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SUMMARY
PP2A-Ca was downregulated in patients and mice with
parenteral nutrition-associated hepatic steatosis, concomitant with Akt2 activation. Total parenteral nutrition infusion
for 14 days induced hepatic steatosis in dextran sodium
sulfate pretreated male mice, and hepatic knockdown of
Ppp2ca aggravated hepatic steatosis in these mice.

BACKGROUND & AIMS: Parenteral nutrition (PN) is a lifesaving therapy for patients with intestinal failure. Hepatic
steatosis is a potentially fatal complication of long-term PN, but
the involved pathological mechanisms are incompletely unclariﬁed. Herein, we identify the role of protein phosphatase 2A
(PP2A) in the pathogenesis of parenteral nutrition-associated
hepatic steatosis (PNAHS).
METHODS: Proteomic/phosphoproteomic analyses of liver
samples from patients with PNAHS were applied to identify the
mechanism of PNAHS. Total parenteral nutrition (TPN) mice
model, in vivo, and in vitro experiments were used to assess the
effect of PP2A-Ca on liver fatty acid metabolism.
RESULTS: Reduced expression of PP2A-Ca (catalytic subunit)
enhanced activation of serine/threonine kinase Akt2 and

decreased activation of adenosine monophosphate-activated
protein kinase (AMPK) were associated with hepatic steatosis
in patients with PNAHS. Mice given PN for 14 days developed
hepatic steatosis, down-regulation of PP2A-Ca, activation of
Akt2, and inhibition of AMPK. Hepatocyte-speciﬁc deletion of
PP2A-Ca in mice given PN exacerbated Akt2 activation, AMPK
inhibition, and hepatic steatosis through an effect on fatty acid
degradation, whereas hepatocyte-speciﬁc PP2A-Ca overexpression signiﬁcantly ameliorated hepatic steatosis accompanied with Akt2 suppression and AMPK activation.
Additionally, pharmacological activation of Akt2 in mice overexpressing PP2A-Ca led to the aggravation of hepatic steatosis.
CONCLUSIONS: Our ﬁndings demonstrate that hepatic PP2ACa serves as a protective factor of PNAHS due to ameliorating
hepatic steatosis and improving liver function. Our study provides a strong rationale that PP2A-Ca may be involved in the
pathogenesis of PNAHS. (Cell Mol Gastroenterol Hepatol
2022;14:669–692; https://doi.org/10.1016/j.jcmgh.2022.05.008)
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P

arenteral nutrition (PN) is a lifesaving therapy for
patients with intestinal failure due to insufﬁcient
bowel length or function.1,2 However, long-term PN use
carries the risk of developing PN-associated liver disease
(PNALD). PNALD is a potentially fatal complication of patients with intestinal failure (IF),3 which occurs in up to
two-thirds of newborns dependent on PN and 15% to 40%
of adults with IF receiving long-term PN. Mild-to-moderate
hepatic ﬁbrosis and steatosis are evident in 85% and
50%, respectively, of patients receiving long-term PN.4
Cholestasis and portal inﬂammation resolve in almost all
patients after weaning off PN, whereas portal ﬁbrosis and
steatosis persist in 55% and 45% of patients, respectively.3
Thus, PN-associated hepatic steatosis (PNAHS) is an
intractable clinical problem requiring the development of
novel therapeutic strategies. Most previous investigations of
PNALD have focused on active diseases such as cholestasis
and portal inﬂammation,5-9 whereas few studies have
explored the mechanisms underlying PNAHS.
The serine/threonine kinase Akt is a major mediator in
signaling cascades.10 Several studies have implicated
enhanced Akt activity in the pathogenesis of nonalcoholic
fatty liver disease (NAFLD).11,12 Akt2, which is the predominant isoform in the liver,13 increases hepatic TG
accumulation by inhibiting adenosine monophosphateactivated protein kinase (AMPK).14 Activation of AMPK
has been reported to protect against diet-induced obesity,
hepatic steatosis, and NAFLD in mice.15-17 Therefore, Akt2mediated suppression of AMPK might contribute to the
development of PNAHS. Akt is dephosphorylated by protein
phosphatase 2A (PP2A),18,19 a major phospho-serine/
threonine phosphatase that regulates cell division, gene
regulation, protein synthesis, and cytoskeleton organization.20 PP2A is a heterotrimer comprising catalytic C-,
structural A-, and regulatory B-type subunits.21,22 The catalytic subunit of PP2A is predominantly encoded by Ppp2ca
in most tissues, including the liver.23 Interestingly, pharmacological inhibition of PP2A was found to exacerbate the
progression of NAFLD.24 Based on the available published
data, we hypothesized that a decrease in PP2A function
might contribute to the pathogenesis of PNAHS through
activation of Akt2 and inhibition of AMPK.
In this study, we performed comparative proteomic/
phosphoproteomic analyses of liver tissue from patients
with PNAHS. We demonstrate for the ﬁrst time that PNAHS
is associated with a reduction in PP2A-Ca expression, an
enhancement of Akt2 activity, hepatic TG accumulation, and
liver injury in patients and mice. Also, we established a
casual role for PP2A-Ca in the liver injury seen in experimental PNAHS using knockout mice with a genetic deletion
of PP2A-Ca.

Results
Hepatic Steatosis is Conﬁrmed in Patients With
Long-term PN
To investigate the association between PN and hepatic
steatosis, the liver pathology of patients received long-term
PN has been detected. Computed tomography, hematoxylin

and eosin (HE) staining, and oil red O staining (Figure 1, AB) conﬁrmed that patients with PNAHS exhibited increased
hepatic lipid deposition when compared with controls (see
Table 1 for the clinical characteristics of the participants).
Furthermore, the pathological scores for liver steatosis
(Figure 1, C), aspartate transaminase-to-platelet ratio index
(APRI), and Fibrosis-4 index (Figure 1, D-E) were higher in
the PNAHS group than in the control group. Sirius Red and
Masson’s trichrome staining (Figure 1, A) showed a trend
towards liver ﬁbrosis, indicating that long-term PN may
accelerate the sequential progression of hepatic steatosis
and ﬁbrosis.

PNAHS is Associated With the Decreased
Expression of PP2A and Increased
Phosphorylation of Akt2
Principal component analysis (Figure 2, A–B) and hierarchical clustering (Figure 2, C–D) separated the samples
from the control and PNAHS groups into 2 clusters. A total
of 6811 unique proteins were analyzed, and after correcting
for multiple testing by controlling the false discovery rate at
0.05, 998 proteins were signiﬁcantly differentially
expressed (Figure 2, E; Supplementary Data 1). The serine/
threonine-protein phosphatase 2A catalytic subunit alpha
isoform (Ppp2ca; fold-change, 0.807; P ¼ .0001) and 65-kDa
regulatory subunit A beta isoform (Ppp2r1b; fold-change,
0.726; P ¼ .003) were signiﬁcantly decreased in the
PNAHS group vs the control group (Figure 2, E), suggesting
that PNAHS is associated with reduced PP2A expression.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis revealed that several of the signiﬁcantly differentiated proteins could be assigned to speciﬁc
metabolic processes including peroxisome, peroxisome
proliferator-activated receptor (PPAR) signaling pathway,
fatty acid degradation, citrate (TCA) cycle, and fatty acid
metabolism (Figure 2, F–J; Supplementary Data 2).
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Figure 1. Hepatic steatosis is conﬁrmed in patients with long-term PN. A, Representative images showing computed
tomography of the liver and liver sections stained with HE, oil red O, Sirius Red and Masson’s trichrome obtained from patients
with PNAHS or controls. B, Hepatic fat content was estimated from the liver attenuation (HU) measured by computed tomography. A lower value of liver attenuation/spleen attenuation indicates a greater hepatic fat content. C, Pathological score
for liver steatosis determined from the oil red O-stained sections in a blinded manner. D–E, The degree of liver ﬁbrosis was
estimated from the APRI and Fibrosis-4 index determined from the results of laboratory assessments (AST, ALT, and platelet
count). Scores are expressed as mean ± standard deviation (n ¼ 8–10). *P < .05; **P < .01; ***P < .001.

In addition, phosphoproteomic analysis identiﬁed 5846
phosphorylated proteins, and 1389 sites differed signiﬁcantly between the PNAHS and control groups after
normalization to protein expression levels (Figure 2, K;
Supplementary Data 3). Among them, 678 phosphorylation
sites were up-regulated, and 711 phosphorylation sites
were down-regulated. Notably, the phosphorylation of RACbeta serine/threonine-protein kinase (AKT2, fold-change,
1.38) was increased and the phosphorylation of 5’-AMPactivated protein kinase subunit gamma-2 (PRKAG2, foldchange, 0.5707) was decreased in patients with PNAHS
(Figure 2, K). The differentially phosphorylated proteins
could be assigned to speciﬁc metabolic processes including
peroxisome, insulin signal pathway, citrate cycle (TCA cycle), fatty acid metabolism, fatty acid degradation, PPAR
signaling pathway, insulin resistance, and AMPK signaling
pathway (Figure 2, L; Supplementary Data 4).
We combined the protein and phosphoprotein abundances using the Uniprot KB identiﬁer to detect proteins
that were up- or down-regulated in both omics’ layers. We
detected 157 unique proteins that differed signiﬁcantly in
protein abundance and phosphorylation status (Figure 3, A).
Functional enrichment analysis showed that the up-

regulated proteins (Figure 3, A, Q2) were most enriched in
peroxisome (Figure 3, B) and involved in retinol metabolism, PPAR signaling pathway, PI3KAkt signaling
pathway, peroxisome, ferroptosis, fatty acid degradation,
carbon metabolism, and AMPK signaling pathway (Figure 3,
C). These results indicate that PNAHS is associated with
decreased expression of PP2A, increased phosphorylation of
AKT2, altered AMPK signaling, and fatty acid degradation.

PN for 14 Days Leads to a Downregulation in
PP2A-Ca Expression in TPN Mice
Next, we developed a mouse model of TPN-induced hepatic steatosis to investigate the underlying mechanism.
Previous research5,8 indicated that dextran sodium
sulfate (DSS)-induced intestinal inﬂammation and hyperpermeability are necessary for the development of
PN-associated liver injury. In our initial experiments,
8-week-old male C57BL/6 mice pretreated with 2.5% DSS
to elicit intestinal injury were randomized into 4 groups:
chow; PN for 7 days (PN-7); PN for 14 days (PN-14), and PN
for 28 days (PN-28). All mice exhibited a decrease in body
weight during the ﬁrst 2 days after surgery followed by a
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Table 1.Clinical Characteristics of Patients in the PNAHS and Control Groups
Control (n ¼ 8)
Gender, M/F

PNAHS (n ¼ 10)

P-value

3/5

7/3

Age, y

44.25 ± 6.494

46.45 ± 4.902

.074
.7855

BMI, kg/m2

20.96 ± 0.7736

17.77 ± 0.8208

.0142a

TG, mmol/L

1.205 ± 0.1596

3.090 ± 0.5412

.0085b

ALB, g/L

42.18 ± 1.642

35.99 ± 1.514

.0140a

TBIL, mmol/L

13.05 ± 3.242

36.52 ± 60251

.0084b

DBIL, mmol/L

4.50 ± 2.168

16.63 ± 3.054

.0072b

IBIL, mmol/L

8.188 ± 1.978

20.75 ± 5.529

.0697

ALT, U/L

33.38 ± 12.14

80.45 ± 21.53

.1043

AST, U/L

23.29 ± 5.163

55.36 ± 11.30

.0468a

ALP, U/L

81.75 ± 25.32

187.5 ± 50.38

.1128

TCHO, mmol/L

4.309 ± 0.3181

3.990 ± 0.2924

.4728

Note: All values are presented as the mean ± standard error of the mean.
ALB, Albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass
index; DBIL, direct bilirubin; F, female; IBIL, indirect bilirubin; M, male; PNAHS, parenteral nutrition-associated hepatic
steatosis; TBIL, total bilirubin; TCHO, total cholesterol; TG, triglyceride.
a
P < .05 (Student t test).
b
P < .01 (Student t test).

progressive increase in body weight, with no signiﬁcant
differences between groups (Figure 4, A). However, survival
rate was signiﬁcantly lower in PN-fed mice than in chow
mice (Figure 4, B). Furthermore, when compared with the
EN group, liver mass (relative to body weight) was signiﬁcantly increased in the PN-14 and PN-28 groups (Figure 4,
C), muscle mass (relative to body weight) was signiﬁcantly
decreased in the PN-7, PN-14, and PN-28 groups (Figure 4,
D), and fat mass (relative to body weight) was signiﬁcantly
elevated in the PN-28 group (Figure 4, E). Histological examinations of the livers from the PN mice revealed
sequential progression of disorganized hepatic cord architecture at 7 days, mild hepatic steatosis at 14 days, and
severe hepatic steatosis at 28 days (Figure 4, F). When
compared with the chow group, the PN-14 and PN-28
groups had signiﬁcantly higher pathological scores for
liver steatosis (Figure 4, G). Hepatic TG levels were signiﬁcantly higher in the PN-7, PN-14. and PN-28 groups than in
the chow group (Figure 4, H). Furthermore, Serum total
bilirubin (TBIL), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and triglyceride (TG) levels
increased progressively as the duration of PN was prolonged, with the PN-14 and PN-28 groups having higher
levels of all 4 indexes than the chow group (Figure 4, I-L).
The signiﬁcantly elevated serum TBIL and AST showed
cholestasis and hepatocyte injury.
Subsequently, we evaluated whether PN was associated
with changes in phosphorylated Akt2 (p-Akt2, a measure of
Akt signaling pathway activity) and PP2A levels. Notably,
the PN-14 and PN-28 groups had signiﬁcantly higher levels
of p-Akt2 than the chow group (Figure 5, A-B). Moreover,
hepatic expression of PP2A protein was signiﬁcantly lower
in the PN-14 and PN-28 groups than in the chow group
(Figure 5, A-B). Speciﬁcally, PP2A-Ca expression in the liver
exhibited a dramatic decline, whereas the levels of other

PP2A subunits showed only minor alterations (Figure 5, C).
We observed similar changes in patients with PNAHS
(Figure 5, D). Collectively, these observations suggest that
PN for 14 days leads to a down-regulation in PP2A-Ca
expression that activates Akt2-dependent signaling, and
which would likely lead to hepatic steatosis.

Hepatic Knockdown of PP2A-Ca Aggravates
PNAHS in C57BL/6J mice
To explore the functional role of PP2A-Ca in PNAHS, we
generated liver-speciﬁc PP2A-Ca knockout mice (Ppp2caLKO) (Figure 6, A; Supplementary Table 1) and examined
the effects of PN for 14 days in Ppp2ca-LKO mice (Ppp2caLKO-PN) and wild-type mice (WT-PN). Compared with WTPN mice, Ppp2ca-LKO-PN mice exhibited macroscopic
changes (fat granule accumulation) and microscopic
changes (sections stained with HE or oil red O) consistent
with hepatic steatosis (Figure 6, B). Ppp2ca-LKO-PN mice
also had a signiﬁcantly higher pathological score for liver
steatosis than WT-PN mice (P < .05) (Figure 6, C). Additionally, the hepatic TG content was signiﬁcantly elevated
in Ppp2ca-LKO-PN mice compared with WT-PN mice
(Figure 6, D). Furthermore, hepatic steatosis in Ppp2caLKO-PN mice was associated with cholestasis and liver
dysfunction as evidenced by signiﬁcant increases in the
serum levels of TBIL, ALT, and AST (Figure 6, E-F).
Western blot analyses conﬁrmed that Ppp2ca-LKO-PN
mice had a lower level of PP2A and a higher level of pAkt2 than WT-PN mice (Figure 6, H-I). These data substantiate the proposal that the depletion of PP2A-Ca
subunits in hepatocytes leads to the progression of hepatic
steatosis in PN mice.
Additional experiments were performed to determine
whether adenoviral transduction of PP2A-Ca would
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ameliorate PNAHS in C57BL/6J male mice given PN for 14
days. As shown in Figure 7, A, PP2A-Ca was uniquely
overexpressed in the liver after administration of the
adenoviral vector. When compared with controls (adenoviral transduction of GFP followed by PN for 14 days;
Ad-GFP-PN group), forced expression of PP2A-Ca (Ad-PP2APN group) led to reductions in hepatocyte fat deposition and
the pathological score for liver steatosis (Figure 7, B-C). The
Ad-PP2A-PN group also exhibited signiﬁcantly lower levels
of hepatic TG (Figure 7, D), serum TBIL, ALT, and AST
(Figure 7, E-G). Furthermore, hepatic overexpression of
PP2A-Ca was associated with reduced phosphorylation of
Akt2 in the liver (Figure 7, H-I).
The results indicate that PP2A-Ca can ameliorate PNAHS
by reducing the phosphorylation and activation of Akt2.
Therefore, we directly examined whether pharmacological
inhibition of Akt2 would attenuate PNAHS. Administration
of the Akt2 inhibitor MK-2206 alleviated liver steatosis and
liver dysfunction in WT-PN mice (Figure 8, A–F). Furthermore, MK-2206 reduced the level of p-Akt2 without inﬂuencing the level of PP2A-Ca (Figure 8, G).

Pharmacological Activation of Akt Causes
PNAHS in Mice Overexpressing PP2A-Ca
Because PP2A interacts with and inactivates Akt2
in vitro and in vivo,25 we explored whether pharmacological
activation of Akt2 promoted PNAHS in mice overexpressing
PP2A-Ca. Ad-PP2A-PN mice were administered SC79 (20
mg/kg), a selective activator of Akt,26 by intraperitoneal
injection on days 1 and 8 after the PN intervention (AdPP2A-PNþSC79). The administration of SC79 to Ad-PP2APN mice increased fat deposition in hepatocytes and the
pathological score for liver steatosis (Figure 9, A-B). The AdPP2A-PNþSC79 group also had signiﬁcantly higher levels of
hepatic TG, serum ALT, and serum AST (Figure 9, C-E) than
mice in the Ad-PP2A-PN group. Western blot analyses
conﬁrmed that SC79 enhanced Akt2 activation but not
PP2A-Ca protein expression (Figure 9, F). The ﬁndings
imply that pretreatment with SC79 prevents the inhibitory
effects of PP2A-Ca on PNAHS, further supporting the hypothesis that PP2A-Ca suppresses PNAHS in mice by
reducing Akt2 activation.

Hepatic Knockdown of PP2A-Ca Suppresses
Hepatic Fatty Acid b-Oxidation Through Akt2and AMPK-dependent Pathways
Finally, we explored whether the effects of PP2A-Ca on
PNAHS might be mediated through alterations in hepatic
lipid metabolism. The mRNA expression of enzymes
related to fatty acid metabolism such as carnitine palmitoyl transferase 1A (CPT-1) and acetyl-CoA acetyltransferase were signiﬁcantly decreased in WT-PN and
Ppp2ca-LKO-PN mice (Figure 10, A-D). These results
were consistent with our omics results, which showed that
the differentially expressed proteins were enriched in
PPAR signaling pathway and fatty acid degradation
(Figure 2, F, L).It has been reported that Akt maintains
energy homeostasis by retaining the cellular ATP level so
as to inhibit AMPK activity,27 which increases the activity
of CPT1 (a key enzyme in the hepatic b-oxidation of longchain fatty acids). The import of fatty acids into mitochondria for b-oxidation relies on a transport system that
requires CPT1. Malonyl CoA, which is generated by acetylCoA carboxylase-1 (ACC1) and ACC2, is a potent inhibitor
of CPT1. AMPK phosphorylates and inhibits ACC to
decrease the malonyl CoA pool, which in turn reduces lipid
synthesis and increases fatty acid uptake by mitochondria
for b-oxidation.
First, we explored whether PP2A-Ca inﬂuenced the
intracellular ATP level in the liver. When compared with WT
mice given PN for 14 days, hepatic ATP level was signiﬁcantly increased in Ppp2ca-LKO mice and signiﬁcantly
decreased following overexpression of PP2A-Ca (Figure 10,
E). In vitro experiments in AML12 cells showed that inhibition of PP2A with LB100 increased the levels of TG and
ATP, whereas inhibition of Akt with MK-2206 had the
opposite effects (Figure 10, F-G). Notably, AMPK activity as
measured by its phosphorylation at Thr-172 was signiﬁcantly lower in mice given PN for 14 days than in chow mice
(Figure 11, A). This reduction in AMPK activity in PN-treated
mice was associated with decreased phosphorylation of
ACC1 at Ser-79 (ie, enhanced ACC activity) (Figure 11, A), as
might be expected given that Ser-79 is the target of AMPK,
as well as reduced CPT-1 expression (Figure 11, A), which
was secondary to a build-up of malonyl CoA (Figure 11, B).

Figure 2. (See previous page). Proteomic and phosphoproteomic analysis of liver between patients with PNAHS (n [
10) and controls (n [ 8). A–B, Principal component analysis scatter plots. The horizontal coordinate PC1 and vertical coordinate PC2 respectively represent the scores of the ﬁrst and second principal components. Each scatter represents a
sample, and the color and shape of the scatter represent the 95% conﬁdence intervals (Hoteling’s T-squared ellipse) of
different grouped samples. C–D, Heat maps of representative proteins/phosphosites signiﬁcantly altered among the 2 groups.
Colored boxes represent upregulation (red) and downregulation (blue) in the PNAHS group. The color scale (upper-right) indicates the fold-change in protein/phosphosite expression for all samples. E, K, Volcano plots showing the P-value (y-axis) and
fold-change (x-axis) of the quantiﬁed proteins/phosphosites identiﬁed in the proteomic and phosphoproteomic analyses (the
proteins/phosphosites that showed signiﬁcant downregulation and upregulation are reported in blue and red, respectively). F,
L, Bubble diagrams showing the KEGG metabolic pathway enrichment analyses for the proteome/phosphoproteome. The
horizontal axis shows the Rich factor (degree of enrichment), and the vertical axis shows the KEGG pathway information. The
size of the circle represents the number of differentially expressed peptide-dependent proteins in the mapping pathway:
the larger the circle, the greater the number of peptide-dependent proteins. The color of the circle indicates the magnitude of
the corrected P-value: the redder the color, the smaller the P-value. The metabolic pathways enriched in both the proteome
and phosphoproteome are circled in red, and the metabolic pathways enriched only in the phosphoproteome are circled in
blue. G–J, Heat maps of the proteins signiﬁcantly altered among the 2 groups that were associated with peroxisome, fatty acid
metabolic processes, fatty acid catabolic processes, and oxidative phosphorylation, respectively. Colored boxes represent
upregulation (red) and downregulation (blue) in the PNAHS group. (PNAHS, n ¼ 10; control, n ¼ 8).
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Figure 3. Proteome–phosphoproteome correlation. A, Proteome–phosphoproteome comparison. Q1, Q2, Q3, and Q4 mark
the quadrants of the correlation plots. B, Protein–protein interaction analysis of the proteins that differed signiﬁcantly in protein
abundance and phosphorylation status. C, KEGG metabolic pathway enrichment analysis in the proteome and phosphoproteome. The lipid metabolism-associated pathways are circled in red. (PNAHS, n ¼ 10; control, n ¼ 8).

Furthermore, forced expression of PP2A-Ca completely
reversed the effects of PN on AMPK activity, ACC1 activity,
malonyl CoA concentration and CPT-1 protein expression
(Figure 11, C). In addition, pharmacological stimulation of
Akt2 activity with SC79 counteracted the effects of PP2A-Ca
overexpression on AMPK activity (Figure 11, D) and hepatic
ATP level (Figure 10, H).
We further investigated the role of AMPK in PNAHS using the AMPK activator GSK621. The results of histological
examination, biochemistry analyses, and Western blotting
experiment indicated that PN-induced lipid deposition and

hepatocellular damage in mice were alleviated upon treatment with the AMPK activator (Figure 12, A–G).
These results suggest that PN leads to a reduction in
PP2A-Ca expression that stimulates Akt2 to inhibit AMPK
activity in mice. This PN-associated inhibition of AMPK
function would be expected to enhance de novo synthesis of
fatty acids and reduce b-oxidation of fatty acids, with the
resulting enhancement of hepatic fatty acid levels likely
contributing to the development of hepatic steatosis.
In this study, the regulator of PP2A-Ca expression is
unknown. Fibroblast growth factor 15 (FGF15) is the mouse

676

Maitiabula et al

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 3

Figure 4. The PN-14-day mice exhibited hepatic steatosis. A, The body weights of mice in the chow group and PN group
were measured every 2 days. B, Survival fraction for mice in the chow and PN groups. C–E, Liver mass, muscle mass, and
epididymal fat mass relative to bodyweight for mice in the chow and PN groups at the indicated time points. F, Representative
images showing liver sections stained with HE or oil red O (200 magniﬁcation) from mice in the chow, PN-7, PN-14, and PN28 groups. G, Pathological scores for hepatic steatosis determined from HE-stained sections in a blinded manner. H, TG levels
in liver homogenates from mice in the chow, PN-7, PN-14, and PN-28 groups. I–L, Serum TBIL, ALT, AST, and TG levels in
mice from the chow, PN-7, PN-14, and PN-28 groups. Scores are expressed as mean ± standard deviation (n ¼ 5–7). *P < .05;
**P < .01.
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Figure 5. PP2A-Ca was downregulated in mice and patients with PNAHS. A–B, Western blot analyses and densitometric
quantiﬁcation of the expression levels of various proteins of interest in mice. C, Hepatic mRNA expression levels of the Aa, Ab,
B55a, B55b, B55d, B56a, B56b, B56g, and B56d subunits of PP2A in mice from the chow and PN-14 groups. D, Western blot
analyses and densitometric quantiﬁcation of the expression levels of various proteins in patients with PNAHS and controls.
The results are expressed as the mean ± standard deviation (n ¼ 5–7 mice/group, n ¼ 8–10 patients/group). *P < .05; **P <
.01; ***P < .001.

ortholog of human FGF19.28 FGF15/FGF19 are induced by
the bile acid-activated nuclear receptor farnesoid X receptor
(FXR), and known to be predominantly expressed in the
small intestine, gallbladder, brain, cartilage, skin, and kidney.29 Secreted FGF15/19 reaches the liver via the portal
vein, where it binds ﬁbroblast growth factor receptor 4
(FGFR4)30 and activates signaling pathways that inhibit bile
acid synthesis by suppressing Cyp7a1 and Cyp8b1g gene
expression.31
Previous studies demonstrated that FGF15/19 were
involved in the inhibition of hepatic bile acid synthesis32
and played physiological roles in liver fat metabolism.33,34
Available studies support the hypothesis that altered FXR
signaling is important in the onset of parenteral nutritionassociated cholestasis.35,36 Moreover, serum FGF19 concentration was associated with hepatic portal inﬂammatory and
ﬁbrotic liver changes in patients with pediatric intestinal failure.6 Our proteomic results indicated that FXRa (Nr1h4, foldchange ¼ 0.76) was downregulated in patients with PNAHS
(Supplementary Data 1), and cholesterol 7a-hydroxylase
(CYP7A1; fold-change ¼ 3.08) and sterol 12a-hydroxylase
(CYP8B1; fold-change ¼ 1.52), which are the rate-limiting

enzymes in the conversion of cholesterol to primary bile
acids, were strongly upregulated in patients with PNAHS
(Supplementary Data 1). Therefore, we hypothesized that
FGF15/19 is involved in PP2A-Ca-mediated hepatic steatosis.
Western blotting was used to detect FGF19, FXR, and FGFR4
expression in hepatic tissue of patients with PNAHS. Consistent with the proteomics results, FXR and FGFR4 protein
expressions were decreased in patients with PNAHS. However,
there were no signiﬁcant differences in liver FGF19
protein levels between the control and PNAHS groups
(Figure 13, A-B).
We further examined liver FGF15, FXR, and FGFR4 protein
expression in the chow, PN-14, Ppp2ca-LKO-PN, and Ad-PP2APN mice. The results revealed that liver FXR and FGFR4 levels
were decreased in PN mice, but there were no signiﬁcant
differences in liver FGF15 protein expression (Figure 13, C-D).
To conﬁrm these results, immunohistochemistry was used to
observe the FGF15 protein in liver. Consistent with the
Western blotting results, immunohistochemistry results
showed that there were no signiﬁcant differences in liver
FGF15 protein expression between the chow and PN mice
(Figure 13, E). Notably, the deletion or overexpression of PP2A
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Figure 6. Conditional deletion of Ppp2ca aggravates hepatic steatosis in mice given PN. A, DNA genotyping (PCR) in
wild-type (NN), heterozygote (PN), and homozygote (PP) mice. B, Representative images showing liver sections stained with
HE or oil red O from mice in the WT-PN group (WT mice given PN) and Ppp2ca-LKO-PN group (mice with conditional knockout
of Ppp2ca given PN). C, Pathological scores for hepatic steatosis from oil red O in a blinded manner. D, TG levels in liver
homogenates from mice in the WT-PN and Ppp2ca-LKO-PN groups. E–G, Serum TBIL, ALT, and AST levels in mice from the
WT-PN and Ppp2ca-LKO-PN groups. H–I, Western blot analyses and densitometric quantiﬁcation of the expression levels of
various proteins. The results are expressed as the mean ± standard deviation (n ¼ 7). *P < .05; **P < .01; ***P < .001; ****P <
.0001.

did not alter FXR or FGFR4 protein expression in PN mice.
These results indicated that the effects of PP2A-Ca on PNAHS
are not dependent on FGF15/19. We detected liver S-adenosylmethionine (SAMe), which is a critical regulator of PP2A
activity, in mice.37 As expected, SAMe was dramatically

reduced in PN mice compared with control mice (Figure 13, F).
Moreover, PP2A-Ca and Akt2 intervention did not affect SAMe
levels in the liver (Figure 13, F). These results indicate that low
liver SAMe levels in PNAHS mice decrease PP2A expression
and activity, which contributes to hepatic steatosis.
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Figure 7. Hepatic overexpression of PP2A-Ca can ameliorate PNAHS. A, AML12 cells were infected with Ad-GFP or AdPP2A, and PP2A-Ca levels were detected by Western blots. B, Representative images showing liver sections stained with HE
or oil red O from mice in the chow, Ad-GFP-PN group (control mice transfected with green ﬂuorescent protein and given PN)
and Ad-PP2A-PN group (mice transfected with Ppp2ca and given PN). C, Pathological scores for hepatic steatosis determined
from oil red O sections in a blinded manner. D, TG levels in liver homogenates from mice in the chow, Ad-GFP-PN, and AdPP2A-PN groups. E–G, Serum TBIL, ALT, and AST levels in mice from the chow, Ad-GFP-PN, and Ad-PP2A-PN groups. H–I,
Western blot analyses and densitometric quantiﬁcation of the expression levels of various proteins. The results are expressed
as the mean ± standard deviation (n ¼ 5–7). *P < .05; **P < .01; ***P < .001; ****P < .0001.

Discussion
The present study demonstrates for the ﬁrst time that
PNAHS in human patients is associated with a downregulation of hepatic PP2A-Ca expression and an increase
in Akt2 phosphorylation. Studies in mice model of PNAHS
revealed that a reduction in PP2A-Ca expression led to
enhanced Akt2 activity that inhibited AMPK. PN-associated

inhibition of AMPK would be expected to suppress fatty
acid degradation, increase hepatic TG accumulation, and
promote steatosis.
Hepatocyte-speciﬁc deletion of Ppp2r1a promotes liver
ﬁbrosis,38 implicating PP2A involvement in liver injury.
However, the role of PP2A in PNAHS remains unclariﬁed.
Although pharmacological inhibition of PP2A aggravated
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Figure 8. Pharmacological inhibition of Akt2 attenuates PNAHS and liver dysfunction in mice. A, Representative images
showing liver sections stained with HE or oil red O from mice given PN and either treated (WT-PNþMK 2206 group) or untreated (WT-PN group) with the Akt inhibitor MK-2206. B, Pathological scores for hepatic steatosis determined from oil red O
sections in a blinded manner. C, TG levels in liver homogenates from mice in the WT-PN group and WT-PNþMK 2206 group.
D–F, Serum TBIL, ALT, and AST levels in mice from the WT-PN group and WT-PNþMK 2206 group. G, Western blot analyses
and densitometric quantiﬁcation of various proteins of interest. The results are expressed as the mean ± standard deviation
(n ¼ 7). **P < .01; ***P < .001; ****P < .0001.

NAFLD in one study,24 liver-speciﬁc deletion of Ppp2ca
enhanced glucose metabolism, improved insulin sensitivity,
and prevented hepatic TG accumulation in another study.39
Moreover, inhibition of PP2A with LB100 ameliorated highfat diet-induced steatosis by modulating hepatic lipogenesis
and fatty acid oxidation via AMPK/Sirt1 signaling.40

Additionally, PP2A deactivation has been implicated in the
reversal of fructose-induced NAFLD in mice administered
Lactobacillus rhamnosus GG.41 However, the latter 3 studies
focused on liver injury from causes other than PN. The
present study clariﬁes the role of PP2A in PNAHS. Our
proteomic analysis showed that Ppp2ca and Ppp2r1b were
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Figure 9. Akt2 hyperactivation abrogates the beneﬁts of protein phosphatase-2A (PP2A) in mice given parenteral
nutrition. A, Representative images showing liver sections stained with HE or oil red O from mice in the Ad-PP2A-PN group
(mice transfected with Ppp2ca and given PN) and Ad-PP2A-PNþSC79 group (also treated with 20 mg/kg/week SC79, an
activator of Akt). B, Pathological scores for hepatic steatosis determined from oil red O sections in a blinded manner. C, TG
levels in liver homogenates from mice in the Ad-PP2A-PN and Ad-PP2A-PNþSC79 groups. D–E, Serum ALT and AST levels in
mice from the Ad-PP2A-PN and Ad-PP2A-PNþSC79 groups. F, Western blot analyses and densitometric quantiﬁcation of
various proteins of interest. The results are expressed as the mean ± standard deviation (n ¼ 7). *P < .05; **P < .01.

down-regulated in patients with PNAHS and that hepatic
Ppp2ca expression was down-regulated in PN mice. The
phosphoproteomic data revealed that patients with PNAHS
had increased phosphorylation of Akt2 (a PP2A substrate) and decreased phosphorylation of AMPK
(PRKAG2). Additionally, PN was associated with the differential expressions of proteins involved in peroxisome
function, fatty acid degradation, and PPAR-dependent
and AMPK-dependent signaling. Because AMPK is a key
regulator of fatty acid b-oxidation42 and Akt2 inhibits
AMPK,43 our ﬁndings provide new evidence that PNAHS
involves a down-regulation of PP2A-Ca that activates
Akt2 and thereby inhibits AMPK. Notably, experiments
demonstrated that PP2A-Ca overexpression protected
against PNAHS in mice.
Fatty acid b-oxidation occurs in mitochondria and peroxisomes. Peroxisome loss leads to altered bile acid synthesis and impaired oxidation of VLCFAs, which can induce
hepatic steatosis in the setting of malnutrition.44 However,
the effect of fatty acid metabolism on PNAHS is not

well-clariﬁed. This study revealed that the differentially
expressed proteins were most enriched in peroxisome and
fatty acid degradation. Additionally, the animal experiments
showed that PNAHS was associated with elevated hepatic
ATP level, reduced AMPK phosphorylation at Thr-172 (ie,
decreased AMPK activity) and decreased phosphorylation of
ACC1 at Ser-79 (ie, enhanced ACC activity). This latter effect
would increase the available pool of malonyl CoA for lipid
synthesis and reduce fatty acid uptake into mitochondria for
b-oxidation. Additionally, hepatic expression of fatty acid boxidation genes such as CPT-1 and acetyl-CoA acetyltransferase were reduced in WT-PN and Ppp2ca-LKO-PN
mice. The above observations indicate that long-term PN
induces downregulation of PP2A-Ca protein expression,
which stimulates Akt2 to inhibit AMPK by blocking upstream kinases from phosphorylating it at Thr-172.45 These
alterations cause an elevation of ATP level46 that reduces
fatty acid oxidation.
PNALD is characterized by early cholestasis that
sequentially progresses to steatosis, ﬁbrosis, and severe
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cirrhosis.47 Disrupted hepatic cholesterol homeostasis contributes to the pathogenesis of nonalcoholic steatohepatitis
and dyslipidemia.48 Our proteomic results indicated that the

differentially expressed proteins were enriched in bile
secretion and cholesterol metabolism (Figure 2, F), and the
differentially phosphorylated proteins could be assigned to
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primary bile acid biosynthesis (Figure 2, L). Furthermore,
cholesterol 7a-hydroxylase (CYP7A1; fold-change ¼ 3.08)
and sterol 12a-hydroxylase (CYP8B1; fold-change ¼ 1.52),
which is the rate-limiting enzyme in the conversion of
cholesterol to primary bile acids, were strongly upregulated in patients with PNAHS (Supplementary Data 1).
A previous study reported that up-regulation of CYP7A1 and
CYP8B1 and enhanced synthesis of hepatotoxic bile acids
contribute to short bowel syndrome-associated liver disease.35 These mechanisms may also be involved in the pathogenesis of cholestasis and hepatic steatosis following PN.
Published data regarding the progression of PNAHS
are limited.49,50 Most previous studies have focused on
PN-associated cholestasis and inﬂammation,5,8,9,51,52 and the
previous animal models used have mainly included neonatal
piglets, dogs, rats and mice.5,50,53 The murine model is a key
platform for mechanistic and therapeutic studies, and they
provide the option of genetic manipulation.54 Therefore, we
developed a mice model of PN. When compared with chow
mice, animals receiving PN developed mild hepatic steatosis
after 7 days, as described previously,49 and more severe hepatic steatosis after 14 or 28 days. Because mortality increased
with prolonged duration of PN, most of our experiments used
a PN duration of 14 days, which achieved a good balance between the degree of hepatic steatosis and survival rate. Our
mice model could be used to facilitate studies of PNAHS that
aim at exploring mechanisms and potential novel therapies.
Previous study indicated SAMe prevents PN-induced
cholestasis55,56 and fatty liver disease.37,57,58 SAMe is a
critical regulator of PP2A activity,37 which upregulates
PP2A expression59 and methylates the catalytic subunit of
PP2A.60,61 We found that liver content in SAMe was
decreased as a consequence of PN. This will explain why the
expression of PP2ACa was downregulated in the human and
mice PNAHS model.
However, our study has some limitations. Intervention
trials of PP2A in humans have not been performed because
PP2A activators or effector analogs were unavailable for
clinical use. Further clinical studies are warranted to investigate the effects of PP2A intervention on the development of
hepatic steatosis in patients receiving long-term PN.
In conclusion, our ﬁndings suggest that PNAHS involves
the downregulation of hepatic PP2ACa and consequent activation of Akt2, which in turn inhibits AMPK to alter hepatic
lipid metabolism and promote TG accumulation and liver
injury. Our study provides a strong rationale that PP2A-Ca
may be involved in the pathogenesis of PNAHS. Further
research is merited to establish whether interventions to
enhance PP2A function might suppress the development of
hepatic steatosis in patients receiving long-term PN.
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Materials and Methods
Human Samples
Human liver specimens were obtained from 10 patients
with PNAHS62 and 8 cholelithiasis (controls) patients
admitted to the Department of General Surgery, Jinling
Hospital, Medical School of Nanjing University from June
2018 to June 2019.
Inclusion criteria: age 18 years, receiving PN for IF
(short bowel syndrome, type II or type III) from June 2018
to June 2019, duration of PN >6 months, and diagnosed
with PNALD-steatosis by AAR index or liver ultrasound
echogenic.63 AAR index: AST/ALT ratio <1 when AST and
ALT > upper limit of normal. All 18 patients included in the
study exhibited no evidence of other liver diseases
(including viral hepatitis, alcoholic/non-alcoholic liver disease, biliary atresia, primary biliary cholangitis, Wilson’s
disease, alpha-1 antitrypsin deﬁciency, or other inherited
liver diseases) or metabolic diseases (including diabetes
mellitus, hyperthyroidism, or insulin resistance) based on
standard clinical, laboratory, and histological assessments.
The clinical characteristics of the study participants were
collected from the electronic database and are detailed in
Table 1, Supplementary Table 4, and Supplementary
Table 5. Liver biopsies were obtained from patients with
PNALD-steatosis by experienced radiologists under ultrasound guidance or during a planned laparotomy. Liver fat
content was assessed by computed tomography, and staining of liver samples with oil red O. All participants provided
informed consent for inclusion in the study, which was
approved by the Ethics Committee of Jinling Hospital
(2017NZGKJ-071).

Proteomic/Phosphoproteomic Analyses
Sample preparation. Liver tissue was ground under liquid
nitrogen and re-suspended in lysis buffer containing 7 M
urea, 30 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 2 mM ethylenediaminetetraacetic acid, 10 mM
dithiothreitol (DTT), 4% sodium dodecyl sulfate (SDS),
1 mM phenylmethylsulfonyl ﬂuoride, and 1X protease inhibitor. The lysate was sonicated (2  15 seconds, 180 W)
on ice and centrifuged at 10,000  g for 30 minutes at 4 ºC.
The cleared lysate was placed in a clean tube, and the
concentration was normalized. Protein cysteine residues
were then reduced with DTT for 60 min at 55 ºC, alkylated
with 35 mM iodoacetamide for 60 minutes at room temperature in the dark, and quenched with an additional
10 mM DTT for 15 minutes at room temperature. Volumes
of acetone (4, 20 C) were added to precipitate the
protein overnight. Precipitated protein was collected via

Figure 10. (See previous page). Representative mRNA expression and ATP content in mice. A–D, mRNA expression of
fatty acid uptake, triglyceride synthesis, do novo lipogenesis, and fatty acid b-oxidation genes in the liver tissues from mice in
the chow (14 days), WT-PN (14 days), Ppp2ca-LKO-PN (14 days), and Ad-PP2A-PN (14 days) groups. E, Hepatic adenosine
triphosphate (ATP) content for mice in the chow (14 days), WT-PN (14 days), Ppp2ca-LKO-PN (14 days), and Ad-PP2A-PN (14
days) groups. F–G, TG and ATP content of AML12 cells. Some AML12 cells were treated with 2 mM LB-100 (a PP2A inhibitor)
or/and 10 mM MK-2206 (an Akt inhibitor) for 24 hours. H, Hepatic ATP content for mice in the WT-PN (14 days), Ad-PP2A-PN
(14 days), and Ad-PP2AþSC79 (14 days) groups. The results are expressed as the mean ± standard deviation (n ¼ 5–7). *P <
.05; **P < .01; ***P < .001.
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Figure 11. PP2A-Ca regulates fatty acid b-oxidation in an Akt2-adenosine AMPK-dependent manner in mice given PN.
A, C–D, Representative Western blots and densitometric quantiﬁcation of the protein of phosphorylated acetyl-CoA
carboxylase (p-ACC, Ser-79), CPT-1, phosphorylated AMPK (p-AMPK, Thr-172), phosphorylated Akt (p-Akt, Ser-473), and
catalytic subunit of protein phosphatase-2A (PP2A-Ca) in liver tissues from mice. B, Hepatic concentrations of malonyl-CoA in
the 4 (chow, WT-PN, Ppp2ca-LKO-PN, and Ad-PP2A-PN) groups of mice. The results are expressed as the mean ± standard
deviation (n ¼ 5–7). *P < .05; **P < .01; ***P < .001.

centrifugation at 2000  g for 20 minutes at 4 C. The pellet
was resuspended in 0.1 mL of an acetone-ethanol mixture
(1:1), allowed to stand at 20  C for 3 hours, and then
centrifuged at 20000  g at 4  C for 30 minutes. The

supernatant was discarded, the pellet was resuspended in
acetone-ethanol mixture, and the above steps were
repeated twice. Finally, 110 mL of 100 mM triethylammonium bicarbonate solution was added.
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Figure 12. AMPK hyperactivation alleviated PNAHS in mice. A, Representative images showing liver sections stained with
HE or oil red O from mice in the WT-PN group and WT-PNþGSK621 group (mice treated with GSK621, an activator of AMPK).
B, Pathological scores for hepatic steatosis determined from oil red O sections in a blinded manner. C, TG levels in liver
homogenates from mice in the WT-PN group and WT-PNþGSK621 group. D–F, Serum TBIL, ALT, and AST levels in mice from
the WT-PN group and WT-PNþGSK621. G, Western blot analyses and densitometric quantiﬁcation of various proteins of
interest. The results are expressed as the mean ± standard deviation (n ¼ 7). *P < .05; **P < .01; ***P < .001.
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Figure 13. FGF15/19 signaling pathway associated protein abundances in patients and mice. A–B, Representative
Western blots and densitometric quantiﬁcation of the proteins of FGF19, FXR, and FGFR4 in liver tissues from patients with
PNAHS and controls. C–D, Representative Western blots and densitometric quantiﬁcation of the proteins of FGF15, FXR, and
FGFR4 in liver tissues from mice in the chow (14 days), WT-PN (14 days), Ppp2ca-LKO-PN (14 days), and Ad-PP2A-PN (14
days) groups. E, Representative immunohistochemical images of FGF15 protein distribution in liver from mice in the chow (14
days), WT-PN (14 days), Ppp2ca-LKO-PN (14 days), and Ad-PP2A-PN (14 days) groups. F, Quantiﬁcation of liver SAMe
concentration in mice liver. The results are expressed as the mean ± standard deviation (n ¼ 5–7). *P < .05; **P < .01; ***P <
.001; ****P < .0001.

Trypsin Digestion and Phosphopeptide
Enrichment
On-ﬁlter digestion of the protein with trypsin was
performed overnight in a wet chamber at 37  C using a
trypsin-to-protein ratio of 1:100 (w/w). After digestion, the
samples were acidiﬁed with triﬂuoroacetic acid to pH 2 and
desalted using a SepPack column in accordance with the

manufacturer’s instructions (C18 cartridges, Sep-Pak Vac,
1 cc [50 mg]; Waters Corp, Eschborn, Germany). Eluates
were dried and stored at 80  C. Tandem mass tag (TMT)
labeling was performed in accordance with the manufacturer’s instructions (TMT10plex Isobaric Label Reagent
Set; Thermo Fisher Scientiﬁc, Bremen, Germany).
Brieﬂy, samples were resolved in 40 mL of 50-mM
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triethylammonium bicarbonate solution (1.0 M, pH 8.5;
Sigma Aldrich, St. Louis, MO). For each sample, 60 mL of
TMT stock solution was added to 300 mg of digested
protein. Ten TMT-labeled samples were combined for
phosphopeptide enrichment, which was performed using
an analytical Fe-IMAC column (4  50 mm ProPac IMAC10; Thermo Fisher Scientiﬁc) connected to a highperformance liquid chromatography system (AEKTA
Explorer FPLC system; Amersham Pharmacia, Amersham,
United Kingdom). The phosphopeptide fraction and ﬂowthrough were collected according to the ultraviolet signal
(280 nm), dried down and stored at 80  C.

Nanoscale Liquid Chromatography Coupled to
Tandem Mass Spectrometry (Nano-LC-MS/MS)
For each sample, 1 mg of total peptides were separated
and analyzed with a nano-ultra-performance liquid chromatography system (EASY-nLCTM 1200; Thermo Fisher
Scientiﬁc) coupled to a mass spectrometer (Q Exactive HF-X
Orbitrap instrument; Thermo Fisher Scientiﬁc) with a nanoelectrospray ion source. Separation was performed using a
reversed-phase column (Reprosil-Pur 120 C18-AQ, 100 mm
internal diameter  15 cm, 1.9 mm particle size; Dr Maisch,
Ammerbuch, Germany). The mobile phases were H2O containing 0.1% formic acid and 2% acetonitrile (phase A) or
80% acetonitrile and 0.1% formic acid (phase B). Separation
of the sample was carried out at a ﬂow rate of 300 nL/min
using the following gradients: 2% to 5% B for 2 minutes, 5%
to 22% B for 68 minutes, 22% to 45% B for 16 minutes,
45% to 95% B for 2 minutes, and 95% B for 2 minutes.
Data-dependent acquisition was performed in proﬁle
and positive modes with an Orbitrap analyzer at a resolution of 120,000 (@ m/z 200) and an m/z range of 350 to
1600 for MS1. For MS2, the resolution was set to 45,000
with a ﬁxed ﬁrst mass of 110 m/z. The automatic gain
control (AGC) target was set to 3  106 with a maximum
injection time of 30 ms for MS1 and 1  105 with a
maximum injection time of 96 ms for MS2. The top 20 most
intense ions were fragmented by high-energy collisional
dissociation with a normalized collision energy of 32% and
an isolation window of 0.7 m/z. The dynamic exclusion time
window was 45 seconds. Single-charged peaks and peaks
with a charge exceeding 6 were excluded from the datadependent acquisition procedure.

Nano-LC-MS/MS Data Acquisition for
Phosphoproteomic
Each fraction was resuspended in 6 mL solvent A (water
with 0.1% formic acid), separated by nano-LC and analyzed
by online electrospray tandem mass spectrometry. The experiments were performed on an EASY-nLCTM 1200 system
(Thermo Fisher Scientiﬁc) connected to a mass spectrometer (Orbitrap Exploris 480; Thermo Fisher Scientiﬁc)
equipped with an online nano-electrospray ion source. A 3mL peptide sample was loaded onto the analytical column
and subsequently separated with a linear gradient from 1%
solvent B (acetonitrile with 0.1% formic acid) to 28% solvent B for 130 minutes, 28% solvent B to 60% solvent B for
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13 minutes, and 60% solvent B to 100% solvent B for 1
minutes, and the sample was held there for 6 minutes. The
column ﬂow rate was maintained at 300 nL/min, and the
electrospray voltage relative to the inlet of the mass spectrometer was 2.3 kV.
The Orbitrap Exploris 480 mass spectrometer was
operated in the data-dependent mode to switch automatically between MS and MS/MS acquisition. Survey full-scan
MS spectra (m/z 400–1600) were acquired with a mass
resolution of 120,000. The AGC target was set to 1  106,
and the maximum injection time was 50 ms. Ten sequential
high-energy collisional dissociation MS/MS scans with a
resolution of 30,000 were acquired, with an intensity
threshold of 50,000 and a maximum injection time of 60 ms.
The AGC target was set to 1.0  105, and the isolation
window was 1.6 m/z. Ions with charge states 2þ, 3þ, and
4þ were fragmented with a normalized collision energy of
35%. In all cases, one microscan was recorded using a dynamic exclusion of 10 seconds.

Database Searching for Phosphoproteomic
Analyses
Tandem mass spectra were extracted using Proteome
Discoverer version 2.4.0.305 (Thermo Fisher Scientiﬁc). All
MS/MS samples were analyzed using Sequest software,
which was set up to search the Uniprot database (Homo
sapiens, 2020-03-10; 20,366 reviewed entries) with carbamidomethyl (C), TMT 6 plex (K), and TMT 6 plex (N-term) as
a ﬁxed modiﬁcation and oxidation (M) and phosphorylation
(S, T, Y) as variable modiﬁcations. Trypsin was used as the
protease. Sequest was searched with a fragment ion mass
tolerance of 20 mmu and a parent ion tolerance of 10 ppm. A
maximum of 2 missed cleavages was allowed. The percolator
algorithm was used to keep the peptide-spectrum matcheslevel and peptide-level false discovery rates below 1%.

Database Searching Using Proteome Discoverer
The raw MS ﬁles were processed using Proteome
Discoverer version 2.4.0.305 (Thermo Fisher Scientiﬁc) and
the built-in Sequest HT search engine. MS spectra lists were
searched against their species-level UniProt FASTA databases
(uniprot-Human-9606-2020-10. fasta), with carbamidomethyl (C), TMT 6 plex (K), and TMT 6 plex (N-term) as ﬁxed
modiﬁcations and oxidation (M) and acetylation (N-terminal)
as variable modiﬁcations. Trypsin was used as the protease. A
maximum of 2 missed cleavages was allowed. The false discovery rate was set to 0.01 for both the peptide-spectrum
matches and peptide levels. Peptide identiﬁcation was performed with an initial precursor mass deviation of up to
10 ppm and a fragment mass deviation of 0.02 Da. Unique
peptides and razor peptides were used for protein quantiﬁcation, and the total peptide amount was used for normalization. All the other parameters were reserved as default.

Animal Experiments
Animals. WT C57BL/6J male mice aged 8 to 10 weeks old
and liver-speciﬁc PP2A-Ca-knockout (Ppp2ca-LKO) male
mice on a C57BL/6J background (Model Animal Research
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Center of Nanjing University, Nanjing, China) were maintained at the animal facility of Nanjing University Medical
School. All mice were maintained under speciﬁc pathogenfree conditions at the animal facility of Nanjing University
Medical School.
The animals were housed in a 12-hour light/dark cycle
at 25  C ± 2  C with free access to rodent chow and water.
The animal studies were approved by the Institutional Animal Care and Use Committee of Jinling Hospital, Medical
School of Nanjing University.
Design of the animal experiments. Mice were administered 2.5% DSS (MP Biomedicals, Santa Ana, CA) for 4 days to
induce mild intestinal injury (the animals also had access to
chow ad libitum). After pretreatment with DSS, the mice were
anesthetized by intraperitoneal administration of 5 mg/kg
carprofen. For mice receiving PN, a central venous catheter
(silastic tubing with an internal diameter of 0.012 inches;
Dow Corning, Midland, MI) was surgically placed into the
right jugular vein, and the proximal end was tunneled subcutaneously to exit between the shoulder blades. Mice were
recovered from anesthesia on a heating pad under continuous supervision and allowed to further recover from surgery for 24 hours, during which they were infused with
intravenous normal saline at a rate of 0.23 mL/h and given
ad libitum access to chow and water (the mice were partially
restrained by the tail to protect the catheter during infusion).
After recovery, mice in the chow group (n ¼ 7) received
a diet of standard laboratory chow and water as well as
continuous infusion of normal saline (0.4 mL/h), whereas
mice in the PN group received continuous infusion of PN
solution (0.4 mL/h) without access to chow. Body weight
was recorded every 2 days. After receiving enteral feeding
or PN for 7 days (n ¼ 7), 14 days (n ¼ 7), or 28 days (n ¼ 5),
the mouse was anesthetized and its body weight recorded.
To inhibit Akt-dependent signaling, the mice were gavaged
with MK-2206 (360 mg/kg/week; #A3010, Apexbio, Boston,
MA).64 To activate Akt-dependent signaling, mice were
administered SC7965 by intraperitoneal injection (20 mg/
kg/week; #B5663, Apexbio). To activate AMPK-dependent
signaling, the mice were given GSK621 (#B6020, Apexbio).66 by intraperitoneal injection (30 mg/kg/day).
Blood was collected from the retro-orbital plexus, and
serum was prepared by centrifugation (3000 rpm, 10 minutes) and stored at –80 ºC for later analysis. The entire
liver, epididymal fat, and quadriceps were rapidly excised
and weighed. A random biopsy was then taken from the
liver and ﬁxed overnight in 4% formalin for histological
analysis. The remaining liver samples were immediately
frozen in liquid nitrogen.

Generation and Use of Recombinant
Adenoviruses
The plasmid was constructed by WZ Biosciences Inc
(Columbia, MD). Adenoviruses expressing full-length mouse
Ppp2ca (Ad-Ppp2ca, n ¼ 8) and control adenoviruses
expressing green ﬂuorescent protein (Ad-GFP, n ¼ 7) were
prepared. All viruses were puriﬁed by the cesium chloride
method and dialyzed in phosphate-buffered saline

containing 10% glycerol prior to injection into animals.
Adenoviruses (1  109 plaque-forming units) were injected
into the mice via the central vein.

Cell Lines
AML12 cells (mouse liver cells) were provided by Professor Chaojun Li (Nanjing University Medical School).
AML12 cells were cultured in Dulbecco’s Modiﬁed Eagle
Medium: F-12 containing 10% fetal bovine serum (Gibco,
Carlsbad, CA). The cells were treated with the PP2A inhibitor LB-100 (2 mM; #B4846, Apexbio), the AKT inhibitor
MK-2206 (10 mM; #A3010, Apexbio) or the Akt agonist
SC79 (5 mg/mL; #B5663, Apexbio) for 24 hours.

Biochemistry
Plasma AST (Cat#: C010-2), ALT (Cat#: C009-2), alkaline
phosphatase (Cat#: A059-2), free fatty acid (Cat#: A042-2),
TBIL (Cat#: C019-1), total cholesterol (Cat#: A111-1), highdensity lipoprotein cholesterol (Cat#: A112-1), low-density
lipoprotein cholesterol (Cat#: A113-1), TG (Cat#: A110-1),
and albumin (Cat#: A028-2) were measured using
commercially available detection kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).
Liver tissue was homogenized in absolute alcohol. Liver
TG was assayed using a commercial kit (A110-2-1, Nanjing
Jiancheng Bioengineering Institute) in accordance with the
manufacturer’s protocol. Liver TG levels are expressed as
nmol/mg protein. ATP concentrations in liver tissue samples
(at least 25 mg) were measured with an ATP Content Assay
Kit (BC0305, Solarbio, Beijing, China). AML12 cells were
plated in 6-well plates at the start of the experiment. After
treatment, the cells were subjected to ultrasonic disruption
and then centrifuged at 800  g for 10 minutes at 4ºC, and
the supernatant was collected for detection. SAMe concentrations in liver tissue samples were detected using the
enzyme-linked immunosorbent assay kit (RF5535; Shanghai
Ruifan Biotechnology, Shanghai, China). Hepatic concentrations of malonyl-CoA were measured by enzyme-linked
immunosorbent assay (CSB-E12896m; Cusabio, China).

Histology
The liver tissue was ﬁxed in 4% paraformaldehyde (pH
7.4), embedded in parafﬁn and sectioned (5 mm). The sections were stained with HE for morphological examination
and Sirius Red or Masson’s trichrome for ﬁbrosis staining.
Lipid droplets in liver cryosections (7 mm) were stained
with oil red O using a commercially available kit (Wuhan
Service Biotechnology, Wuhan, China). Immunohistochemical staining was performed with FGF15 antibody. Pathological scores for steatosis were calculated using protocols
described previously.67 The degree of liver ﬁbrosis was also
estimated using the APRI and the Fibrosis-4 index based on
patient age, AST, ALT, and platelet count.

RNA Isolation and Real-time Polymerase Chain
Reaction (PCR)
Total RNA was isolated from liver tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA). Reverse transcription
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was performed using a Prime Script II 1st Strand cDNA
Synthesis Kit (Takara Bio, Inc, Tokyo, Japan) in accordance
with the manufacturer’s instructions. The mRNA expression
levels were determined using real-time PCR Master Mix
(Toyobo, Osaka, Japan) and a ViiATM 7 Real-time PCR System (Applied Biosystems, Foster City, CA). b-actin was used
as an internal control to calculate relative mRNA expression.
The primers used for gene ampliﬁcation are detailed in
Supplementary Table 2.

Immunoblotting
Liver tissue was homogenized in RIPA Lysis Buffer (50
mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, sodium orthovanadate, sodium ﬂuoride, ethylenediaminetetraacetic acid, and
leupeptin). The homogenate was incubated for 40 minutes
on ice and then centrifuged at 12,000  g for 10 minutes at
4  C. Supernatants were collected, and the protein concentration was measured using a bicinchoninic acid assay kit
(23227; Thermo Fisher Scientiﬁc). Equal amounts of protein
(30 mg) from each sample were resolved on 10% to 16%
SDS-PAGE gels, transferred onto polyvinylidene ﬂuoride
membranes, and blotted with appropriate antibodies. All
immunoblotting experiments were repeated more than 3
times. The primary antibodies used are listed in
Supplementary Table 3.

Statistical Analysis
No statistical methods were used to predetermine the
sample size. The analysis was performed using Prism 8 for
Windows (GraphPad Software, La Jolla, CA). Data are
expressed as the mean ± standard deviation of at least 3
independent experiments. For data that passed normality
tests, the Student t test was used when differences between
2 groups were analyzed, and analysis of variance was used
when differences between 3 or more groups were
compared. For the differential proteins and phosphorylation
sites, the signiﬁcance level was set at P-value < .05, fold
change < 0.77, or fold change > 1.3. P < .05 was considered
signiﬁcant.
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