
EDITORIAL
Parenteral Nutrition Associated Hepatic Steatosis and NAFLD
Intersect at AMPK
arenteral nutrition (PN) is a life-saving treatment
Pfor children and adults that are unable to consume
enteral feeding because of intestinal injury and resection,
immaturity, or impaired function. During long-term PN, liver
disease can develop that is characterized by hyper-
bilirubinemia, cholestasis, steatosis, and hepatic fibrosis.1

Transition to enteral feeds can resolve hyperbilirubinemia
and cholestasis; however, in 45% of children, steatosis does
not resolve with enteral feeds.2 Currently, most research in
the field of PN-associated liver disease focuses on the
mechanisms leading to cholestasis and treatments to
resolve cholestasis. Research into the mechanisms of PN-
associated hepatic steatosis (PNAHS) and potential treat-
ment options have been greatly underrepresented in the
field of PN research. Given this, much of the understanding
of steatosis during PN comes from research on nonalcoholic-
associated fatty liver disease (NAFLD).3 Whereas this is a
good starting point, the mechanisms that drive the devel-
opment of steatosis during PN are possibly different than
the mechanisms that drive NAFLD. Early studies in PN
showed that administration of high dextrose with minimal
lipid, or absent of any lipid component, increases hepatic
lipid synthesis, driving the development of steatosis.4 Even
with controlled dextrose administration, the lipid emulsions
present in PN can lead to hepatic steatosis. Lipid emulsions
do not follow the same circulatory path as micelles during
enteral absorption, making the liver the first pass for
digestion and potentially increasing deposition of hepatic
lipid.5 Therefore, the mechanism of hepatic steatosis during
PN can be conditionally dependent on either de novo lipo-
genesis or impaired mobilization of lipolytic enzymes. In
NAFLD, there is convincing evidence that these lipid-centric
events are mediated through AMP-activated protein kinase
(AMPK) suppression.6 However, it has yet to be understood
if AMPK-mediated signaling is the same root cause in
PNAHS.

In this issue of Cellular and Molecular Gastroenterology
and Hepatology, Maitiabula et al7 made the important first
steps in identifying the mechanism of PNAHS with the
identification of a key protein, protein phosphatase 2a
(PP2A). Proteomic analysis of hepatic biopsies from patients
diagnosed with PNAHS identified reduced expression of
PP2A catalytic subunit alpha isoform (PP2A-Ca) and PP2A
regulatory subunit A beta isoform (PP2A-Ab). Subsequent
phosphoproteomic analysis of these samples revealed
increased phosphorylation of RAC-beta serine/threonine
protein kinase (AKT2) and decreased phosphorylation of
AMPK subunit gamma 2 (PRKAG2). These initial protein
expression findings fit well with a mechanistic overlap be-
tween NAFLD and PNAHS, because the key intermediate,
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AMPK, is suppressed in both syndromes, and PP2A, a key
upstream regulator of AMPK phosphorylation, was identi-
fied in the analysis of altered proteins. Maitiabula et al7

followed up these findings in a mouse model of PN that
has previously been shown to recapitulate the clinical
development of PNAHS.8,9 Mice receiving PN for 14 days
had suppressed expression of PP2A-Ca and increased
phosphorylation of AKT2. To confirm the relevance of PP2A-
Ca in the progression of PNAHS in the mice, liver-specific
knock-out of PP2A-Ca (PP2ca-LKO) were generated.
PP2ca-LKO-PN mice had even greater histopathologic signs
of liver injury and lipid accumulation compared with wild-
type (WT)-PN mice. By re-expressing PP2A-Ca, through
adenoviral transduction (Ad-PP2A), the phenotype of
PP2ca-LKO mice was rescued and AKT2 phosphorylation
reduced in the liver; thereby, showing that PP2A-Ca plays a
central role in PNAHS progression. Importantly in this
study, use of pharmacologic inhibitor of AKT2, MK-2206,
suppressed the development of liver steatosis in WT-PN
mice. A deeper dive into the pathway altered when PP2A-
Ca is suppressed during PNAHS found suppression of the
b-oxidation pathway and activation of lipogenesis. Phos-
phorylation of the lipogenic enzyme acetyl coa carboxylase
1 (AAC1), which negatively regulates ACC1 activity, was
significantly decreased in WT-PN and strongly trended
toward a decrease in PP2ac-LKO mice. Accordingly, ACC1
activity was increased in these animals, and predictably, this
raised levels of malonyl-coa, an indicator of increased
lipogenesis.

With the elevation of ACC1, AMPK phosphorylation was
suppressed as was the abundance of b-oxidation interme-
diate carnitine palmitoyltransferase I. Taken in full, this
study makes a strong and compelling case for the role of
PP2A in driving signaling pathways that culminate in sup-
pression of b-oxidation and enhancing lipogenesis, resulting
in the development of PNAHS.

There are intriguing questions that arise from the find-
ings in this study by Maitiabula et al.7 First, the mouse
model suggests that cotreatment of AKT2 inhibitors during
PN administration can prevent the development of hepatic
steatosis, but can treatment after the development of he-
patic steatosis resolve the excess lipid while still receiving
PN? Second, this study examined adults with hepatic stea-
tosis and performed experiments using adult mice. Although
steatosis is a primary outcome in adults receiving PN, a
major study in infants that developed steatosis suggests that
infants have impaired ability to resolve steatosis after
enteral nutrition transition feeding.2 Does this mechanism
hold true in the pediatric population, which have a high
prevalence of liver injury following long-term PN? It is
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hoped that fellow researchers in the field can take these
findings and help further progress the understanding of
steatosis during PN and most importantly, find targeted
treatments for patients on PN that cannot be transitioned to
enteral feeds.
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