
METABOLIC ALTERATIONS 
IN CANCER CELLS



METABOLIC CHARACTERISTICS OF CANCER 
CELLS

Increased GLYCOLYTIC 
ACTIVITY (Warburg Effect)
Increased production of LACTATE

Loss of PASTEUR’S EFFECT
(Oxygen inhibition of glycolysis)

INCREASED CONSUMPTION
of GLUTAMINE

INCREASED PROTEIN 
SYNTHESIS

DECREASED PROTEOLYSIS

DECREASED SYNTHESIS OF 
FATTY ACIDS (increased lipolysis 
from host adipose tissue)
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ENERGETIC METABOLISM IN 
TUMOURS

• WARBURG EFFECT

• In the 1920s, Otto Warburg observed that tumor 
cells consume a large amount of glucose, much

• more than normal cells, and convert most of it to 
lactic acid. This phenomenon, now known as the

• ‘Warburg effect,’ is the foundation of one of the 
earliest general concepts of cancer: that a

• fundamental disturbance of cellular metabolic 
activity is at the root of tumor formation and growth.



Biography

Otto Heinrich Warburg:
• Born-October 8, 1883 in Germany 
• Died-August 1, 1970 in Berlin, 

Germany
• Son of physicist Emil Warburg 
• Otto was a German physiologist 

and medical doctor. 
• He won a Nobel prize in Physiology 

and Medicine for his Warburg 
effect in 1931. 

• He was one of the twentieth 
century's leading biochemist

http://upload.wikimedia.org/wikipedia/commons/6/66/Otto_Heinrich_Warburg_%28cropped%29.jpg


One of his Lectures…

• "Cancer, above all other 
diseases, has countless 
secondary causes. But, even for 
cancer, there is only one prime 
cause. Summarized in a few 
words, the prime cause of cancer 
is the replacement of the 
respiration of oxygen in normal 
body cells by a fermentation of 
sugar… " -- Dr. Otto H. Warburg 
in Lecture 



The Warburg hypothesis

The prime cause of cancer is the replacement of

the respiration of oxygen…by a fermentation of

sugar…”

Normal cell
Cancer cellPhase I
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De-differentiation



The Warburg Effect

• Pyruvate is an end-product of glycolysis, and is oxidized within the 
mitochondria. 

• According to Warburg, cancer should be interpreted as a mitochondrial 
dysfunction.

• As a consequence, most cancer cells predominantly produce energy by a 
high rate of glycolysis followed by lactic acid fermentation in the cytosol, 
rather than by a comparatively low rate of glycolysis followed by oxidation 
of pyruvate in mitochondria like most normal cells. The latter process is 
aerobic. Tumour cells typically have glycolytic rates that are up to 200 
times higher than those of their normal tissues of origin; this occurs even 
if oxygen is plentiful

• He postulated that this change in metabolism is the fundamental cause of 
cancer
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Metabolism and patient outcome



Metabolism and patient outcome

OXPHOS is suppressed 

in low survival patients



Evidence from in vivo experiments
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[18F]flouro-2-deoxyglucose (FDG) Positron Emission Tomography (PET)

Aerobic glycolysis in cancer
detection of cancer exploiting glucose addiction



FDG-PET shows increase in glucose uptake in cancer

https://en.wikipedia.org/wiki/Positron_emission_tomography



State-of-the-art imaging of cancer metabolism



State-of-the-art imaging of cancer metabolism

subcutaneously implanted EL4 tumour pH map



there is an advantage to
oxidative metabolism during nutrient limitation 

and to nonoxidative metabolism during cell
proliferation



Aerobic glycolysis supports proliferation

providing substrates for neosynthesis



Schematic representation of the differences between 
oxidative phosphorylation, anaerobic

glycolysis, and aerobic glycolysis (Warburg effect)

In proliferating cells, ~10% of the glucose is diverted into biosynthetic 

pathways upstream of pyruvate production. Cancer cells consume 

approx 200x glucose with respect to normal quiescent cells. 



Aerobic glycolysis and  “stemness”



Cancer stem cells and plasticity



The Warburg effect describes the enhanced conversion of glucose to 
lactate by tumor cells, even in the presence of adequate oxygen. 

Activation of the AKT oncogene results in increased glucose 
transportation and stimulation of HK2 activity, which enhances 
glycolytic rates. 

MYC oncogene activates glycolytic genes and mitochondrial biogenesis, 
which can result in ROS production. ROS could, in turn, cause mtDNA 
mutations that render mitochondria dysfunctional. 

P53 stimulates respiration through activation of a component of the 
respiratory chain. HIF-1, increased by RAS, transactivates glycolytic 
genes as well as directly activates the PDK1 gene, which in turn 
inhibits PyruvateDH. (PDH catalyzes the conversion of pyruvate to 
acetyl-CoA, which enters the TCAcycle) 

Inhibition of PDH by PDK1 attenuates mitochondrial function, resulting 
in the shunting of pyruvate to lactate.





CYCLE OF CORI: lactate is used for gluconeogenesis in

Liver to support glucose demand



CORI’s CYCLE: 

Liver gluconeogenesis from Lactate

(along with glicogenolysis) provides

glucose to cancer cells



LIVER metabolism

provides glutamine to 

cancer cells



AMINOACID AVAILABILITY CONTROL PROTEIN SYNTHESIS





GLUTAMINE METABOLISM IN CANCER CELLS







Tumor suppressors and proto-oncogenes regulate the 
metabolic pathways involved in tumor growth



Cancer cells utilize GLUTAMINE as energetic source in TCA cycle 



Rol of the tumor microenvironment in the regulation of cancer cell metabolism. (A) 

Tumor cells, under hypoxic conditions, secrete lactate via MCT4. In response, 

cancer-associated fibroblasts (CAFs) and oxygenated tumor cells take up the 

tumor-extruded lactate. (B) Cancer cells induce ROS production in CAFs, leading 

to the onset of stromal oxidative stress, which in turn, drives autophagy and 

provides recycled nutrients via catabolism and aerobic glycolysis to feed the 

appetite of adjacent cancer cells. (c) Tumor stromal cells are able to take up 

cystine, convert it to the amino acid cysteine, and then secrete it. Tumor cells then 

use cysteine to produce glutathione, resulting in increased ROS resistance and 

survival. (D) Adipocytes provide tumor cells with fatty acids supplying the energy 

needs of rapid tumor growth. (E) Glutamine can be hydrolyzed as ammonia in 

tumor cells and reused by CAFs. (F) CAFs secrete glutamine into the tumor 

microenvironment to meet the glutamine needs of the cancer cells. MCT4, 

monocarboxylate transporter 4; GLUT1: Glucose transporter 1; ASC: Neutral amino 

acid transporter A; XC-: Cystine/glutamate transporter; ROS: Reactive Oxygen 

Species; OAA: Oxaloacetate.

METABOLIC CROSS-TALK BETWEEN CANCER CELLS

AND CANCER ASSOCIATED FIBROBLASTS







Is there a link between Glycolysis and Fatty Acid metabolisms in 

tumor cells?

“The prime cause of cancer is the 

replacement of the respiration of oxygen

... in normal body cells by fermentation 

of sugar”

Otto  Warburg 1956

Tumor cells derive nearly all of their fatty

acids from de novo synthesis

Sidney Weinhouse 1953



fig 21-10

remember citrate lyase?



FA synthesis is reduced in glycolytic tumor cells

Hatzivassiliou et al. (2005) Cancer Cell 8, 1-11





IDH and GLS inhibitors are in clinic





Resistance through metabolic reprogramming



Metabolism of cancer cells is different 
from that of normal cells

Dysregulated metabolism can drive 
oncogenic processes

Altered metabolism offers a therapeutic 
window to target cancer cells

Conclusions
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