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Plant and animal cells are very different
from each other in many of their functions.
However, the comparison of their behav-
ior during different stress conditions shows
intriguing similarities. Interestingly, one of
these cases is the comparison between the
metabolic reprogramming in plant cells
under Fe deficiency and in developing can-
cers in animal cells.

Recent reviews have explored the idea
that Fe deficiency induces a reprogram-
ming of metabolism in dicotyledonous
plants (Vigani, 2012) in order to take up
Fe from the soil. Briefly, under Fe-limited
growth conditions, root cells reprogram
their metabolism as follows:

1 An increase in glycolysis and an impai-
rment in the respiratory chain. Fe is
an essential cofactor for several mito-
chondrial enzymes and under Fe defi-
ciency the functions of mitochondria
are strongly impaired, without losing
importance in regulating metabolic
responses to this stress, and surpri-
singly, in Fe-deficient roots the num-
ber of mitochondria increases, even if
they are less efficient. In this context,
Fe-deficient cells activate glycolysis to
supply energy for the Fe acquisition
mechanism (Vigani, 2012, and referen-
ces therein).

2 An increase in anaerobic reactions.
Lépez-Millén et al. (2000, 2009) repor-
ted that Fe deficiency increased acti-
vities of fermentative enzymes such
as lactate dehydrogenase (LDH) and
pyruvate decarboxylase (PDC), which
could contribute to the oxidation of the
pyridine nucleotide pool in tomato and
sugar beet roots. These data were also
supported by a microarray analysis of
Fe-deficient Arabidopsis (Thimm et al.,
2001) and by proteomic data obtained
from sugar beet and cucumber roots, in
which putative alcohol dehydrogenase
and malate dehydrogenase proteins

accumulated under Fe deficiency
(Donnini et al., 2010; Rellin-Alvarez
et al., 2010).

3 An increase in the oxidative pentose
phosphate pathway (OPP). In particu-
lar, some cytosolic NAD(P)*-dependent
dehydrogenases, such as glucose 6-pho-
sphate dehydrogenase (oxidative pen-
tose phosphate pathway; Vigani, 2012),
showed an increased activity in order
to produce the reducing equivalents
necessary to sustain Fe uptake.

Surprisingly, a similar metabolic repro-
gramming occurs in animal tumor cells:
their entire metabolism is reorganized in
order to sustain cell growth and prolifera-
tion. Briefly, some cancer cells are character-
ized by the following metabolic adaptations:

1 A tumor-associated alteration is the
“Warburg phenomenon,” in which
glucose is preferentially converted to
lactate by enhancing glycolysis and
fermentative reactions rather than
completely oxidized by oxidative pho-
sphorylation (OXOPHOS; Warburg
et al., 1924; Warburg, 1956; Brahimi-
Horn et al., 2007). This metabolic alte-
ration is therefore often referred to as
“aerobic glycolysis” (Vander Heiden
et al., 2009; Figure 1), being a fermen-
tative pathway actually occurring in
aerobic conditions. Further, as obser-
ved in Fe-deficient plant cells, some
tumor cells contain abnormally high
numbers of mitochondria (Carew and
Huang, 2002).

2 Cancer cells generate carbonic and lac-
tic acids, with lactate being the principal
end product of aerobic glycolysis. Such
acids favor tumor invasion (Swietach
et al., 2007) and suppress anticancer
immune effectors (Fischer et al., 2007).
Lactate that is produced by tumor cells
can be taken up by stromal cells to rege-
nerate pyruvate that can then either

be extruded to refuel the cancer cells
or be used for the respiratory chain
(Koukourakis et al., 2006).

3 Tumors can metabolize glucose
through the OPP to generate NADPH
that ensures the function of the cell’s
antioxidant defenses against a hostile
microenvironment resulting in tole-
rance to chemotherapeutic agents
(Gatenby and Gillies, 2004).

One of the mechanisms activating aero-
bic glycolysis involves the hypoxia-induci-
ble factor (HIF), a transcription factor that
is activated not only by hypoxic stress but
also by oncogenic, inflammatory, metabolic,
and oxidative stress (Harris, 2002; Semenza,
2007; Taylor and Pouyssegur, 2007). HIF-1
consists of a constitutively expressed subu-
nit, HIF-1f, and an oxygen-regulated tran-
scriptional activator, HIF-1a. The stability
and activity of the o subunit of the HIF
are regulated by post-translational modifi-
cations (e.g., hydroxylation). In normoxia,
hydroxylation of two proline residues and
acetylation of a lysine residue in the oxygen-
dependent degradation domain (ODDD)
of HIF-low triggers its association with
the pVHL E3 ligase complex, leading to
HIF-1a degradation via ubiquitin—protea-
some pathways. The hydroxylation mecha-
nism is mediated by a prolyl hydroxylase
(PHD), which belongs to the 2-oxoglut-
arate-dependent dioxygenase family and
catalyzes the formation of 4-hydroxypro-
line, requiring 2-oxoglutarate and O, as
cosubstrates, Fe*" as a cofactor, and ascor-
bate for optimal activity. The accumulation
of HIF-1 has been found in various cancers.
When for some reason the hydroxylation-
dependent degradation mechanism is not
activated, HIF-1 accumulates and stimu-
lates the conversion of glucose to pyruvate
and lactate by upregulating glucose trans-
porter isoform 1 (GLUT1), hexokinase
(HK1and HK2), and lactate dehydrogenase
A (LDHA), as well as the lactate-extruding
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enzyme monocarboxylate transporter 4
(MCT4; Semenza, 2007). Apparently, the
Warburg effect mediated by the induc-
tion of HIF-1 seem to be strictly related to
hypoxia. Nevertheless, in tumor cells, it has
been postulated that hypoxia represents an
important aspect of cancer biology but just
asalate-occurring event. Thus hypoxia may
not be considered as a major contributor in
the switch to aerobic glycolysis by cancer
cells (Vander Heiden et al., 2009). Tumor
cells develop the metabolic switch from an
energetically more (oxidative phosphoryla-
tion) to a less (aerobic glycolysis) efficient
metabolism because, being proliferat-
ing cells, they have important metabolic
requirements that extend beyond a simple
high ATP production. Indeed, during pro-
liferation, cells must replicate all of their cel-
lular contents: the glucose must be directed
toward the synthesis of several cellular mol-

ecules such as acetyl-CoA, glycolytic inter-
mediates and ribose for the biosynthesis of
fatty acids, non-essential amino acids, and
nucleotides, respectively (Vander Heiden
et al., 2009; Figure 1). OXOPHOS is not
impaired but it is slowed down in order to
sufficiently satisfy the energetic request for
the life of the cell and to balance the ATP/
ADP ratio (Vander Heiden et al., 2009).
Moving the focus on to plants, it seems
that the metabolic alteration induced under
Fe deficiency mimics the metabolic altera-
tion observed in the cancer cells, raising
an intriguing hypothesis. Low Fe content
causes a slowdown of OXOPHOS as well
as an induction of glycolysis plus fermenta-
tive reactions even if in aerobic conditions.
Since, as in tumor cells, also in Fe-deficient
plant cells, glucose metabolism is mainly
(not totally, the mitochondria being still
working in both cases) directed toward

glycolysis plus fermentative reactions, can
we postulate a Warburg-like effect also
in Fe-deficient plants? In tumor cells the
induction of glycolysis toward fermentative
reaction is referred to as aerobic glycolysis
instead of anaerobic glycolysis, because it
occurs independently of the presence of
oxygen. Since in Fe-deficient plant cells the
metabolic switch observed, which is similar
to that of the animal tumor cells, is origi-
nally the consequence of the lack of Fe and
not of the lack of oxygen, could it be con-
sidered as an aerobic glycolysis? (Figure 1).
Furthermore, in Fe-deficient plant cells, the
glucose directed toward an aerobic-like gly-
colysis process allows it to satisfy both (i)
the energetic request for cell survival and
(ii) the request of glycolytic intermediates
for the synthesis of several metabolic com-
pounds useful to the cell to overcome Fe
deficiency, such as organic acids.

Despite the metabolic reprogramming of
Fe-deficient plant cells showing similarities
with that occurring in animal tumor cells,
it is important to take into account some
metabolic aspects in which these two sys-
tems may differ from each other. Although
the Warburg effect is considered a hallmark
of cancer research, it occurs in some specific
tumor cells. Indeed some tumors contain
two subpopulations of cancer cells that
differ in their energy-generating pathways,
but they seem to function symbiotically.
One subpopulation consists of glucose-
dependent cells (Warburg effect displaying
cells) that secrete lactate, whereas the cells
belonging to the second subpopulation
preferentially import and utilize the lactate
produced by their neighbors (Hanahan and
Weinberg, 2011 and references therein). In
Fe-deficient plants the presence of simi-
larly specialized cell subpopulations has
not been observed yet. However, in plant
roots different tissues, and thereby differ-
ent “cell populations,” are actually present.
Under Fe deficiency it has been observed
that the outer cell layers of the root are
predominantly implicated in the activation
of the typical enzymes (i.e., Ferric-chelate
reductase, H*-ATPase) involved in the Fe
uptake mechanism from the soil (Santi
and Schmidt, 2008). Moreover the accu-
mulation of the H*-ATPase protein was
particularly high in the rhizodermal and
endodermal cells compared to other layers
in Fe-deficient cucumber roots (Dell’Orto
et al., 2002). Thus, in Fe-deficient plants
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could the rhizodermal cells be considered
as glucose-dependent cells whereas the cor-
tex layers be considered as the second sub-
population of cells as observed in tumors?
This question remains open until now, since
no evidence about a different metabolic
reprogramming between the different lay-
ers of the root are present: indeed all the
studies carried out on the metabolic repro-
gramming in Fe-deficient plants have been
performed on the total root system without
discriminating between the different root
tissues and layers.

Another important difference between
Fe-deficient plant cells and animal tumor
cells resides in the different use of glucose.
Indeed, in animal tumor cells the Warburg
effect is sustained by an increased uptake
of glucose inside the proliferating cells (see
above). In Fe-deficient plant cells the pho-
tosynthesis impairment leads to a lower
glucose availability in the whole plant, this
aspect being apparently in contrast with
what is observed in tumor cells. On the
other hand, in Fe-deficient plants, as long
as glucose is available it seems to be directed
to sustain the reprogrammed metabolism
rather than biomass production, resulting
in reduced plant growth, which is a general
effect of Fe deficiency in plants.

One important aspect for the tumor
biology in animal cells is represented by
hypoxia. As was said before, hypoxia is
important for the late-occurring events
in developing cancer cells and it is not the
direct cause of the Warburg effect. Thus it
could be important to consider whether
the hypoxia-inducing metabolic adapta-
tion process is comparable in plant and
animal cells. Similarly to what is observed
in the animal counterpart, plant cells sub-
jected to hypoxia show analogous meta-
bolic effects (Licausi, 2011). Indeed, the
most obvious effect of an oxygen shortage
is an energy deficit. However, in plants, an
energy deprivation is a common conse-
quence of almost all abiotic stresses that
negatively affect photosynthesis and/or
respiration. Under these conditions, cells
are still able to produce ATP via oxidative
phosphorylation, but the rate of oxygen
consumption is reduced and cells optimize
energy usage by reorganizing metabolic
fluxes. From this point of view, metabolic
changes occurring under Fe deficiency
are similar to those induced by hypoxia.
Nevertheless, metabolic hypoxia-inducible

changes, in plants, are mediated by an arse-
nal of transcription factors different from
the HIF-P4DH system operating in cancer
cells (Licausi et al., 2012).

Interestingly, HIF-1 cooperates with
the c-myc gene to promote aerobic glyco-
lysis (Dang et al., 2008). C-myc is a proto-
oncogene that regulates the expression of
several molecules involved in Fe homeo-
stasis, including the Fe transporter DMT1
and frataxin. Hence, in animal cells HIF-1
effects are linked to Fe metabolism. Indeed,
the high proliferation rate of tumor cells
leads to hypoxia and/or mineral deficiencies
in these cells. In fact, in response to hypoxia,
the capacity of red blood cells to transport
oxygen is up-regulated by the expression of
genes involved in Fe metabolism: hypoxia
up-regulates transferrin (Tf), which trans-
ports Fe** into cells,and ceruloplasmin (also
known as ferroxidase), which is required to
oxidize ferrous (Fe*") to ferric (Fe**) ions.
Increasing expression of these genes sup-
ports Fe supply to the cell (Ke and Costa,
2006). Studies carried out by Callapina et al.
(2005) have shown that decreased Fe levels
are also able to mimic the hypoxia condi-
tion. Since Fe is required for the enzymatic
activity of prolyl hydroxylase, depletion of
intracellular Fe results in inactivation of
the enzyme. The inactive PHD is unable
to hydroxylate HIF-10 and thus its subse-
quent degradation does not occur, leading
to the transcription of HIF-1 target genes.
Hence, in animal cells, Fe deficiency leads
to an impairment of mitochondria together
with an increase of both glycolysis and lac-
tate production (Finch et al., 1979). Taking
together all these findings, it is clear that Fe
deficiency induces similar metabolic adap-
tations both in plant and in animal cells.

The understanding of Fe homeostasis in
plants has increased tremendously in recent
years. Considerable progress has been made
during the last few years in understanding
the importance of bHLH proteins, such
as FIT, BHLH038, bHLHO039, and PYE, as
transcriptional regulators of Fe deficiency
responses (Ivanov et al., 2012).

But, what about the regulation of the
complex metabolic reprogramming? Are
the metabolic changes in Fe-deficient
plants regulated in the same manner as
the metabolic changes occurring in tumor
cells? Several PHD-like isoforms (e.g.,
P4Hs) have been cloned and characterized
in plants (Vlad etal.,2007a). Although there

is no evidence about the presence of HIF-1
homologs in plants, the possibility that
P4Hs plays a role similar to that of HIF-
P4Hs in response to abiotic stresses cannot
be ruled out (Vlad et al., 2007b). Indeed, a
recombinant Arabidopsis PAH (At-P4H-1)
was found to hydroxylate synthetic pep-
tides representing the two hydroxylated
sequences in animal transcription factor
HIF-10, indicating substrate specificity for
a transcription factor from a heterologous
organism (Hieta and Myllyharju, 2002).
However, even if there is no clear evidence
for the presence of an HIF-1-P4H-like sys-
tem in plants, indirect evidence does not
allow us to exclude the presence of such
proteins in plants.

In summary, I have shown here interest-
ing similarities between plants and animals
in order to prompt an open debate on the
reinterpretation of the metabolic repro-
gramming of Fe-deficient plant cells as a
Warburg-like effect. The metabolic changes
occurring in tumor cells are considered as
a hallmark of cancer and its comprehen-
sion leads to the characterization of the
Achilles’ Heel of the tumor, stimulating the
identification of an arsenal of therapeutic
compounds to use during chemotherapy.
From this point of view, could the metabolic
reprogramming occurring under Fe defi-
ciency in plants be considered as a hallmark
of the adaptation mechanism developed by
plants to overcome the nutritional disorder?

Opverall, it would be interesting to focus
research toward the regulation of metabolic
adaptation processes as well, in order to
identify other candidate genes able to deter-
mine tolerance to Fe deficiency in plants.
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