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Pyruvate Dehydrogenase Kinase 4: A Key 
Mediator for Metabolic Regulation of 
Liver Regeneration
SEE ARTICLE ON PAGE 504

Given the central biochemical role the liver 
plays in all vertebrates, major liver damage 
would be expected to cause perturbations 

in lipid and glucose metabolism. These could be 
due simply to the absence of normal liver function, 
but the study by Zhao et al.(1) in this issue defines 
the metabolic changes observed as integral to a pro-
cess of rationalizing the needs for liver regeneration 
without lethal harm to the competing needs of the 
rest of the body. When liver mass suffers a major loss 
by experimental hepatic resection, or presumably by 
injury during evolution, the remaining hepatic tissue 
is damaged. Portal pressure is increased due to restric-
tion of portal vein outflow,(2) and the concentration of 

lipopolysaccharides carried by portal blood from the 
gut is increased.(3) These changes are a signal for the 
liver to regenerate. Until now, hypoglycemia during 
regeneration and the accumulation of lipid droplets in 
the surviving remnant have been unexplained except 
as an incidental manifestation of the law of mass 
action causing overload or general metabolic insuffi-
ciency until organ capacity is restored.

Specific molecular mechanisms that control liver 
regeneration have been extensively studied in a 
rodent model of partial hepatectomy, e.g., as detailed 
by Huang and Rudnick.(4) Several humoral factors 
and their intracellular targets were identified as key 
players in liver regeneration, such as cytokines (e.g., 
tumor necrosis factor alpha, interleukin-6), growth- 
and matrix-derived factors (hepatocyte growth factor, 
epidermal growth factor receptor ligands), secondary 
messenger cascades (e.g., Wnt-dependent β-catenin 
signaling), and transcription factors (e.g., nuclear fac-
tor kappa B, signal transducer and activator of tran-
scription 3, CCAAT-enhancer binding protein beta). 
Emerging data and evidence suggest metabolic regu-
lation may play an important role in initiating regen-
erative responses following experimentally induced 
hepatic insufficiency and controlling liver regeneration. 
However, the molecular mediators that coordinate 
metabolism with liver regeneration remained unknown.

Now, Zhao et al.(1) have demonstrated that pyru-
vate dehydrogenase kinase 4 (PDK4), a critical regu-
lator of glucose and lipid metabolism, plays a key role 
in regulating liver regeneration after partial hepatec-
tomy and that PDK4 inhibition reprograms glucose 
and lipid metabolism to promote liver regeneration 
by enhancing hepatic insulin/protein kinase B sig-
naling and activating an adenosine monophosphate– 
activated protein kinase/forkhead box protein O1/cluster  
of differentiation 36 regulatory axis of lipid. In knock-
out mice without PDK4 activity, regeneration was 
faster than in the wild-type mice, but the knockout 
animals often died; regeneration was headed toward 
success, but the animal succumbed. This finding is  

Abbreviation: PDK4, pyruvate dehydrogenase kinase 4.
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an important step toward a better understanding of 
the metabolic regulation of liver regeneration. A few 
questions are worthy of discussion.

Is Hepatic Steatosis 
an Initial Response to 
Metabolic Regulation of 
Liver Regeneration?

Liver regeneration in response to experimentally 
induced hepatic insufficiency begins with hypoglyce-
mia, followed by increased plasma free fatty acids and 
hepatic triglyceride.(4) A systemic catabolic response 
characterized by declining lean and adipose tissue 
mass was observed in mice 12  hours after surgery.(5) 
Those changes resulted in marked steatosis in regen-
erating liver at 12 to 24  hours. Hepatic steatosis is 
commonly observed in livers injured by a variety of 
diseases and is evidence of altered hepatic metabolism.

These results suggest alterations in metabolism are 
essential for normal liver regeneration. Development 
of hypoglycemia and hepatic steatosis following major 
liver injury rather than being negative consequences 
of hepatic insufficiency may be essential for initiating 
liver regeneration. Elucidating metabolic regulation of 
liver regeneration and defining molecular mediators 
linking metabolism and liver regeneration may poten-
tially identify novel therapeutic targets.

Is PDK4 a Molecular 
Mediator Linking 
Metabolism and Liver 
Regeneration?

The link between alterations in metabolism to 
the regulation of liver regeneration was well stud-
ied, but the specific responsible molecular mecha-
nisms remained unclear. Zhao et al.(1) have shown 
that PDK4 is a key metabolic enzyme involved in 
fuel switching between glucose and free fatty acids 
and is also required for metabolic reprogramming. 
Knocking out  PDK4  results  in  lower  blood glucose 

levels, better  glucose  tolerance, and greater insu-
lin sensitivity  in  chow-fed mice.(6) Zhao and col-
leagues found that PKD4 was up-regulated after 
partial hepatectomy and that PDK4 knockout 
resulted in greater hypoglycemia, extended hepatic 
steatosis (up to 2  days), and accelerated liver mass 
recovery after partial hepatectomy. Further, PDK4 
deficiency improved hepatic insulin sensitivity and 
promoted fatty acid uptake. Thus, PKD4 is a key 
molecular mediator in metabolic regulation of liver 
regeneration.

Can PDK4 Be a 
Therapeutic Target for Liver 
Regeneration?

Understanding this key metabolic activity might 
lead toward more successful use of donated “fatty 
livers” for organ transplantation. In addition, the 
possibility that an aberrant signal activating PDK4 
(perhaps related to an effect of increased dietary calo-
ries) might eventually help in prevention of  nonalco-
holic steatohepatitis.

Although PDK4 inhibition promoted hepatocyte 
proliferation and liver mass recovery, it increased 
mortality following partial hepatectomy. This is prob-
ably due to a greater decrease in blood glucose levels. 
Another study(7) demonstrated that cell-cycle arrest 
and DNA damage repair in remnant liver at an early 
stage are essential for survival following partial hepa-
tectomy. It seems PDK4 inhibition promotes cell pro-
liferation without cell-cycle arrest and thus results in 
improper regeneration in PDK4-knockout mice. This 
needs to be further investigated before pursuing a 
therapeutic strategy targeting PDK4.
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