasonable algorithms (e.g., numerical constraints 
or objective functions) are actively being developed [15]. It 
is this reason that genome-scale metabolic network mod-
els will play more powerful roles in biopharmaceutical 
industry. However, it should also be remembered at the 
same time that this computational tool is just an option 
among many other available tools, and certainly has its 
own limitations. Therefore, the most ideal scenario is to 
use this metabolic modeling and simulation approach 

with other computational and experimental tools in a 
complementary way. In fact, this metabolic modeling 
and simulation approach is one of the best tools that can 
easily be integrated with other platform technologies, 
including kinetics equations or omics data, as mentioned 
above. The genome-scale metabolic network models 
await more challenges in biopharmaceutical industry for 
their practical applications.

Financial & competing interests disclosure
This research was supported by the Bio & Medical Technology 
Development Program from the Ministry of Science, ICT and 
Future Planning through the National Research Foundation of 
Korea. The authors have no other relevant affiliations or financial 
involvement with any organization or entity with a financial 
interest in or financial conflict with the subject matter or materials 
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this 
manuscript. 

References
1	 Pennisi E. Human genome 10th anniversary. Will computers 

crash genomics? Science 331(6018), 666–668 (2011).

2	 Elsner M. OncoTrack tests drugs in virtual people. Nat. 
Biotechnol. 29(5), 378 (2011).

3	 Kim HU, Sohn SB, Lee SY. Metabolic network modeling 
and simulation for drug targeting and discovery. 
Biotechnol. J. 7(3), 330–342 (2012).

4	 Kitano H. A robustness-based approach to systems-oriented 
drug design. Nat. Rev. Drug Discov. 6(3), 202–210 (2007).

5	 Mcknight SL. On getting there from here. Science 
330(6009), 1338–1339 (2010).

6	 Hyduke DR, Palsson BO. Towards genome-scale signalling 
network reconstructions. Nat. Rev. Genet. 11(4), 297–307 
(2010).

7	 Orth JD, Conrad TM, Na J et al. A comprehensive genome-
scale reconstruction of Escherichia coli metabolism – 2011. 
Mol. Syst. Biol. 7, 535 (2011).

8	 Osterlund T, Nookaew I, Bordel S, Nielsen J. Mapping 
condition-dependent regulation of metabolism in yeast 
through genome-scale modeling. BMC Syst. Biol. 7, 36 
(2013).

9	 Martinez VS, Dietmair S, Quek LE, Hodson MP, Gray P, 
Nielsen LK. Flux balance analysis of CHO cells before 
and after a metabolic switch from lactate production to 
consumption. Biotechnol. Bioeng. 110(2), 660–666 (2013).

10	 Selvarasu S, Ho YS, Chong WP et al. Combined in silico 
modeling and metabolomics analysis to characterize 
fed-batch CHO cell culture. Biotechnol. Bioeng. 109(6), 
1415–1429 (2012).

11	 Duarte NC, Becker SA, Jamshidi N et al. Global 
reconstruction of the human metabolic network based on 
genomic and bibliomic data. Proc. Natl Acad. Sci. USA 
104(6), 1777–1782 (2007).

12	 Thiele I, Swainston N, Fleming RM et al. A community-
driven global reconstruction of human metabolism. Nat. 
Biotechnol. 31(5), 419–425 (2013).

13	 Thiele I, Palsson BO. A protocol for generating a high-
quality genome-scale metabolic reconstruction. Nat. Protoc. 
5(1), 93–121 (2010).

14	 Orth JD, Thiele I, Palsson BO. What is flux balance 
analysis? Nat. Biotechnol. 28(3), 245–248 (2010).

15	 Blazier AS, Papin JA. Integration of expression data in 
genome-scale metabolic network reconstructions. Front. 
Physiol. 3, 299 (2012).

16	 Lee JM, Gianchandani EP, Eddy JA, Papin JA. Dynamic 
analysis of integrated signaling, metabolic, and regulatory 
networks. PLoS Comput. Biol. 4(5), e1000086 (2008).

17	 Folger O, Jerby L, Frezza C, Gottlieb E, Ruppin E, Shlomi T. 
Predicting selective drug targets in cancer through metabolic 
networks. Mol. Syst. Biol. 7, 501 (2011).

18	 Kim HU, Kim SY, Jeong H et al. Integrative genome-scale 
metabolic analysis of Vibrio vulnificus for drug targeting and 
discovery. Mol. Syst. Biol. 7, 460 (2011).

19	 Shen Y, Liu J, Estiu G et al. Blueprint for antimicrobial hit 
discovery targeting metabolic networks. Proc. Natl Acad. Sci. 
USA 107(3), 1082–1087 (2010).

20	 Dobson PD, Patel Y, Kell DB. ‘Metabolite-likeness’ as a 
criterion in the design and selection of pharmaceutical drug 
libraries. Drug Discov. Today 14(1–2), 31–40 (2009).


