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All serious liver injuries alter metabolism and initiate hepatic regeneration. Recent studies using partial
hepatectomy (PH) and other experimental models of liver regeneration implicate the metabolic response
to hepatic insufficiency as an important source of signals that promote regeneration. Based on these
considerations, the analyses reported here were undertaken to assess the impact of interrupting the
hypoglycemic response to PH on liver regeneration in mice. A regimen of parenteral dextrose infusion that
delays PH-induced hypoglycemia for 14 hours after surgery was identified, and the hepatic regenerative
response to PH was compared between dextrose-treated and control mice. The results showed that
regenerative recovery of the liver was postponed in dextrose-infused mice (versus vehicle control) by an
interval of time comparable to the delay in onset of PH-induced hypoglycemia. The regulation of specific
liver regeneration—promoting signals, including hepatic induction of cyclin D1 and S-phase kinase-
associated protein 2 expression and suppression of peroxisome proliferator-activated receptor y and p27
expression, was also disrupted by dextrose infusion. These data support the hypothesis that alterations in
metabolism that occur in response to hepatic insufficiency promote liver regeneration, and they define
specific pro- and antiregenerative molecular targets whose regenerative regulation is postponed when
PH-induced hypoglycemia is delayed. (Am J Pathol 2016, 186: 587—599; http://dx.doi.org/10.1016/
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Recovery from any serious injury to the liver depends on the
intrinsic ability of this organ to regenerate.’ Thus, the signals
that control liver regeneration have been subjected to extensive
investigation with the hope that new mechanistic knowledge
can be translated into improved clinical management of liver
diseases in humans. Mouse two-thirds partial hepatectomy (PH)
is the experimental paradigm most commonly used for studying
liver regeneration. Analyses using PH have shown that partial
liver resection induces a characteristic hepatocellular prolifer-
ative response that is precisely controlled by specific cytokines,
growth and transcription factors, and intracellular signaling
events." This process ultimately restores normal hepatic mass
and function, after which hepatocytes return to their pre-
regenerative state of proliferative inactivity." Nonetheless, the
earliest events that initiate hepatic regeneration and later signals
that terminate this process remain incompletely defined, and
translation of mechanism-based, proregenerative interventions
into new treatments for liver diseases has not yet been achieved.

In addition to initiating hepatic regeneration, severe liver
injuries alter metabolism.” * For example, mice subjected to
PH develop hypoglycemia, followed by systemic catabolism
and humoral and hepatic accumulation of specific metabo-
lites.” ® These stereotypical changes are detectable almost
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immediately after surgery and resolve with regenerative re-
covery of the normal liver/body mass ratio. Moreover, some
experimental manipulations that suppress PH-induced alter-
ations in metabolism impair liver regeneration,” ’ and other
interventions that amplify elements of this metabolic response
accelerate regeneration.” Together, those observations implicate
the metabolic response to hepatic insufficiency as an important
source of proregenerative signals. However, the specific mo-
lecular mechanisms by which metabolism controls liver
regeneration remain poorly understood. The studies reported
here were undertaken to clarify the functional importance and
mechanistic role of PH-induced changes in glycemia during
normal mouse liver regeneration, using parenteral dextrose
supplementation to delay the onset of such hypoglycemia.

Materials and Methods
Partial Hepatectomy

PH was performed on 2- to 3-month-old male C57BL6/J
mice (Jackson Laboratory, Bar Harbor, ME). Animals were
maintained on 12-hour dark/light cycles with ad libitum
access to standard rodent chow and water before and after
surgery. At the time of surgery, mice were sedated with
inhaled isoflurane (Vedco Inc., St. Joseph, MO) via an
anesthesia vaporizer and then subjected to midventral lap-
arotomy with exposure, ligation, and resection of the left
and median hepatic lobes, followed by closure of the peri-
toneal and skin wounds as described previously.” '°

Parenteral Dextrose Infusion

At the time of PH, one end of a sterilized catheter prefilled with
sterile 22.5% dextrose [45% sterile dextrose (Sigma-Aldrich,
St. Louis, MO) diluted 1:1 with phosphate-buffered saline] or
half-strength phosphate-buffered saline (diluted with sterile
water instead of dextrose) as control was implanted into the
peritoneal cavity and the other end tunneled s.c. through the
skin in the back of the neck and attached to a peristaltic pump
(Harvard Apparatus, Holliston, MA). Pilot studies were initially
conducted to compare PH-induced changes in blood glucose
between mice treated with glucose infusion rates (GIRs) from
20 to 35 pg of glucose per gram of body weight (ng/g) per
minute and controls administered an equal volume of vehicle.
Those studies showed that provision of a GIR of 25 pg/g per
minute (160 mL/kg per day) beginning immediately after PH,
and subsequent adjustment of the GIR every 2 hours (based on
glucometric analyses of tail vein blood) up or down by
5 ng/g per minute between 20 and 35 pg/g per minute (in an
effort to maintain blood glucose within the normal, strain-
specific, nonfasting range of 198 + 14 mg/dL; Mouse
Phenome Database, http:/phenome.jax.org/db/qp ?rin=views/
measplot&brieflook=32301, last accessed October 19,
2015, MPD:32301) reproducibly delays the onset of PH-
induced hypoglycemia for 14 hours after surgery. This
regimen of parenteral dextrose supplementation and
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glucose monitoring was used in all subsequent analyses.
No postoperative mortality was observed in 53 control
mice; however, 2 of 75 dextrose-infused animals died
(one on the day of surgery and the other on postoperative
day 1). There were no differences in postoperative
morbidity (eg, decreased activity, jaundice, extreme
weight loss, or piloerection) between the dextrose-infused
and control mice. Therefore, such morbidity (which
affected a minority of animals) was interpreted as a
technical complication of the model, and data from
morbid animals were excluded from subsequent analyses.
All other animals remained well-appearing throughout
the experiment and were sacrificed at serial times after
surgery for serum or plasma and tissue harvest as
described previously.” '® Blood glucose profiles were
generated with the glucometric data obtained from all
nonmorbid animals. For other analyses, serum, plasma, or
tissue samples from three to eight animals at each time
point and in each treatment group were studied.

All experiments were approved by the Washington Uni-
versity Animal Studies Committee, and all animals received
humane care in accordance with institutional guidelines and
the criteria outlined in the Guide for Care and Use of
Laboratory Animals (prepared by the National Academy of
Sciences and published by the NIH; publication 86-23,
revised 1985).

Histological Examination and IHC Analysis

Liver histological examination, hepatocellular bromo-
deoxyuridine (BrdU) incorporation, and immunohisto-
chemistry analysis for cyclin D1 were assessed as
described previously."” '® For BrdU analyses, animals
were administered an i.p. injection of 100 mg/kg of BrdU
(Sigma-Aldrich) 1 hour before sacrifice. Formalin-fixed,
paraffin-embedded liver tissue was stained either with
hematoxylin and eosin or for nuclear BrdU incorporation.
Hepatocellular nuclear BrdU labeling and mitoses were
quantified by examination of at least three random x400
fields and at least 300 cells and nuclei in each tissue
section. Primary antibodies for immunohistochemistry
analysis included BrdU (catalog number OBTO0030;
Accurate Chemical & Scientific Corp., Westbury, NY)
and cyclin D1 (catalog number RB-9041; Thermo Sci-
entific, Rochester, NY).

Serum Metabolite and Plasma Hormone Analyses

Concentrations of serum amino acids were determined by
the St. Louis Children’s Hospital Core Laboratory as pre-
viously described.'” *' Serum free fatty acids and hepatic
triglycerides were quantified as previously described.'”
Plasma insulin was determined by quantitative fluorescent
immunoassay (Singulex, Alameda, CA) and glucagon by
radioimmunoassay (Millipore, Billerica, MA) according to
the manufacturer’s instructions for each assay, by the
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Table 1  Gene-Specific Oligonucleotide Primers Used in This Study

Reverse primer

Gene Forward primer

RT-gPCR
B2M 5'-CCAGAAAACCCCTCAAATTCAAG-3’
Bcr 5'-GGTTGTGCGTGTCTGAGGCTA-3’
Bik 5'-CCTCATGGAGTGCGTGGAAG-3’
Bmf 5'-CAGACCAGTTCCATCGGCTT-3'
Cxadr 5'-ATGGCTGATATCCCCGTCTG-3’
Cend1 5'-GAAGGAGACCATTCCCTTGA-3’
(cnel 5'-ACGGCGTGAGGTGCTGATGCCT-3'
(cna2 5'-ACAGAGTGTGAAGATGCCCTGGCT-3’
Cenb1 5'-AGGCTGCTTCAGGAGACCATGT -3’
Foxo3 5'-AAACGGCTCACTTTGTCCCA-3’
Gele 5'-GATGTGGACACCCGATGCAG-3’
Pim1 5/-CTCATCGACTTCGGGTCGG-3’
PPARY1 5'-GAAAGAAGCGGTGAACCACTGA-3'
PPAR~y2 5'-CCCAGAGCATGGTGCCTTCGC-3’

p21 (Cdknla)

p27 (Cdkn1b) 5'-TCTCAGGCAAACTCTGAGGA-3’
p15 (Ink4b) 5'-CTTCGGGAGGCGCCCAATCC-3’
p16 (Ink4a) 5'-GCGTTCCGCTGGGTGCTCTT-3’
p18 (Ink4c) 5 -TGGATTTGGGAGAACTGCGCTGC-3’
p19 (Ink4d) 5'-TCCTGACGCCCTGAACCGCT-3’
Skp2 5'-ACACCTCTCGCTCAGCCGGT-3’
Sik1 5'-GGGAGGTCCAGCTCATGAAA-3’

Tcf712 (Tcf4)
Wnt5a

5'-GCTGTCTTGCACTCTGGTGT-3’

5'-AAACAGCTCCTCCGATTCCG-3’
5'-GGCAGGGTGATGCAAATAGG-3’

Wnt5b 5'-AACTTTGCCAAGGGATCGGA-3’
ChIP-qPCR
Cend1 5'-TTACAGGCTGCTAGCTTGGG-3’

5'-AGTTCAGTATGTTCGGCTTCCC-3’
5'-GGTGGTGTTCCAAACGAGGA-3’
5'-CTGTAGGTGACAGCGAGTCT-3’
5'-TGTTCAGGGCGAGGTTTTGA-3’
5'-TCGCCAGACTTGACATCGTT-3’
5'-GTTCACCAGAAGCAGTTCCA-3’
5'-AGCAGAAGCAGCGAGGACACC-3’

5'-AGCATGTGGTGATTCAAAACTGCCA-3’

5'-TGGCCGTTACACCGACCAGC-3’
5'-ATTCTGAACGCGCATGAAGC-3’
5'-CTCTCTCATCCACCTGGCAA-3’
5'-AGCGATGGTAGCGAATCCAC-3’
5'-TCCGAAGTTGGTGGGCCAGA-3’
5'-TCCGAAGTTGGTGGGCCAGA-3’
5'-CTGCGCTTGGAGTGATAGAA-3’
5'-CTTCCTCATCCCTGGACACT-3’
5'-GCTGCGTCGTGCACAGGTCT-3’
5'-GCTCTTGGGATTGGCCGCGA-3’
5'-GCCTGGAACTCCAGCAAAGCCT-3'
5'-TGCGAGCCGCATCATGCACA-3’
5'-TGAAGGGTTCCCTCTGGCACGA-3'
5'-GTGCCCGTTGGAAGTCAGAT-3’
5'-AAAGAGCCCTCCATCTTGCC-3’
5'-ACAGGTAGACAGCTCGCCC-3'

5'-GACTCCGTGACATTTGCAGG-3’

5'-ATACCGAGTCCTAGCAACGC-3'

ChIP-gPCR, real-time quantitative chromatin immunoprecipitation PCR; RT-qPCR, real-time quantitative RT-PCR.

Washington University Medical School Core Laboratory for
Clinical Studies.

RT-gPCR Gene Expression Analysis

Hepatic expression of specific genes was characterized
using real-time semi-quantitative RT-PCR (RT-qPCR) as
described previously.'” ' Briefly, total liver RNA puri-
fied using the Trizol method (Invitrogen, Carlsbad, CA)
was reverse-transcribed to cDNA, an aliquot of which was
added to a reaction mixture containing iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA) and
gene-specific forward and reverse primers. Quantification
of cDNA was conducted by monitoring increased SYBR
fluorescence during exponential phase amplification in a
real-time PCR MxPro3005 machine (Stratagene, La Jolla,
CA), using the comparative threshold method.”” Data
were standardized to the expression of B,-microglobulin,
which is commonly used as a reference gene in analyses
of liver regeneration *° and exhibits an expression
pattern homologous to that of other genes used for this
purpose (eg, B-actin®® and glyceraldehyde-3-phosphate
dehydrogenase”’), to calculate fold-differences in gene
expression. Specificity was verified for each gene using
melt-curves and by simultaneous analysis of a reaction
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mixture containing all components except reverse tran-
scriptase. Gene-specific primers for RT-qPCR studies are
listed in Table 1.

Protein Immunoblot Analysis

Protein immunoblot studies were conducted on whole tissue
lysates using standard methodology and as described pre-
viously."” "7 Briefly, equal quantities of protein from
pooled or individual replicate samples for each examined
experimental condition were subjected to denaturing SDS-
PAGE and electrophoretic transfer to nitrocellulose. Filters
were probed with primary antibodies followed by appro-
priate infrared fluorophore-conjugated secondary antibodies
(Li-Cor Biosciences, Lincoln, NE), then imaged and quan-
tified using the Odyssey Infrared Imaging System (Li-Cor
Biosciences). Primary antibodies for immunoblot included
total glycogen synthase kinase (Gsk)3P (catalog number
9315; Cell Signaling Technology, Inc., Beverly, MA),
phospho-Gsk3f (Ser9, catalog number 9323; Cell Signaling
Technology), total Akt (catalog number 4691; Cell
Signaling Technology), phospho-Akt (Thr308, catalog
number 13038; Cell Signaling Technology), phospho-Akt
(Serd73, catalog number 4060; Cell Signaling Technol-
ogy), total cAMP response element—binding protein (Creb;
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Figure 1  Delaying partial hepatectomy (PH)-induced hypoglycemia postpones regenerative hepatocellular proliferation. A: Blood glucose values before
and after PH in dextrose- and vehicle-treated mice (controls). Blood glucose concentrations in all controls after PH and in dextrose-treated mice at 18 and 22
to 60 hours after PH are significantly lower than those in unoperated (ie, 0-hour) mice. Blood glucose values in dextrose-treated mice at 2 to 14 hours and 18
hours after PH are significantly different from those in corresponding control mice at those time points. The strain-specific, nonfasting, normal blood glucose
of male C57BL6/J mice is 198 + 14 mg/dL, as reported in the Mouse Phenome Database (Jackson Laboratory). B: Plasma insulin and glucagon. C and
D: Hepatocellular bromodeoxyuridine (BrdU). E: Liver/body mass ratio. F: Representative hematoxylin and eosin—stained liver sections from dextrose-infused
and control mice. Data are expressed as means 4+ SEM. n = 3 to 8 replicates per time point and treatment group. *P < 0.05 versus control (B) or corre-
sponding control (C and E); **P < 0.01, ***P < 0.001 versus corresponding control; TP < 0.05, TP < 0.01, and TTP < 0.001 versus 0 hour; *P < 0.05 versus
corresponding control and 24-hour dextrose; #P < 0.01 versus 24-hour control; ***P < 0.001 versus 12-hour control. Scale bars = 100 pm.

catalog number 9197; Cell Signaling Technology), cross-linked in 1% formaldehyde, homogenized, and sus-
phospho-Creb  (Ser133, catalog number 9198; Cell pended in nuclear lysis buffer in the presence of protease in-
Signaling Technology), cyclin D1 (catalog number 06-137; hibitors, then centrifuged to recover chromatin, which was
Upstate Biotechnology, Lake Placid, NY), p21 (catalog sheared in a Bioruptor Sonicator (Diagenode, Denville, NJ) to
number sc-471; Santa Cruz Biotechnology, Dallas, TX), generate uniform 100- to 500-bp fragments. Equal quantities of
p27 (catalog number 2552; Cell Signaling Technology), chromatin (based on protein content) were immunoprecipitated
total peroxisome proliferator-activated receptor y (Ppary; using a ChIP-grade antibody against Ac-H3K9 (catalog num-
catalog number sc-7196; Santa Cruz Biotechnology), ber ab10812; Abcam) or rabbit IgG as nonspecific control.

Ppary2 (catalog number ab45036; Abcam, Cambridge, Each lot of the anti—Ac-H3K9 antibody was validated for
UK), and glyceraldehyde-3-phosphate dehydrogenase specificity by dot blot against a panel of unmodified, acetylated,
(Gapdh; catalog number ab8245; Abcam). and methylated peptides and by immunoblot against liver tissue

(as recommended by Egelhofer et al**). DNA from immuno-
Acetyl Histone ChIP-gPCR and ChIP-Seq Analyses precipitated chromatin and corresponding input samples (i,

sheared chromatin before immunoprecipitation) were sub-
Chromatin immunoprecipitation of histone H3 acetylated on jected to gPCR (ie, ChIP-qPCR) as described previously.'®
K9 (ie, Ac-H3K9 ChIP) from liver tissue was performed as These analyses were performed using the promoter-specific
previously described.'™'® Briefly, frozen liver was minced, primers listed in Table | and by normalizing signal present
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Figure 2  Postponing partial hepatectomy
(PH)-induced hypoglycemia delays the metabolic
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insufficiency. A: Body mass (indexed to initial
body mass). B: Serum amino acid levels. C: Serum
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as means £+ SEM. n = 3 to 8 replicates per time
point per treatment group. *P < 0.05, **P < 0.01
versus control; TP < 0.001 versus 12-hour
dextrose; P < 0.01 versus vehicle control. Aaa,
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in the Ac-H3K9 immunoprecipitated material to that in input
material. For ChIP sequencing (Seq), DNA samples recovered
from immunoprecipitated chromatin and corresponding
inputs were also subjected to sequencing (i.e. ChIP-Seq).
These samples were submitted to the Washington Uni-
versity Genome Technology Access Center for blunt
ending, adaptor ligation, size selection, and amplification
according to established protocols. These libraries were
sequenced using the HiSeq-2500 sequencing system
(Illumina, San Diego, CA) as single 50-bp reads. Raw
data were demultiplexed and aligned to the most recent
mouse reference genome assembly using Novoalign
version 2.08.02 (Novocraft, Selangor, Malaysia).
Sequence peaks were identified using Model-based
Analysis for ChIP-Seq software (MACS; http://liulab.
dfci.harvard.edu/MACS, last accessed 1.4.2 20120305).
Determination of significant differences in the abun-
dance of peak sequences between experimental groups
was performed with DiffBind, an open-source Bio-
conductor package that utilizes edgeR software version
3.4.2 for statistical analysis of replicated sequence
count data (https://www.bioconductor.org/about, last
accessed October 27, 2015).30‘31 Genes identified as
differentially acetylated were analyzed by gene ontology
and other classification schemes using the Database
for Annotation, Visualization and Integrated Discovery
(DAVID) bioinformatics database (http://david.abcc.
nciferf.gov, last accessed October 19, 2015).°”*° DNA
sequence data sets from the ChIP-Seq studies reported
here have been deposited in Gene Expression Omnibus*
(http://www.ncbi.nlm.nih.gov/geo;  accession  number
GSE71496).
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Statistical Analysis

ChIP-Seq data were analyzed as described previously."
Briefly, Benjamini and Hochberg false discovery rate
thresholds (q values) were used for identifying DNA
sequences (and corresponding genes) as significantly
differentially acetylated between liver replicates from
dextrose- and vehicle-infused mice (using the data analysis
pipeline described in Acetyl Histone ChIP-gPCR and ChIP-
Seq Analyses and previously'”). Supplemental Table S1 lists
the specific false discovery rate q values calculated for each
sequence (and corresponding gene) on which the differential
acetylation analysis was performed. All other data were
analyzed using PASW Statistics version 18.0 (SPSS, Chi-
cago, IL). Numerical data comparisons between groups
were conducted using the unpaired Student’s #-test for
pairwise comparisons and analysis of variance for multiple
groups with Tukey’s test used for post hoc comparisons.
Rates and proportions were compared between groups using
2 analysis. a. < 0.05 was considered statistically signifi-
cant. Data are reported as means = SEM.

Results

Identification of a Parenteral Dextrose-Infusion
Regimen That Delays PH-Induced Hypoglycemia

Mice subjected to PH develop hypoglycemia within 3 to 6
hours after surgery.” To delay the onset of such hypo-
glycemia, different regimens of i.p. dextrose infusion
were tested in pilot studies. These analyses showed that
i.p. delivery of dextrose at a GIR of 25 pg/g per minute,

591


http://liulab.dfci.harvard.edu/MACS
http://liulab.dfci.harvard.edu/MACS
https://www.bioconductor.org/about
http://david.abcc.ncifcrf.gov
http://david.abcc.ncifcrf.gov
http://www.ncbi.nlm.nih.gov/geo
http://ajp.amjpathol.org

Huang et al

A Hours after PH B
12 24
u 1T 1
P-GSK3PB (S9) ™ 5 5 et et bt ot ot e 0 st s et et 50 D2
e ——————— -37kDa
toal Gskop NN NS
-75 kDa

p-Akt (T308)

T b o

e T T e v R e R R Y75 kDa

p-Akt (S473) ".'“iﬁiﬁ!“i‘“so kDa
-75 kDa

total Akt S e o e e o 00 0 G 0 o 0 e 00 0 080 s,

? -50 kDa

- 3 . ’
pACIEb(5133) — mwEEE < -37kDa
total Creb N et vt vt et ettt et et et et ot et et -20 l;Da
-37kDa

Gapdh ‘-ﬁ------------d -37kDa

Control Dextrose Control Dextrose

beginning at the time of PH and adjusted as described in
Parenteral Dextrose Infusion, was well-tolerated and associ-
ated with brief but modest hyperglycemia 2 hours after PH,
with dextrose-infused mice subsequently remaining euglyce-
mic over the ensuing 14 hours (Figure 1A). In contrast,
vehicle-infused controls developed PH-induced hypoglycemia
consistent with our previously published data,” with signifi-
cantly reduced blood glucose observed within 2 to 4 hours of
PH (Figure 1A). By 16 to 20 hours after surgery, the dextrose-
infused mice displayed hypoglycemia comparable to that seen
in the controls. Such hypoglycemia was preceded by increased
plasma insulin but without effect on glucagon at 12 hours after
PH (Figure 1B). Both cohorts subsequently remained similarly
hypoglycemic throughout the remainder of the experiment.
The results of these studies define a parenteral regimen of
dextrose infusion that reproducibly delays PH-induced hypo-
glycemia in mice. They also show that increased plasma
insulin precedes the onset of hypoglycemia in the glucose-
infused animals.

Delaying PH-Induced Hypoglycemia Postpones Hepatic
Regeneration

Next, the effect of parenteral dextrose infusion on PH-induced
liver regeneration was characterized. The results showed that
regenerative hepatocellular DNA replication, as assessed by
nuclear BrdU incorporation (Figure 1, C and D), and recovery
of liver/body mass ratio (Figure 1E) were postponed by a time
interval similar to the delay in onset of hypoglycemia in
dextrose-infused mice. Nonetheless, liver histological exami-
nation was otherwise comparable between dextrose-treated
and control mice (Figure 1F). By 72 hours after PH, the
liver/body mass ratio was comparable in dextrose-treated and
control mice (Figure 1E). Thus, a parenteral dextrose infusion
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regimen that delays PH-induced hypoglycemia comparably
postpones regenerative hepatocellular proliferation and re-
covery of liver/body mass.

Parenteral Dextrose Infusion Suppresses the
Stereotypical Metabolic Response to PH-Induced
Hepatic Insufficiency

The hypoglycemia that occurs in response to PH is typically
followed by systemic catabolism and accumulation of
specific metabolites in the circulation and in regenerating
liver.”® To define the role of PH-induced hypoglycemia in
promoting these metabolic alterations, the influence of
dextrose infusion on such changes was determined. The
results showed that delaying hypoglycemia postponed the
early PH-induced loss of body mass that characteristically
occurs in this model (Figure 2A). Early regenerative
changes in circulating amino acid levels were also disrupted
by dextrose infusion, with decreased serum Ala, Phe,
branched chain amino acids (Ile, Leu, Val), Met, o-NH,-
adipic acid, and a-NH,-butyrate and increased Arg and Lys
observed at 12 hours after PH in dextrose-infused versus
control animals (Figure 2B). PH-induced elevations in
serum free fatty acids (Figure 2C) and hepatic triglycerides
(Figure 2D) were similarly suppressed by dextrose infusion
at this time point. Thus, delaying hypoglycemia postpones
elements of the stereotypical metabolic response to hepatic
insufficiency in this model of liver regeneration.

Delaying PH-Induced Hypoglycemia Augments
Phosphorylation of Hepatic Gsk3p and Akt

Many signaling pathways involved in the regulation of cell
proliferation are also influenced by metabolism.'” For
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Figure 4  Glycemic regulation of regenerative hepatic cyclin expression. Hepatic cyclin D1 mRNA (A) and protein (B and C) expression. D: Representative
THC analysis of hepatic cyclin D1 expression. E: Hepatic mRNA expression of cyclins E1, A2, and B1. Data are expressed as means + SEM. n = 3 to 8 replicates
per time point per treatment group; the immunoblot in B shows equal quantities of protein pooled from replicates for each time point and treatment group.
*P < 0.05, **P < 0.01 versus control. Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

example, phosphorylation-dependent changes in the activities hypoglycemia on the regulation of hepatic Gsk3p3, Pka, and
of GSK3p, protein kinase A (PKA), and protein kinase B (ie, Akt were investigated in this model. Immunoblot analyses of
AKT) occur in regenerating liver and are metabolically regu- whole liver showed increased levels of Ser9 (S9) phosphory-
lated.® Therefore, the effects of delaying PH-induced lation of Gsk3B (a kinase-inactivating modification) in
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Figure 5  Partial hepatectomy (PH)-induced hypoglycemia regulates regenerative cyclin D1 gene acetylation. A: Histone H3 acetylated on K9 (Ac-H3K9)
real-time quantitative chromatin immunoprecipitation PCR (ChIP-qPCR) targeting the cyclin D1 gene (Ccnd1) sequence indicated by the gray bar in B. B: The
University of California at Santa Cruz (UCSC) mm10 Ccnd1 gene map is shown above data depicting the abundances of histone acetylated sequences at 12 hours
after PH in dextrose-infused and control mice. Below those data, the white bar with black border indicates sequences identified as hyperacetylated at 12 hours
after PH versus sham surgery from our recently published study’®; the grey bar identifies the sequence targeted for qPCR in A; and the black bar indicates
sequences significantly deacetylated at 12 hours after PH in regenerating liver from dextrose-infused versus control mice (q < 0.1) (Supplemental Table S1).
Data are expressed as mean + SEM percentages to input. n = 3 to 6 mice per group. *P < 0.05 versus control.
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Table 2

Summary of Differentially Acetylated Genes 12 h after PH in Livers from Dextrose-Infused versus Control Mice

Genes with typical regenerative response reversed by dextrose

Effect of dextrose Total genes (unique)*

Cell proliferation genes

Cell death genes

Decreased acetylation
Increased acetylation

947 (788)
1217 (966)

Bcr, Cend1, Cxadr, Siki, Tcf7(2, Wntba, Wnt5b None
Foxo3, Pim1

Bik, Bmf, Foxo3, Gclc, Pim1

The analysis was conducted on livers from six replicates per treatment group and false discovery rate (q) <0.1. All genes identified as differentially

acetylated are listed by g value in Supplemental Table S1.

*Identified with Database for Annotation, Visualization and Integrated Discovery bioinformatics database as described in the text and previously,*® using
GOTERM_BP_ALL, PANTHER_BP_ALL, KEGG_PATHWAY, PANTHER_PATHWAY on all de- or hyperacetylated genes, respectively.

PH, partial hepatectomy.

dextrose-infused versus control animals 12 to 24 hours after
PH (Figure 3 and Supplemental Figure S1). This finding is
consistent with the suppressive effect that supplemental
glucose would be predicted to have on GSK3B-dependent
inhibition of glycogen synthase activity.”> Comparable
investigation of hepatic Akt showed that this enzyme was
hyperphosphorylated on Thr 308 (T308) and Ser 473 (S473)
in dextrose-treated versus control animals 12 to 24 hours after
PH (Figure 3 and Supplemental Figure S1). That result was
concordant with the elevated plasma insulin levels observed in
dextrose-infused mice (Figure 1B). Finally, hepatic Pka ac-
tivity was indirectly investigated by immunoblot analyses
using an antibody against the phosphorylated form of the Pka
substrate Creb. This analysis did not demonstrate any apparent
effects of parenteral dextrose infusion on PH-induced changes
in hepatic levels of Creb phosphorylated on Ser 133 (S133) at
these time points (Figure 3 and Supplemental Figure S1).
Taken together, these data demonstrate specific effects of
postponing PH-induced hypoglycemia on hepatic phosphory-
lation of metabolically regulated kinases involved in the con-
trol of liver regeneration.

Postponing PH-Induced Hypoglycemia Delays Hepatic
Cyclin D1 Gene Acetylation and Expression in Early
Regenerating Liver

Next, the influence of delaying hypoglycemia on hepato-
cellular cell cycle progression was determined. Cyclin D1
expression, which is induced during and promotes early G,
progression, was examined first. The results showed that
regenerative induction of cyclin DI mRNA and protein
expression were postponed by dextrose infusion (Figure 4,
A—D), with the interval of such delay comparable to the lag
in onset of PH-induced hypoglycemia in these animals
(Figure 1A). Similarly, hepatic mRNA expression of cyclins
El and A2, which are typically subsequently induced in
regenerating liver and regulate progression through G; and
S stages of the cell cycle,' showed a trend of suppression
(P < 0.07), and cyclin B1 expression was significantly
reduced 36 hours after PH in the dextrose-infused mice
(Figure 4E). These data show that delaying PH-induced
hypoglycemia postpones regenerative induction of hepatic
cyclin expression.

594

To investigate the molecular mechanisms linking glyce-
mia to cyclin D1 expression in regenerating liver, the impact
of parenteral dextrose infusion on PH-induced cyclin D1
gene histone acetylation was assessed. This analysis was
informed by our recently published characterization of
regenerative changes in the liver histone acetylome.'” In that
study, immunoprecipitation of chromatin for Ac-H3K9, an
epigenomic mark of transcriptional activation,’® combined
with next-generation DNA sequencing (ie, Ac-H3K9 ChIP-
Seq) identified specific cyclin D1 gene (Ccndl) promoter
sequences regulated by increased histone acetylation in
regenerating liver 12 hours after PH. Those sequences were
targeted here for Ac-H3K9 ChIP-qPCR determination of the
effects of dextrose infusion on Ccndl-associated liver his-
tone acetylation at this time point. The results showed that
delaying PH-induced hypoglycemia suppressed regenerative
hyperacetylation of Ccndl (Figure 5A). Genome-wide
Ac-H3K9 ChIP-Seq was subsequently conducted, both to
confirm this finding in an unbiased way and to more broadly
characterize the influence of parenteral dextrose supple-
mentation on early regenerative changes in the liver histone
acetylome. This experiment identified 947 deacetylated and
1217 hyperacetylated gene sequences in dextrose- versus
vehicle-infused mouse liver (using q < 0.1) (Table 2 and
Supplemental Table S1). Those sequences corresponded to
788 and 996 unique genes, respectively (ie, several genes
are represented by multiple distinct sequences in this data
set). Next, these gene lists were classified into functional
gene categories using the DAVID bioinformatics data-
base’>" and an analytical approach identical to that used in
our recent report.'” Our prior study showed significant
functional enrichment of genes hyperacetylated after PH for
those associated with cell cycle regulation. Conversely,
genes deacetylated in regenerating liver were enriched for
those linked to apoptosis (using q < 0.1'7). In contrast to
those results, genes identified here as hyper- or deacetylated
in regenerating liver by dextrose infusion after PH were not
significantly enriched for either cell cycle or apoptosis
functions (data not shown). Nonetheless, further comparison
of the results obtained here with those from our recently
published analysis identified specific individual proliferative
and cell death—associated genes whose typical PH-induced
regulation by changes in liver histone acetylation'” was
reversed by dextrose supplementation (Table 2). For
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example, consistent with the ChIP-qPCR results shown in
Figure 5A, Ccndl was among the genes identified by
Ac-H3K9 ChIP-Seq as deacetylated by dextrose infusion
after PH (Figure 5B, Table 2, and Supplemental Table S1).
Other proliferative genes whose PH-induced hyper-
acetylation was also reversed by dextrose supplementation
included the B-catenin binding partner and transcriptional
activator Tc¢f7[2 and the Pka- and Creb-regulated salt
inducible kinase 1 (Sik/). Conversely, histone acetylation of
the antiproliferative (and proapoptotic) transcription factor
Foxo3, which we previously reported to be diminished
during early normal regeneration,'”” was augmented by
supplemental dextrose here (Table 2 and Supplemental
Table S1). Thus, delaying the onset of PH-induced hypo-
glycemia broadly alters regenerative changes in liver histone
acetylation and specifically disrupts epigenomic induction
of cyclin D1 expression in early regenerating liver.

Delaying PH-Induced Hypoglycemia Augments Hepatic
CDKI and PPARy Expression during Early Regeneration

Hepatic cyclin-dependent kinase inhibitor (CDKI) expression
is highly regulated during liver regeneration.' Therefore, the
influence of parenteral dextrose infusion on PH-induced
changes in expression of specific CDKIs was investigated
here. The results showed that dextrose infusion increased
hepatic p21 (ie, Cdknla) and p27 (ie, Cdknlb) mRNA as well
as p27 protein expression after PH (Figure 6, A—C). Degra-
dation of p21 and p27 proteins occurs during cell cycle pro-
gression and is promoted by induction of expression of the E3
ubiquitin ligase S-phase kinase-associated protein (Skp)2.
Furthermore, hepatic Skp2 expression is normally induced
during early liver regeneration by PH.”*"*° Examination of
such regulation here showed that induction of Skp2 was
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suppressed in dextrose-treated animals (Figure 6D). Expres-
sion of specific inhibitor of kinase 4 CDKIs is also regulated
during normal liver regenerationl("4(’; however, dextrose
infusion does not alter such expression in early regenerating
liver (data not shown). Together, these data implicate glycemic
influences on Skp2-dependent p27 protein degradation as a
candidate contributor to the antiregenerative effects of paren-
teral dextrose infusion (Figure 7).

We previously reported that Ppary-activating thiazolidine-
diones suppress PH-induced changes in hepatic cyclin D1 and
Skp2 expression and inhibit mouse liver regeneration” and that
liver-specific Ppary null mice exhibit accelerated regenera-
tion.'” Therefore, the impact of parenteral dextrose infusion on
hepatic Ppary expression was characterized here. The results
showed that hepatic mRNA expression of the Ppary?2 (but not
the Ppary1) isoform was augmented by supplemental dextrose
in this model (Figure 6E). Immunoblot analysis using a
Ppary2-specific antibody showed that Ppary protein levels
were also increased by glucose supplementation in regener-
ating liver (Figure 6, F and G). Thus, alterations in PPARYy
activity could also contribute to the effects of dextrose sup-
plementation on liver regeneration (Figure 7).

Discussion

Many studies implicate the metabolic response to hepatic
insufficiency as an important source of proregenerative signals
in experimental models of liver regeneration.” * Nonetheless,
the specific mechanisms by which metabolism affects regen-
eration remain incompletely understood. The analyses reported
here were undertaken to investigate the functional importance
and mechanistic basis of the influence of PH-induced hypo-
glycemia on the regulation of liver regeneration. Our studies
show that regenerative recovery of the liver is postponed by an
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interval of time comparable to the delay in onset of PH-
induced hypoglycemia in our mouse model of parenteral
dextrose infusion. These analyses also identified specific
molecular signals known to influence liver regeneration that
are dysregulated by such dextrose supplementation. For
example, PH-induced effects on induction of hepatic expres-
sion of cyclin D1 and Skp2 and suppression of Ppary2 and
p27 expression are each disrupted when PH-induced hypo-
glycemia is delayed. A previously published study showed
that the PPARY2 isoform inhibits cyclin D1 expression in
hepatocytes.”' Other studies have demonstrated antagonistic
crosstalk between PPARY and B-catenin signaling,”” with the
latter strongly implicated in the hepatic regenerative regulation
of cyclin D1 expression.'®**** Together with the new data
reported here, those observations suggest a model of liver
regeneration in which PH-induced hypoglycemia (and/or
perhaps subsequent alterations in metabolism) promote liver
regeneration by inducing specific proregenerative signals and
suppressing certain antiregenerative pathways (Figure 7).
Other signaling pathways implicated in the regulation of
liver regeneration are also known to be influenced by metab-
olism” *; however, metabolic regulation of such pathways
during regeneration has generally not been established. The
influence of parenteral dextrose infusion on regenerative
regulation of some of these signals was investigated here.
Examination of Gsk3f, whose biological role in glycemic
control and cell proliferation is well-established,” demon-
strated that parenteral dextrose infusion augmented kinase-
inhibiting S9 phosphorylation of this enzyme. Recent studies
have also shown that pharmacological or genetic inhibition of
GSK3p inhibits liver regeneration by disrupting regenerative
regulation of CCAAT/enhancer binding protein o and the
Snail transcription factor.*® Thus, increased GSK3p S9
phosphorylation and correspondingly reduced kinase activity
might contribute to the inhibition of liver regeneration by
parenteral dextrose infusion. However, this conclusion is
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difficult to reconcile with the known antiproliferative effects of
GSK3pB-regulated phosphorylation and proteasomal degrada-
tion of regeneration-promoting B-catenin and cyclin D1.” One
possible resolution of this apparent paradox is suggested by a
study reporting that insulin and Wnt-signaling regulate
GSK3p through distinct mechanisms that lead to different
downstream signaling events.”” Thus, the enhanced Gsk3B S9
phosphorylation in dextrose-supplemented animals observed
here may not directly impact -catenin—dependent regulation
of cyclin D1 expression. Future studies should be conducted to
further investigate these provocative considerations, which
raise the possibility that at least two different subcellular pools
of GSK3 exist and that these pools are divergently regulated
by altered metabolism in regenerating liver.

Our data also show that the delay in regenerative induc-
tion of hepatic cyclin D1 expression in mice administered
parenteral dextrose correlates with postponement of cyclin
D1 promoter histone acetylation. Such epigenomic regula-
tion could occur through glycemic effects on histone ace-
tyltransferases at the cyclin D1 promoter in regenerating
liver. Both TCF7L2 (also known as TCF4, a transcription-
activating B-catenin binding partner) and Creb bind the
cyclin D1 promoter and interact with the histone acetyl-
transferase Creb-binding protein (CBP).”® CBP binding to
and transcriptional regulation by CREB are controlled, in
part, by CREB phosphorylation. Such phosphorylation is
catalyzed by PKA and other hormone- and growth
factor—activated kinases.”” B-Catenin—dependent tran-
scriptional activity is also stimulated by PKA-mediated
phosphorylation.”””"  Moreover, hypoglycemia-induced
glucagon, catecholamine, prostaglandin, and perhaps other
signals trigger G-protein—coupled receptors to activate
adenylate cyclase and, thereby, PKA. Thus, transcription
factor 7-like 2 (TCF7L2) or Creb or both might be meta-
bolically regulated to direct CBP to the cyclin D1 promoter
during normal regeneration. Based on our data and these

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Glycemia and Liver Regeneration

considerations, ChIP-based experiments to define the impact
of delaying PH-induced hypoglycemia on patterns of
binding by these (and other) transcriptional regulators to the
cyclin D1 promoter in regenerating liver should be con-
ducted to further characterize the metabolic mechanisms that
regulate liver regeneration.

Not exclusive of the considerations raised in the
Discussion above, PH-induced hypoglycemia might also
indirectly promote (and parenteral dextrose infusion sup-
press) regenerative hyperacetylation of the cyclin D1 gene
promoter by affecting histone deacetylase (HDAC) activity.
We recently reported the isoform-specific regulation of zinc-
dependent HDACs (Zn-HDACs) during normal liver
regeneration and the antiregenerative effect of global
Zn-HDAC inhibition.'® That analysis showed that PH in-
duces hepatic expression of specific Zn-HDACsS, suppresses
that of others, and promotes the transient nuclear localiza-
tion of HDACS in early regenerating liver. Notably, hypo-
glycemia also promotes HDACS nuclear localization in
other models.”” Recent studies also show that the NAD-
dependent HDAC sirtuin 1 exerts antiregenerative activity
in some settings but is proregenerative in others.”*”* Thus,
further efforts to define glycemic influences on Zn- and
NAD-dependent HDACs and the function of such regula-
tion during liver regeneration should also be pursued to
elucidate mechanisms linking metabolic and epigenomic
regulation of liver regeneration.

Delaying PH-induced hypoglycemia not only disrupts
proregenerative cyclin D1 induction but also delays PH-
stimulated suppression of antiproliferative signals. For
example, hepatic p27 protein levels, which normally decline
during early liver regeneration,””'*' are augmented by
parenteral dextrose infusion. Degradation of p27 protein is
promoted by the E3 ubiquitin ligase Skp2,”**’ and Skp2
expression is normally induced during early liver regener-
ation.” However, such expression is suppressed by paren-
teral dextrose infusion. We previously reported that
regenerative expression of Skp2 is also inhibited by Ppary-
activating thiazolidinediones’ and showed that liver-specific
Ppary knockout mice exhibit accelerated regeneration.'” We
also showed that Ppary2 mRNA expression is normally
down-regulated in early regenerating liver.'’ Together with
these previously published data, the findings reported here
showing that dextrose infusion augments Ppary2 expression
in regenerating liver implicate glycemic effects on hepato-
cellular PPARY activity as a possible mechanism by which
metabolism influences liver regeneration (Figure 7). This
hypothesis could be tested in future studies by an investi-
gation of the effects of delaying PH-induced hypoglycemia
on liver regeneration in liver-specific Ppary null mice.
Another mechanism by which glycemia might affect
regenerative regulation of antiproliferative signals is sug-
gested by the recent study reporting that histone
acetyltransferase—dependent acetylation of p27 protein (by
P300/Creb-binding protein—associated factor) regulates
p27 stability by a SKP2-independent mechanism.” Thus,
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the previously discussed glycemic influences on histone
acetyltransferase or HDAC activity, raised in the Discussion
above, might also influence liver regeneration by modu-
lating p27 protein levels.

Finally, our published’ and new data identifying glycemic
manipulation as a strategy by which experimental regener-
ation can be controlled raise the possibility that liver
regeneration in humans might be similarly inhibited or
accelerated. This consideration has provocative clinical
implications. For example, current clinical care of patients
with acute liver failure (ALF) emphasizes prevention of
hypoglycemia to avoid its significant complications, without
as careful consideration of potential detrimental effects of
hyperglycemia.’® Preventing hypoglycemia should remain a
cornerstone of ALF patient management. However, the data
reported here suggest that excess dextrose supplementation
might delay regenerative recovery of the liver in ALF, and,
thereby, reduce the likelihood of transplant-free survival in
such patients. Conversely, an earlier study using a subtotal
(85% to 90%) rodent liver resection model, in which
regenerative recovery of liver mass is delayed,”’ reported
that glucose supplementation improves outcomes in that
paradigm.” Thus, clinical research that carefully examines
the relationships between glycemia, glucose supplementa-
tion, and outcomes in ALF should be conducted. Similarly,
studies investigating whether poorer outcomes after liver
resection in patients with nonalcoholic fatty liver disease’”
are influenced by adverse metabolic effects on hepatic
regenerative signals should be considered. Such analyses
might suggest clinical intervention trials targeting metabolic
strategies to accelerate liver regeneration and improve out-
comes in liver diseases in humans.
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