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How cells utilize nutrients to produce the ATP needed for
bioenergetic homeostasis has been well-characterized. What is
less well-studied is how resting cells metabolically shift from an
ATP-producing catabolic metabolism to a metabolism that sup-
ports anabolic growth. In metazoan organisms, the discovery of
growth factors and the ability of their receptors to induce new
transcription and translation led to the hypothesis that the bio-
energetic and synthetic demands of cell growth were primarily
met through the replacement of nutrients consumed during net
macromolecular synthesis, a demand-based system of nutrient
uptake. Recent data have challenged this hypothesis. Instead,
there is increasing evidence that cellular nutrient uptake is a
push system. Growth factor signaling has been linked to direct
stimulation of nutrient uptake. The ability of growth factor sig-
naling to increase the uptake of glucose, lipids, and amino acids
to levels that exceed a cell’s bioenergetic and synthetic needs has
been documented in a wide variety of settings. In some tissues,
this leads to the storage of the excess nutrients in the form of
glycogen or fat. In others, the excess is secreted as lactate and
certain nonessential amino acids. When growth factor signaling
stimulates nutrient uptake to levels that exceed a cell’s bioener-
getic needs, adaptive changes in intermediate metabolism lead
to the production of anabolic precursors that fuel the net syn-
thesis of protein, lipids, and nucleic acids. Through the
increased production of these precursors, growth factor signal-
ing provides a supply-side stimulation of cell growth and
proliferation.

Most unicellular eukaryotes forage for food to maintain their
survival. In contrast, most metazoan cells are surrounded by
sufficient extracellular nutrients that the cells should never
have to face a bioenergetic compromise. The traditional view
was that mammalian cells take up glucose in response to the
depletion of ATP and a rise in ADP (Fig. 14). However, this
model did not adequately explain how proliferating cells
increased their nutrient uptake to not only maintain bioener-
getics, but also to fuel net anabolic synthesis (Fig. 1B). This
paradox received relatively little attention until it was discov-
ered that mammalian cells required growth factor signaling to
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maintain sufficient nutrient uptake to sustain ATP production
and cell survival (1, 2). When mammalian cells were isolated
and cultured in the absence of endocrine, paracrine, and growth
factor signaling normally present in vivo, the cells lost the ability
to take up extracellular nutrients and could not maintain their
bioenergetic homeostasis (1, 3). To survive the loss of signaling,
cells turned to the degradation of internal proteins and lipids
through autophagy to maintain mitochondrial ATP production
(2). Only when extracellular signaling through lineage-specific
survival/growth factors was reestablished would cells reuptake
glucose, lipids, and amino acids from the environment and uti-
lize these to sustain bioenergetics and engage in replacement
macromolecular synthesis.

G, phase of the cell cycle

The above findings led us to hypothesize that G, is the most
dynamic cell state (4). Consistent with this, we found that pri-
mary parenchymal cells do not have a defined cell size in G,,
Instead, their resting cell size is determined by the net input of
extracellular growth factors directing nutrient uptake (5).
When extracellular growth factors are low, cells in G, shrink in
size through the progressive consumption of intracellular pro-
teins and lipids via autophagy (Fig. 2) (2). In contrast, when
growth factors are in excess, signaling increases glucose and
amino acid uptake and reprograms metabolism to support ana-
bolic growth (5). Using fibroblasts, we were able to show that
the length of time it takes a G, fibroblast to reenter S phase
upon serum stimulation can vary by up to 11 days, and the
entire variation correlates directly with the time needed to
regrow and reverse the effects of autophagy (2).

Growth factor regulation of glucose and amino acid
uptake

Glucose is the major metabolite used to support bioenerget-
ics in mammalian cells and its uptake is primarily regulated by
lineage-specific growth factor receptors (6). Many of the recep-
tors that can support cell survival and growth share a common
signaling pathway that involves the activation of phosphatidy-
linositol 3-kinase (PI3K)? (7, 8) and leads to the downstream
activation of the downstream effectors, AKT and mTOR (9, 10).
Together, these effectors are responsible for increasing the cell
surface expression of glucose and amino acid transporters and

2The abbreviations used are: PI3K, phosphatidylinositol 3-kinase; mTOR,
mammalian target of rapamycin; TCA, tricarboxylic acid; FDG, 18-fluorode-
oxyglucose; PET, positron emission tomography; mTORC1, mammalian
target of rapamycin complex 1.
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Figure 1. The fate of nutrients taken up is different between resting and proliferating cells. A, in resting cells, the primary bioenergetic substrate taken up
by the cell is glucose. Through combined activities of glycolysis and oxidative phosphorylation, glucose is oxidized to carbon dioxide (CO,) and water (H,0),
converting ADP to ATP primarily through the electrochemical potential created by the electron transport chain (ETC) in the inner mitochondrial membrane. B,
in proliferating cells, more glucose is taken up than the cells can utilize for either ATP production or macromolecular synthesis. Carbon in excess of those needs
is secreted as lactate. Depletion of TCA cycle intermediates is prevented by increases in the uptake of amino acids, primarily glutamine.
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Figure 2. The size of cells not actively engaged in the cell cycle is determined by the magnitude of growth factor-directed nutrient uptake. A, in
noncycling (G) cells that do not receive any growth factor signaling, G, cells are unable to sustain the cell surface expression of nutrient transporters. The
absence of growth factor-induced mTORC1 activity leads to activation of autophagy through Ulk 1/2. The autophagic degradation of intracellular contents
supplies the mitochondria with substrates that can be oxidized to maintain ATP production and cell survival. As a result of the degradation of intracellular
contents, cells deficient in basal growth factor signaling get smaller over time. B, when G, cells receive more than basal levels of growth factor signaling, they
increase their uptake of glucose and amino acids (AA) through enhanced cell surface expression of nutrient transporters. Glucose is captured intracellularly by
phosphorylation, and amino acids (AA) are captured by increased tRNA charging and translation. As a result, cells grow larger in size.

for programming intermediate metabolism to support the pro-  increase the cell size of G, cells in their resting state (G,) (for a
duction of anabolic precursors that fuel protein and lipid pro- review, see Ref. 11). Thus, the basal parenchymal cell size is
duction. In every species that has been examined to date, acti- determined by the level of growth factor signaling the cell
vation of the PIBK/AKT/mTOR pathway is sufficient to receives (Fig. 2).
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Cells engage in anabolic processes in response to
intracellular nutrient levels

The fact that metazoan cells have lost the cell-autonomous
ability to take up nutrients suggested that cell growth and pro-
liferation can be limited by intracellular nutrient supplies.
Growth factors stimulate growth, at least in part, through stim-
ulating an increased uptake of extracellular nutrients (6, 12).
The growth factor—induced accumulation of nutrients is
accompanied by an intracellular reprogramming of intermedi-
ate metabolism that supports the production of macromolecu-
lar precursors (13, 14). Excess glucose taken up in response to
growth factor stimulation can be diverted from the glycolytic
pathway to support ribose and nonessential amino acid produc-
tion. Excess glycolysis-derived pyruvate entering the mito-
chondria is diverted from oxidative phosphorylation into the
production of precursors that support fatty acid, nonessential
amino acid, and pyrimidine biosynthesis. Both fatty acid and
essential amino acid oxidation are suppressed as a result of
PI3K/AKT/mTOR activation (8), and the nonessential amino
acid glutamine becomes the major anapleurotic substrate that
supports TCA cycle replenishment as TCA cycle intermediates
are diverted into production of synthetic precursors (15).

Growth factor- dependent nutrient uptake regulates
homeostatic proliferation

The above model has interesting implications for so-called
homeostatic proliferation, where aging or apoptotic paren-
chymal cells within an organ are replaced through prolifer-
ation (5). As the number of parenchymal cells of an organ
declines, the basal levels of paracrine, endocrine, and growth
factors in the extracellular environment will increase on a
per cell basis, directing more nutrient uptake to support
growth/proliferation of the remaining cells. Thus, by being
directly coupled to nutrient uptake, net growth factor stim-
ulation can homeostatically regulate cell numbers within
adult organs and lineages.

Many cancer cells display cell autonomous nutrient
uptake

If cell growth in metazoan organisms is limited by nutrient
uptake, then diseases associated with dysregulated growth
should be associated with mutations that render a cell autono-
mous for the ability to take up nutrients. Cancer represents
exactly such a disease, where transformed cells become dys-
regulated and grow autonomously. Thus, one would expect
cancer cells to preferentially acquire mutations that render
them cell-autonomous for nutrient uptake. In recent years, can-
cer genome sequencing efforts have revealed that mutations in
growth factor receptors along with the PI3K/AKT/mTOR
pathway components represent together the most commonly
mutated pathway in human malignancy. Mutations in this
pathway have been shown to correlate with the ability to image
human tumors in vivo using 18-fluorodeoxyglucose (FDG) (for
a review, see Ref. 16). Collectively, between 70 and 75% of
human cancers exhibit a mutation in one of the components of
this signaling pathway. This is close to the percentage of human
tumors that display excess glucose uptake using FDG-positron
emission tomography (PET). Thus, there is a strong association
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between in vivo glucose uptake and mutations that activate the
PISK/AKT/mTOR signaling pathway.

The Warburg effect

The close association of FDG-positive PET scans and muta-
tions that activate the PI3K/AKT/mTOR pathway suggests a
simple explanation for the so-called Warburg effect. In the
1920s, Otto Warburg and his colleagues noticed that cancer
cells preferentially metabolized glucose through glycolysis
rather than through respiration (17). He suggested that this was
due to a defect in mitochondrial function (18). However, to
date, no human cancers have been described that lack the
ability to carry out oxidative phosphorylation. An alternative
explanation is that signaling through the PI3K/AKT/mTOR
pathway directs more glucose uptake than can be utilized by
the cell and the cell must deal with the extra carbon by
secreting it as lactate (19). The flux of nutrients created by
activation of the PI3K/AKT/mTOR pathway also pushes gly-
colytic intermediates into alternative pathways, such as the
pentose-phosphate shunt and the serine/glycine synthetic
pathway, and into glycerol production (14, 16). The excess
pyruvate available to the mitochondria also leads to excess
TCA cycle intermediates that support lipid, nonessential
amino acid, and pyrimidine biosynthesis (13, 15).

Cell proliferation when extracellular nutrients are
limiting

Although the above associations are clear when cancer cells
are growing in tissue culture, the fact remains that not all grow-
ing cancers exist within nutrient-rich environments. In vivo,
many tumors do not exhibit excess glucose uptake based on
FDG imaging. This suggests that there must be alternate mech-
anisms by which cancer cells take up sufficient nutrients to
engage in growth. Even for nontransformed cells, there are
forms of cellular growth and proliferation that occur in nutri-
ent-depleted environments. During organ repair following
injury, cell proliferation must occur to replace lost tissue. Often
the vascular supply of homeostatic nutrients is compromised
under such circumstances. Similarly, cuts and abrasions must
heal through epithelial cell proliferation even though the
underlying vascularity is compromised.

During tissue repair, relatively little of the replacement bio-
mass comes as a direct product of glucose metabolism; 60% of
cellular mass is proteins. In vivo, amino acids are the major
nutrients that contribute to cell mass during growth (20). Fur-
thermore, many amino acids required for growth are essential
and cannot be synthesized from either other amino acids or
glucose. Essential amino acids are among the lowest in absolute
concentration in the extracellular fluid. Thus, in the absence of
constant replenishment, essential amino acids will be rapidly
depleted in vascularly compromised tissues.

Metazoan cells can use extracellular proteins as
nutrients

A potential explanation for how cell growth and proliferation
might be supported in the absence of mutations in growth fac-
tor receptors or the PI3K/AKT/mTOR pathway came from try-
ing to understand a paradox observed in the extracellular envi-
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ronment of vascularly compromised tumors. Multiple studies
have shown that as tumors outgrow their vasculature, among
the nutrients that become depleted are nonessential amino
acids (21-23). In contrast, essential amino acids are often found
at higher levels in the tumor extracellular environment than in
the surrounding normal tissue. How vascularly compromised
tumors can accumulate excess essential amino acids while
depleting nonessential amino acids has been a puzzle. This led
to the discovery that tumor cells in vascularly compromised
tissue could resort to an alternative and potentially more evo-
lutionarily ancient nutrient uptake pathway known as macropi-
nocytosis (24). In macropinocytosis, rather than engage in
nutrient uptake through nutrient-specific transporters, cells
produce evaginations that encircle extracellular fluid. The
resulting macropinosomes then traffic through the endosomal
pathway to the lysosome, where their intercellular contents are
degraded by lipases and proteases to supply the cell with amino
acids and lipids that can sustain bioenergetics and macromo-
lecular synthesis (Fig. 3).

Macropinocytosis can supply cells with the building
blocks to support cell growth

A notable consequence of the use of macropinocytosis is
that, as cells engulf and degrade extracellular protein to sup-
port cell growth, the cells preferentially accumulate essential
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Figure 3. Growth factor-initiated PI3K activation leads to induction of
macropinocytosis that can be amplified by Ras activation. When cells are
depleted of free amino acids, macropinosomes traffic preferentially to the
lysosome, where their engulfed contents are degraded, releasing amino acids
and lipids to maintain bioenergetics and macromolecular synthesis.
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amino acids. In contrast, nonessential amino acids become
depleted as they are used during growth to support not only
protein production but also nucleotide and lipid synthesis.

The stimulation of macropinocytosis can occur as a direct
consequence of activating mutations of the Ras family of
oncogenes (25). This finding may explain how certain can-
cers, such as pancreatic cancer and lung cancer, can be
highly aggressive despite being vascularly compromised.
However, whereas Ras increases the gain on the rate at which
cells undertake macropinocytosis, the ability of a cell to
engage in macropinocytosis is initiated by growth factor—
induced PI3K signaling (26). In cancer cells bearing Ras
mutations, there appears to be a sufficient increase of mac-
ropinocytosis at physiologic levels of PI3K activation to sus-
tain cell growth. Thus, in cells that have a Ras mutation
without a growth factor—signaling or PI3K mutation, the
cells do not take up sufficient glucose or amino acids through
amino acid transporters to fuel anabolic growth, but they are
able to take up the proteins and lipids they need to grow as a
result of an increased rate of macropinocytosis.

mTORC1 regulates the cellular nutrient uptake strategy

Recently, cross-talk between these two ancient mechanisms
of nutrient uptake, macropinocytosis and selective nutrient
transport, has been uncovered. The ability to maintain amino
acid transporters on the cell surface depends on P13K/AKT-
induced activation of mMTORC1 (10). When amino acid trans-
porters are able to take up sufficient amino acids to maintain
mTORCI activity, mTORC1 suppresses the trafficking of mac-
ropinosomes to the lysosome (27) (Fig. 4). Cells with active
mTORCI are unable to survive and grow using macropinocy-
tosis as a source of nutrient uptake.

The fact that mTORCI provides feedback inhibition of
macropinocytosis suggests a potential explanation for the
other major criticism concerning the association of PI3K/
AKT/mTORI1 mutations with deregulated nutrient uptake.
If the key effect of this pathway was to increase nutrient
uptake, it would be expected that the closer the mutation in
the pathway was to the critical effect, the more frequently
mutations would be observed in that effector. Human tumor
sequencing efforts have demonstrated that in naturally
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Figure 4. mTORC1 suppresses macropinocytosis in nutrient-replete environments. Growth factor-initiated PI3K/AKT/mTORC1 signaling leads to surface
expression of amino acid transporters. If this results in sufficient amino acid uptake to further activate the mTOR-containing mTORC1 complex, then the
mTORCT complex suppresses the trafficking of macropinosomes to the lysosome.
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occurring tumors, whereas growth factor receptor and PI3K
mutations are quite frequent, mutations in AKT and
mTORCI are relatively rare. Because growth factor activa-
tion of PI3K initiates both macropinocytosis and transport-
er-mediated nutrient uptake, mutations in either of these
effectors would make the cell self-autonomous for the ability
to take up nutrients. Similarly, a mutation in Ras would allow
the tumor cells to grow in all nutritional environments,
including vascularly depleted environments. However,
mutations in mTORC1 would be predicted to permit cell
growth only in a highly vascularized environment. Experi-
ments are ongoing to test this hypothesis.

Concluding remarks

The idea that extracellular nutrient uptake is a bottleneck
that regulates the growth and proliferation in multicellular
organisms is still evolving. Although growth factor signaling
does more than regulate nutrient uptake, it is clear that the
role of growth factors in stimulating supply-side nutrient
uptake and metabolism has important implications for our
understanding of organismal homeostasis, tissue integrity,
and disease states including cancer and degenerative
diseases.
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