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Abstract Preliminary studies of liver regeneration induced
by partial hepatectomy (PHE) identified a substantial deple-
tion of hepatic retinoid stores, by greater than 70%, in re-
generating livers of wild-type C57B1/6] mice. To understand
this, we compared responses of wild-type and lecithin:retinol
acyltransferase (Lrat)-deficient mice, which totally lack he-
patic retinoid stores, to PHE. The Lrat-deficient livers showed
delayed regeneration in the first 24 h after PHE. At 12 h
after PHE, we observed significantly less mRNA expression
for growth factors and cytokines implicated in regulating
the priming phase of liver regeneration, specifically for Hgf
and Tgfa, but not TgfB. Compared with wild-type mice, the
changes in mRNA levels for p21 and cyclins E1, B, and A2
mRNAs and for hepatocellular BrdU incorporation and mi-
toses were delayed (i.e., shifted to later times) in regenerat-
ing Lrat '~ livers. Concentrations of all-transretinoic acid
were significantly lower in the livers of Lrat™’" mice follow-
ing PHE, and this was accompanied by diminished expres-
sion of known retinoid-responsive genes. At later times after
PHE, the rate of liver weight restoration for Lrat”’~ mice
was parallel to that of wild-type mice, although additional
biochemical differences were observed.Bll Thus, hepatic
retinoid stores are required for maintaining expression of
signaling molecules that regulate cell proliferation and dif-
ferentiation immediately after hepatic injury, accounting
for the delayed restoration of liver mass in Lrat /™ mice.—
Shmarakov, I. O., H. Jiang, K. J. Z. Yang, I. ]. Goldberg, and
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Retinoids (vitamin A and its metabolites) are potent
regulators of cell proliferation, differentiation, and apop-
tosis (1, 2). Retinoic acid, the major transcriptionally active
retinoid species, is reported to regulate over 500 genes
(3). The all-trans- and 9-cisisomers of retinoic acid regu-
late transcription upon binding to one of their six cognate
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nuclear receptors, the retinoic acid receptors (RARa,
RARB, and RARYy) and the retinoid X receptors (RXRa,
RXRB, and RXRy) (4, 5). All six of these ligand-dependent
transcription factors are expressed within the liver (6).
The liver accounts for approximately 70% of all retinoid
that is present within the body of a healthy adult, with
70-80% of this hepatic retinoid being stored within the
lipid droplets of hepatic stellate cells (HSC) (7, 8). Owing
to the relationships between retinoid actions in cell prolif-
eration, differentiation, and apoptosis (1), there is a need
to understand whether hepatic retinoid stores may directly
affect liver responses to acute and chronic injury. For in-
stance, alcohol-induced hepatic injury is accompanied by
a marked depletion of retinoid stores, as the HSCs rapidly
lose their retinoid-containing lipid droplets (9). However,
roles for these retinoid stores in hepatic disease develop-
ment and its resolution are not established.

The adult liver possesses a remarkable capacity for re-
generation, which allows it to restore quickly its health fol-
lowing acute injury (10-12). A distinguishing feature of
liver regeneration is that all the molecular events required
for this process are not restricted to a particular cell type,
but rather are dependent on tight cooperation of extra-
and intracellular factors derived from the different hepatic
cell types, which include HSCs, hepatocytes, Kupffer cells,
and sinusoidal endothelial cells (10-17). This results in
the proliferation and restitution of normal liver structure
and the return of proper liver function. Dietary studies
and studies involving knockout animal models have shown
that many factors can reduce the liver’s capacity for healing
following injury (18, 19). Several dietary studies exploring
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retinoid involvement in liver cell proliferation in response
to hepatic injury have been reported (20-22). One of
these focused on the effects of retinoid deficiency on liver
epithelial cell proliferation in rats which had undergone
common bile duct ligation (21). The authors of this study
reported that retinoid deficiency was associated with
enhanced bile duct epithelial cell proliferation (21). Hu
et al. reported studies in which rats were fed a totally
retinoid-deficient diet for up to 72 days prior to partial
hepatectomy (PHE) (20), and Kimura et al. reported stud-
ies of the effects of retinoid supplementation (with retinol,
retinoic acid, or a synthetic retinoid) for up to 14 days on
the recovery of mice which had undergone PHE (22).
Although both of these studies reported effects of retin-
oids on hepatic healing, neither of the studies reported
hepatic or serum retinoid concentrations of the experi-
mental animals (20, 22). Consequently, it is not possible to
understand the true hepatic retinoid status of these ani-
mals or its effect on recovery from PHE.

PHE is an accepted experimental model used to study
the multistep orchestrated processes important for liver
regeneration. PHE results in synchronous induction of
liver cell DNA replication and mitosis, in which approxi-
mately 95% of hepatic cells, which are normally quiescent,
rapidly reenter the cell cycle. We have used a PHE model
to explore the importance of hepatic retinoid stores in
liver regeneration. We assessed the restoration of liver mass
in age-, gender-, and diet-matched wild-type and congenic
lecithin:retinol acyltransferase-deficient (Lmtf/ ) mice. The
Lrat”’”~ mice are unable to synthesize retinyl esters and
consequently lack hepatic retinoid stores (23). However,
Lrat™"~ mice, when maintained on a standard retinoid-
sufficient chow diet, are physiologically normal, even though
their hepatic retinoid concentrations are only approxi-
mately 1% of those of matched chow fed wild-type mice
(8,23). Using this genetic model, we assessed the significance
of hepatic retinoid stores to hepatic responses to injury.
Our data indicate that these stores are required to support
normal liver regeneration.

EXPERIMENTAL PROCEDURES

Animal husbandry and dietary regimens

All mice employed in our studies were treated and maintained
according to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and all experimental procedures
were reviewed and approved by the Columbia University Institu-
tional Animal Care and Use Committee. A detailed description of
Lral”’ mice is found elsewhere (23). The mice employed in our
present studies were derived from these original mixed genetic
background mice through 10 backcrosses, rendering the mice
congenic in the C57BL/6] genetic background. During the breed-
ing and lactation periods, all mice were maintained on breeder
chow that contained 15 IU retinol/g diet (Picol.ab Mouse Diet
20, PMI International). After weaning, the mice were placed on a
standard chow diet that also contained 15 IU retinol/g diet.

Partial hepatectomy

Lrai”’~ and wild-type mice (males weighing 20-25 g, 10-12 weeks
of age) were subjected to 2/3 PHE to induce liver regeneration.
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Partial hepatectomy was performed during morning hours under
anesthesia as described by Mitchell and Willenbring (24). The
animals were maintained postoperatively on the standard chow
diet and water, provided ad libitum. Briefly, mice were anesthe-
tized using a cocktail consisting of 1 ml Ketaset, 0.5 ml xylazine,
and 8.5 ml of PBS given at a dose of 10 pl/g body weight. The
abdomen was opened to allow access to the liver, and the left
lateral and medial lobes were ligated individually before removal.
The surgery survival rate was greater than 95%, with no differ-
ence observed between the genotypes. Ten mice per group were
euthanized at 0, 12, 24, 36, 48, 72 h and 7 days after PHE. Sham-
operated mice were included as controls. At the time of euthana-
sia, the mice were weighed, blood was taken from the inferior
vena cava, and the remnant liver was removed. The dissected liv-
ers were rapidly weighed, frozen in liquid Ny and stored at —80°C.
Tissues were stored continuously without thawing at —80°C until
analysis. Sections from the dissected livers were also fixed in 10%
neutral buffered formalin for further histological analysis.

We harvested for groups of Lrat”"~ and wild-type mice entire
livers at 0 h, in an identical fashion as the later removal of resid-
ual liver from hepatectomized mice. This was done for use in as-
sessing liver:body weight ratios which are reported in this article.
The values reported for 0 h were obtained using livers collected
to assess liver:body weight ratios.

Liver function test

Alanine aminotransferase (ALT) enzymatic activity was deter-
mined in mouse serum using a kit from Genzyme Diagnostics
(Genzyme Diagnostics P.E.I. Inc., Canada), according to the manu-
facturer’s instructions.

Histology, BrdU labeling, and
immunohistochemical staining

For paraffin sections, livers were first fixed in neutral buffered
formalin and then processed into paraffin blocks according to
standard protocols (25). The embedded tissues were cut into 6 pwm
slices, mounted on charged adhesive slides, and dried overnight at
50°C. Slides were then deparaffinized in xylene and rehydrated in
graded alcohol and distilled water. Representative histological
sections of each specimen were stained with hematoxylin/eosin
according to standard staining methods. Oil red O-stained liver
sections were assessed for hepatocyte lipid accumulation. For cryo-
sections, livers were fixed overnight in neutral buffered formalin
and cryoprotected in 30% sucrose. Tissues were sectioned with a
cryostat into 12 pm slices. After fixation, the sections were stained
with oil red O (Sigma) according to standard methods (26).

DNA replication was assessed by nuclear incorporation of
bromodeoxyuridine (BrdU) employing a BrdU antibody (Abcam,
Cambridge, MA) and immunostained liver sections. For this pur-
pose, 100 mg BrdU (Sigma-Aldrich Corp., St. Louis, MO) per kg
body weight was injected intraperitoneally 2 h before harvesting
the remnant regenerating livers. In each regenerating liver, we
counted the number of BrdU-positive nuclei per field (correspond-
ing to 1.5 mm2) and used this to calculate a BrdU labeling index.

HPLC separation and analyses for retinyl
esters and retinol

Retinyl esters and retinol were extracted from serum and liver
tissue under a dim yellow safety light. Briefly, livers were homog-
enized in 10 vol of PBS (10 mM sodium phosphate, pH 7.2, 150 mM
sodium chloride) using a Polytron homogenizer (Brinkmann
Instruments, Westbury, NY) set at half-maximal speed for 10s. An
aliquot of serum or tissue homogenate (a 200 pl aliquot) was
then treated with an equal volume of absolute ethanol contain-
ing a known amount of retinyl acetate as an internal standard.
The retinoid present in the homogenates were extracted into



hexane. The hexane extract was dried under a stream of N, and
redissolved in benzene. For determination of liver and serum lev-
els of retinol and retinyl esters, a reverse-phase HPLC method
was employed using a 4.6 x 250 mm Ultrasphere C18 column
(Beckman, Fullerton, CA) and a running solvent (acetonitrile/
methanol/methylene chloride, 70:15:15 (v/v)) flowing at 1.8 ml/
min. Retinol and retinyl esters were detected at 325 nm. Quanti-
tation was based on comparisons of the area under the peaks and
spectra for unknown samples to those of known amounts of stan-
dards. The recovery of internal standard was employed to correct
for loss during extraction. HPLC grade solvents for HPLC analy-
ses and extractions were purchased from Thermo Fisher Scien-
tific (Pittsburgh, PA).

LC/MS/MS separation and analyses for retinoic acid
and endocannabinoids

All solvents employed for sample extractions and liquid chro-
matography were LC/MS or LC grade and were purchased from
Thermo Fisher Scientific (Pittsburgh, PA). All measurements
were carried out on a Waters Xevo TQ MS ACQUITY UPLC system
(Waters, Milford, MA). The system was controlled by MassLynx
software version 4. 1 (Waters).

Retinoic acid was extracted using a two-step, acid-base extrac-
tion (27), with minor modifications. Briefly, 0.5 ml of 0.025 M
KOH in ethanol was added to 250 pl of tissue homogenate, which
contained 50 mg of wet tissue. Five nanograms of pentadeuterated
all-transretinoic acid (atRA-d;) dissolved in absolute ethanol was
added to each extract as an internal standard. The aqueous phase
was extracted with 5 ml of hexane (Thermo Fisher). The organic
phase containing nonpolar retinoids (retinol and retinyl esters)
was removed. Thirty microliters of 4 M HCl was then added to the
aqueous phase, and polar retinoids, including retinoic acid, were
removed by extraction into 5 ml hexane. The hexane was removed
under N,. Extracts were resuspended in 70 pl of acetonitrile
(Thermo Fisher) and transferred to amber LC/MS vials (Waters).
Only glass containers, pipettes, and calibrated syringes were used
to handle and process retinoic acid. Samples were maintained
at 4°C in the autosampler, and 5 pl was loaded onto a Waters
ACQUITY UPLC HSS C18 column (2.1 mm inner diameter x
100 mm with 1.8 wm particles), preceded by a 2.1 x 5 mm guard
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column with the same packing material (Waters). The column was
maintained at 40°C using a column heater. The flow rate was 300
wl/min in binary gradient mode with the following mobile phase
gradient: initiated with 32% phase A [HyO (Thermo Fisher), con-
taining 0.1% formic acid] and 68% mobile phase B [acetonitrile,
containing 0.1% formic acid]; the gradient was maintained for
6.3 min. The acetonitrile content of the solvent was increased lin-
early to 85% over 6.4 min and maintained until 9.5 min, increased
to 100% to wash the column for 2 min, and then decreased ace-
tonitrile to 68%. All-transretinoic acid (atRA) eluted between
8.2 and 8.4 min. Positive ESI-MS/MS mass spectrometry was per-
formed using the following parameters: capillary voltage 3.8 kV,
source temperature 150°C, desolvation temperature 500°C, desol-
vation gas flow 800 1/h, collision gas flow 0.15 ml/min. Optimized
cone voltage was 16V, collision energy for multiple reaction moni-
toring mode (MRM) was 18 eV, and the following transitions were
used: atRA for quantification, m/z 301.16—123.00; atRA for verifi-
cation, m/z 301.16—205.03; and atRA-d;, m/z 306.15—127.03.

The extraction and LC/MS/MS protocols employed for the
analysis of hepatic endocannabinoids employing a MRM meth-
odology have been described in detail elsewhere (28).

Determination of tissue triglycerides

Approximately 100 mg of liver was placed into 50 ml tubes
containing 5 ml of 1.0 M NaCl. The samples were homogenized
using a Polytron Homogenizer at 19,000 rpm for 20 s. Subse-
quently, 10 ml of chloroform:methanol (2:1 v/v) was added to
the liver homogenates. The samples were vortexed for 1 min to
ensure that they were homogenous. After centrifuging the sam-
ples for 10 min at 800 g, the chloroform-containing lower phase
was removed and placed into a glass tube. An additional 5 ml of
chloroform:methanol was added to the remainder of the upper
phase, and the samples were vortexed and centrifuged as above
to ensure complete triglyceride recovery. The pooled chloroform
phases were evaporated under N,. After the chloroform had
completely evaporated, 1 ml of 2% Triton X-100 in chloroform
was added into the samples. The samples were mixed well, and
again the chloroform was evaporated under N,. Triglycerides
were solubilized for colorimetric assay through addition of 1 ml
of deionized water into the glass tubes. Using a Matrix Plus
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Fig. 1. Liver mass restoration and injury in wild-type and Lrat”’~ mice following PHE. (A) Ratio of liver weight to body weight at the time
of euthanasia; numbers at 72 h indicate the percentage of liver mass restoration compared with time 0 values. Values marked with different
letters (a, b, c, d, e) are significantly different, P< 0.05. (B) Serum ALT activity for wild-type and Lrat ’~ mice following PHE. Values marked
with different letters (a, b, c, d) are significantly different, P < 0.05. All values are given as the mean + 1 SD, n = 10 for each time and

genotype.
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Fig. 2. Hepatic cell cycle pr()uressl()n in livers of wild-type and Lrat”’~ mice following PHE. (A) Hgf, Tgfor, TgfB mRNA expression in the
livers of wild-type and Lrar”’” mice 12 h following PHE. Values marked with different letters (a, b, c, d, e) are statistically different, P< 0.05.
(B) FoxM1 mRNA expression levels in livers of wild-type and L ral”’” mice at different times following PHE. Values marked with different
letters (a, b, ¢, d) are statistically different, P < 0.05. (C and D) Immunohistochemical analysis of hepatocellular BrdU incorporation (C )
and numerical summary (D) of hepatocellular proliferation given as number of BrdU-positive nuclei per field corresponding to 1.5 mm”.
Values marked with different leuers (a, b, ¢, d) are statistically different, P < 0.05. E: Mean hepatocyte mitotic figures (metaphase plates) per
field corresponding to 1.5 mm®, Values marked with different letters (a, b, ¢) are statistically different, P< 0.05. All values are given as the
mean += 1 SD, n = 10 for each time and genotype.
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Chemistry Reference Kit, according to the manufacturer’s in-
structions, a colorimetric triglyceride assay was performed in a
96-well plate for each liver extract. Color development was mea-
sured on a Multiskan Plus microtiter plate reader at 520 nm.

RNA preparation and quantitative real-time PCR

Total RNA was isolated from liver tissue, DNase I digested
using a RNeasy minikit (Qiagen) according to the manufactur-
er’s protocol, and quantitated at 260 nm using a Nanodrop spec-
trophotometer. For cDNA synthesis, 4 pug of total RNA (in a final
volume of 20 wl) was first denatured at 65°C for 5 min. Subse-
quently, cDNA synthesis was carried out for 10 min at 25°C and
50 min at 50°C employing reverse transcriptase (SuperScript III,
Invitrogen). The reaction was stopped at 85°C for 5 min, using a
thermal cycler (Perkin Elmer, Waltham, MA). The primers em-
ployed for quantitative real-time PCR (qRT-PCR) analyses of tar-
get genes are provided in supplementary Table 1.

As a reference housekeeping gene used to normalize mRNA
expression, we employed 18S RNA. This gene gave excellent re-
producibility, never varying in its C, value by more than 0.5 units.
qRT-PCR was performed in a total volume of 25 pl, including
40 ng of cDNA template, forward and reverse primers (100 nM
each), and LightCycler 480 SYBR Green I Master (Roche) using
a LightCycler 480 instrument (Roche). After initial enzyme acti-
vation (95°C for 10 min), 40 cycles (94°C for 10 s, 55°C for 30 s,
72°C for 30 s) were performed for the annealing/extension steps,
and fluorescence was measured. A dissociation curve program
was performed after each cycle. Expression of target genes was
calculated based on the efficiency of each reaction and the cross-
ing point deviation of each sample versus a control and expressed
in comparison with the reference gene.

Statistical analysis

All data are presented as means + SD. Student ttest was used to
analyze data between the control and knockout strains. Differ-
ences with P < 0.05 were considered significant.

RESULTS

To gain understanding of the role of hepatic retinoid
stores in liver regeneration, we assessed the restoration of
liver mass, expressed as liver/body weight ratio, in wild-type
and Lrat’~ mice at time intervals up to 7 days following
PHE (Fig. 1A). As can be seen from Fig. 1A, there is a clear
delay in mass restoration in the livers of Lrat’~ compared
with wild-type mice. For wild-type mice, weight restoration
commenced at 12 h after PHE, but not until 24 h did
weight restoration commence for Lrat”’™ mice. Thus, for
all of the times studied, Lrat /" livers showed a lower

liver:body weight ratio until 7 days after PHE, when this
ratio was the same for both the mutant and wild-type mice
(Fig. 1A). No differences in postoperative morbidity, mor-
tality, or behavior between the two strains were observed
(the survival rate was more than 95% for both groups).
Both wild-type and Lrat '~ mice showed the same level of
serum ALT activity following PHE (Fig. 1B), except at the
initial stages of liver regeneration 12 h after PHE, when
the serum ALT activity was significantly greater for Lrat /™
than for wild-type mice. The ALT values of sham-operated
group did not exceed 15 U/I for any of the times studied,
and no significant differences between Lrai /™ and wild-type
mice were observed at any time (supplementary Fig. I).

To understand the observed differences in liver mass
restoration, we investigated the expression of key signaling
molecules involved in cell cycle progression during liver re-
generation. We assessed possible differences in hepatic ex-
pression of cytokines (TNFa, IL-6) and growth factors (HGF,
TGFa, TGFB) needed for priming and promoting the initial
transition of the remaining quiescent cells into a prolifera-
tive state (10-12, 29, 30). At the initial period after PHE
(12 h), we observed significantly lower mRNA expression in
Lrat”’~ mice for two growth factors implicated in regulating
the priming phase of liver regeneration, specifically for Hgf
and Tgfo, but no effect on 7TgfB was detected (Fig. 2A and
supplementary Fig. II). No significant differences in cytokine
(/-6 and Tnfo) mRNA expression were observed (supple-
mentary Fig. III). The quantitatively largest difference be-
tween wild-type and Lraf " mice was observed for Hgf
mRNA expression, which is known to be associated with
liver nonparenchymal cells, predominantly HSCs (11).

BrdU incorporation into regenerating Lrat”’™ livers was
also delayed compared with wild-type livers. Analysis of the
regenerating livers showed significantly less hepatocellular
BrdU incorporation for Lrat © mice 24 and 36 h after PHE
(Fig. 2C, D). Moreover, the peak number of hepatocellular
mitoses was significantly diminished, by over 2-fold, in
Lrat”’" livers at their peak, 48 h after PHE (Fig. 2E). Collec-
tively, these findings suggest that Lrat”’™ livers experience a
delay in DNA replication after PHE compared with wild-type
mice. This observation is consistent with the delay in liver
weight regain observed for Lrat”’” mice following PHE.

We also determined expression levels for a number of
genes that control cell cycle progression, including cyclins D1,
El, A2, and BI (31). Our qRT-PCR results given in Table 1
show that cyclin E1 mRNA expression was decreased in

TABLE 1. Cyclin mRNA expression in wild-type and Lrat™’" livers at different times following PHE

Cyclin D1 Cyclin E1 Cyclin A2 Cyclin B1

Hour Wild-type Lrai™"~ Wild-type Lrat™~ Wild-type Lrat™"~ Wild-type Lrat™"~

0 19.9 +6.1° 16.7 « 3.4* 0.6+ 0.3 1.2+0.3 0.7+0.3° 0.6+0.3" 0.5+0.3" 0.3+0.2"
12 95.0 + 19.9° 95.1 + 15.5° 41+19"° 28+05”°  05+092° 0.3+0.1° 0.5+0.2° 0.1+0.1
24 86.3 + 44.1" 52.6 +41.8°"  53+1.8>% 1.8+1.9"¢ 1.4+0.5>¢ 0.8 +0.2° 22+1.3" 1.3+0.6°
36 74.7 + 20.4" 55.1 + 445" 52+31>% 34+1.8"°  31+1.3¢ 0.8+1.1°" 3.7+1.2" 1.0+0.7°
48  1755+32.8°  189.2+146.7”° 11.0+5.5° 13.2+7.2° 176 +9.5° 31.7+923.2°  29.6+21.1° 39.8+28.0°
79 65.8 + 29.0" 798 +275>¢  3.0+1.1" 7.2+92.9¢ 15.5 + 6.8 15.5 + 3.5° 26.5 + 14.8° 26.1 + 4.3
168  45.7+927.1%°  709+19.6”°  0.9+0.5 1.6+04">° 1.2+038°Y 11:05>°Y 1.0x06°" 1.3+0.7""

Relative mRNA/18S values expressed as the mean + 1 SD, n = 10 for each time and genotype. Values for each cyclin marked

with different letters (a, b, ¢, d) are significantly different, P< 0.05.
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Lrat /™ livers 24 h after PHE, but significantly elevated at
72 h. This represents a shift in the temporal pattern of
expression compared with wild-type mice. No statistically
significant differences were observed in expression levels
of cyclin D1 between Lrat”’~ and wild- type mice. Cyclin A2
and BZ expression were also significantly diminished in
Lrat™’~ compared with wild-type mice, specifically 36 h
after PHE (Table 1). Forkhead box transcription factor
(FoxMI) mRNA expression (Fig. 2B), which is normally
induced and promotes progression through Gy into the
mitotic phase (32, 33), was also significantly decreased in
Lrat”’” mice 36 h after PHE. This time corresponds to the
time of S/G, transition. Collectively, these data suggest
that hepatic expression of factors that regulate the prolif-
erative responses of cells in Lrat /~ liver is modified in a
number of cell cycle periods. This undoubtedly contrib-
utes to the differences observed in liver mass restoration
for Lrar’~ versus wild-type mice. Thus, compared with
wild-type mice, the temporal patterns of ¢yclin E1, BI, and
A2 mRNA expression (Table 1) and hepatocellular BrdU
incorporation in Lrat ' livers appear to be shifted to later
times (Fig. 2B, C).

Liver regeneration was accompanied by a quantitatively
large decline of retinyl ester concentrations in regenerat-
ing wild-type livers (Fig. 3A). The mean value of the total
amount of retinoid storage form decreased by 38% (from
261.5 pg/g to 164.1 pg/g) 12 h after PHE and declined
further to only 28% (72.8 pg/g) of the initial value at 36 h.
Hepatic retinyl ester and serum retinol concentrations
were not observed to decline in sham-operated anlmals
across all experimental periods. (As noted above, Lrat”’
mice are unable to synthesize retinyl esters.) We did not
observe a change in hepatic retinol levels (supplementary
Fig. IV), whereas serum retinol levels progressively de-
clined for both Lrat /~ and wild- -type mice (Fig. 3C). This
suggests an early demand for retinoids during the priming
phase of liver regeneration (from 0 to 36 h after PHE),
which stimulates retinoid release from the retinyl ester
form, possibly to allow for the formation of retinoic acid.
We did not detect an increase of hepatic retinoic acid con-
centrations by LC/MS/MS measurements for livers of ei-
ther Lrat”’~ or wild-type mice for the first 36 h after PHE
(Fig. 3B). However, retinoic acid concentrations at all times
were approximately 50% lower in the livers of Lrat”"~ com-
pared with wild-type mice. We also asked whether there
might be differences in expression patterns for hepatic
genes whose expression is known to be responsive to retin-
oic acid (Fig. 3D). Levels of mRNA expression for Cyp26A1,
which encodes a protein that catalyzes catabolism of

retinoic acid, were markedly diminished for both wild-
type and Lrat /livers 12 and 36 h after PHE, but no sig-
nificant dlfferences were observed between the wild-type
and Lrat /"~ mice. Expression of the Crbpl gene, which en-
codes a protein proposed to be important in ret1n01c acid
formation, was significantly lower for livers of Lrat”"~ ver-
sus wild-type mice 12 h after PHE, but not at other times.
Levels of mRNA for Pdk4, a potent regulator of hepatic
carbohydrate metabolism, and for p21, a regulator of cell
proliferation, were significantly elevated in livers of both
Lrat”’~ and wild-type mice both 12 and 36 h after PHE, but
the fold elevation in expression for these two genes in
Lrat”’™ mice was significantly less than that observed for
wild-type mice. Collectively, these findings support the no-
tion that there is considerable demand for retinoids dur-
ing the early priming phase of liver regeneration, which is
likely needed to support retinoid-dependent transcrip-
tional regulation.

Transcriptionally active retinoid metabolites can be
formed not only following the hydrolysis of retinyl esters
but also through the oxidative cleavage of their carotenoid
precursors. HSCs have been shown to be able to accumu-
late B-carotene (34), which can be converted to retinoic
acid following its symmetric oxidative cleavage catalyzed
by B-carotene 15,15-monooxygenase (BCMO1). During
the regeneration process, we observed a nearly 20-fold up-
regulation in Bemol mRNA expression for both Lrat ™
and wild-type mice, 12 h after PHE (Fig. 4). We also ob-
served a downregulation in mRNA expression of 3-carotene
9’,10"-monooxygenase (BCMOZ2), an oxygenase involved
in carotenoid oxidative degradation, but not in retinoic
acid synthesis (Fig. 4). These observations are consistent
with a need for carotenoid central cleavage products in
PHE.

A characteristic feature of liver regeneration is the ac-
cumulation of lipid droplets in hepatocytes of regenerat-
ing livers. This process is known to be a characteristic of
hepatocyte proliferation durlng regeneration (35, 36). We
examined whether Lrat /~ mice and the absence of retin-
oid stores affect this process following PHE through histo-
logical analyses (supplementary Fig. V) and measurement
of triglyceride content (Fig. 5). Lipid droplets accumu-
lated in the livers of both genotypes starting from 12 h af-
ter PHE. No neutral lipid accumulation was observed in
sham-operated controls for either genotype (supplemen-
tary Fig. VI). Triglyceride measurements showed that he-
patic triglyceride content was significantly lower in Lrat”’
compared with wild-type mice 36 and 72 h after PHE (Fig. 5).
To better understand these differences, we investigated

Fig. 3. Hepatic total retinyl ester and retinoic acid concentrations, serum retinol levels, and retinoic acid-responsive gene expression in

the livers of wild-type and Lrat ’

mice at early times following PHE. (A) Total retinyl ester (RE) concentrations were determined for liver

lobes from wild-type mice at time 0 and at early stages of liver regeneration (12 and 36 h following PHE). Values marked with different let-
ters (a, b, ¢) are significantly dlfferent P < 0.05. (B) Hepatic retinoic acid (RA) concentrations were determined by LC/MS/MS for liver

lobes from wild-type and Lrat

mice at time 0 and at initial stages of liver regeneration (12 and 36 h followmg PHE). Values marked with
different letters (a, b) are significantly different, P< 0.05. (C) Serum retinol levels for wild-type and Lral”’

mice at 0, 12, and 36 h following

PHE. Values marked with different letters (a, b) are statistically different, P< 0.05. (D) Gene expression levels for known retinoic acid-
responsive genes (Cropl, Pdk4, p21, and Cyp26A1) determined by qRT-PCR for RNA obtained from liver lobes harvested at time 0 from

wild-type and Lrat "~

mice and in the initial stages of liver regeneration (12 and 36 h following PHE). Values marked with different let-

ters (a, b, ¢) are significantly different, P < 0.05. All values are given as the mean + 1 SD, n = 10 for each time and genotype.
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the expression pattern of peroxisome proliferator-activated
receptor (PPAR) isoforms during liver regeneration. These
lipid-sensing transcription factors regulate downstream
genes that regulate lipid metabolism and function as het-
erodimeric partners with RXRs. Twelve hours after PHE,
we observed a significant downregulation in Ppara expres-
sion for both Lrat’~ and wild-type mice. We also observed
at 12 h after PHE a significant upregulation in Ppan3/5
mRNA expression for wild-type but not for Lrar /" mice
(Fig. 6.). No differences in Ppary mRNA expression were
observed at any time for either genotype.

We also assessed possible changes in the endocannabi-
noid system, since endocannabinoids are known to act as
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Fig. 5. Hepatic triglyceride accumulation in livers of wild-type
and Lrai ~ mice following PHE. Hepatic triglyceride concentra-
tions for wild-type and Lrat”’~ mice at 0, 12, 24, 36, 48, 72, and
168 h after PHE. Values marked with different letters (a, b, ¢, d, e, f)
are significantly different, P< 0.05. All values are given as the mean +
1 SD, n = 10 for each time and genotype.
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potent promitogenic factors during liver regeneration
(37, 38). Moreover, retinoids are reported to regulate en-
docannabinoid receptor expression, and it has been pro-
posed that this is required for assuring proper healing
from hepatic injury (39). Consequently, we assessed hepatic
concentrations of the canonical endocannabinoids, arachi-
donoyl ethanolamide (AEA) and 1- and 2-arachidonoyl
glycerol (1-AG and 2-AG) by LC/MS/MS, as well as mRNA
expression for the two endocannabinoid receptors, Cbl
and Cb2, during liver regeneration (Fig. 7). Twelve hours
after hepatic surgery, the remnant liver lobes of hepatecto-
mized wild-type mice showed an increase in AEA and 1-AG,
but not in total AG (Fig. 7A). These changes were accom-
panied by a statistically significant increase in Cb/ mRNA
for wild-type mice at 36 h PHE and a decrease in Cb2
mRNA expression (Fig. 7B). Interestingly, no statistically
significant changes in endocannabinoid concentrations
were observed for Lrat /™ livers (Fig. 7A). These data un-
derscore the interactions between the retinoid and endo-
cannabinoid systems and their coordinated involvement
in the hepatic regenerative response.

The central focus of our research was on the early stages
of liver regeneration, within the first 36 h after PHE. How-
ever, to better understand retinoid involvement in this
process, we also assessed retinoid levels and retinoid-related
gene expression at later times (72 and 168 h) after PHE.
These were different from those observed in initial phases
after PHE. Hepatic retinyl ester and serum retinol levels
rebounded at these later times, while hepatic retinoic acid
levels remained constant (Fig. 8A—C). Consistent with the
rebound in hepatic retinyl ester levels, for wild-type mice,
Lrat mRNA expression levels were significantly elevated
36 h after PHE, but these levels progressively declined
through 168 h (Fig. 8D). Interestingly, Cyp26A 1 mRNA ex-
pression remained high throughout the later times for
Lrat”’"~ mice, but for wild-type mice, these were lower
than those observed at 0 h. For Lrat /~ and wild-type mice,
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Fig. 6. Ppara, Ppary, and Pparf}/0 mRNA levels in livers of wild-type and Lrat ’ mice following PHE. Ppar mRNA expression was deter-
mined by qRT-PCR for RNA obtained from livers of wild-type and Lrat”’” mice at 0, 12, and 36 h after PHE. Values marked with different
letters (a, b) are significantly different, P < 0.05. All values are given as the mean + 1 SD, n = 10 for each time and genotype.

expression levels of p21 were different at baseline 48
and 72 h, but not at 168 h after PHE. Significantly greater
elevation in Cyp26A1 expression was observed for Lrat”’~
than for wild-type livers at 48 h.

DISCUSSION

Our studies, employing a genetic mouse model that
lacks hepatic retinoid stores, establish that retinoid stores
are required for assuring optimal healing of the liver upon
PHE. Hepatic total retinoid levels for the Lrat”’~ mice fed
a chow diet are about 1% of those of matched wild-type
mice, and these animals are healthy and do not display any
clinical signs of retinoid insufficiency when maintained on
astandard chow diet (23, 40, 41). No retinyl ester is detect-
able in the livers of Lraf ’~ mice, although these livers still
possess retinol, albeit at concentrations which are about
5% of those of wild-type mice (see supplementary Fig. IV).
Thus, although without retinoid stores, the livers of Lrat ™

mice are retinoid sufficient (23, 40, 41). The retinoic acid
that is present in the livers of Lrat /~ mice is synthesized
primarily from either very recently ingested dietary retin-
oid or retinol recycled to the liver from peripheral tissues.
Because of the total lack of hepatic retinyl ester stores and
the low hepatic retinol concentrations in Lrat’~ mice,
the capacity of these livers to synthesize retinoic acid to
maintain normal concentrations is markedly diminished
upon PHE (see Fig. 3). This, we propose, fundamentally
underlies the observed delay in the proliferative regenera-
tive response of Lrat”’~ mice within the first 12-24 h fol-
lowing hepatectomy (see supplementary Fig. VII). These
mice are simply unable to synthesize sufficient retinoic
acid to meet the strong demand placed on the liver imme-
diately after PHE. Thus, hepatic retinoid stores are needed
for ensuring optimal retinoic acid synthesis/levels needed
within the liver and for ensuring appropriate hepatic
retinoic acid-responsive gene expression.
Transcriptionally active retinoid metabolites are formed
not only from retinol and retinyl esters but also through
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marked with different letters (a, b) are significantly different, P < 0.05. All values are given as the mean + 1 SD, n = 10 for each time and
genotype.
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the oxidative cleavage of their carotenoid precursors that
are present in the diet, including small amounts present
in rodent chow diets. HSCs have been shown to be able
to accumulate B-carotene (34), which can be converted to
retinoic acid following its symmetric oxidative cleavage
catalyzed by B-carotene 15,15-monooxygenase (BCMO1).
During the regeneration process, we observed a nearly
20-fold upregulation in Bemol mRNA expression for both
Lrat”’~ and wild-type mice, 12 h after PHE (Fig. 4). We
also observed a downregulation in mRNA expression of
B-carotene 9’,10-monooxygenase (BCMO2), an oxygenase
involved in carotenoid oxidative degradation, but not in
retinoic acid synthesis (Fig. 4). These observations support
the notion that there is a need during hepatic regenera-
tion for BCMO1 activity and synthesis of carotenoid cen-
tral cleavage products for use in retinoic acid synthesis.
The requirement for proper retinoic acid signaling to
allow for normal liver regeneration is underscored by
studies of hepatocyte-specific RXRa-null mice (42). When
RXRa is ablated, there is reduced hepatocyte lifespan,
which is accompanied by premature hepatocyte death
and the appearance of necrotic areas (43). RXRa abla-
tion also results in delayed hepatocyte proliferation fol-
lowing PHE (42). Several studies in rodent models showed
a stimulatory effect of retinoic acid administration on
liver mass restoration and BrdU incorporation in regen-
erating livers following PHE (22, 44, 45). The literature
also indicates that, during hepatic regeneration, there is
an increase in mRNA and protein expression of CRBPI
(46) and CRABPI (47), which are known to be encoded
by retinoid-responsive genes, as well as increased expres-
sion of the retinoid receptor RXRa (43). Our data (Fig.
3D) also show an increase in Crbpl gene expression in
wild-type mice 12 and 36 h after PHE, in addition to the
increases in expression for the retinoic acid-responsive
Pdk4 and p21 genes (48, 49). However, levels of Crbpl,
Pdk4, and p21 expression are significantly lower (P< 0.05)
in Lrat’~ compared with wild-type liver, 12 h after PHE.
This undoubtedly reflects the lower retinoic acid concen-
trations present in regenerating Lrat”’" livers and con-
tributes to the delay in liver regeneration observed in
these mutant mice. This supports our proposal that retin-
oic acid is not sufficiently synthesized to bring about a full
induction of these genes in Lrat’~ mice. Cyp26A1 en-
codes an enzyme that degrades excessive retinoic acid,
and its expression is induced by excessive retinoic acid
concentrations. Elevated Cyp26A1 expression is routinely
taken as an indication of excessive retinoic acid concen-
trations or toxicity (50, 51). At initial times, we observed

no differences between Lrat /~ and wild-type expression
of Cyp26A1 and conclude that retinoic acid concentra-
tions are not being sensed by the livers as being excessive
at these times. Collectively, these differences in gene ex-
pression arise because wild-type mice are able to draw on
hepatic retinoid stores for retinoic acid synthesis, whereas
the Lrat”’~ mice lack retinoid stores and are unable to
immediately respond like wild-type mice by increasing
retinoic acid synthesis to support the need for increased
retinoic acid-responsive transcription.

Delayed liver regeneration in Lral /~ mice is associated
with impaired expression of cell cycle regulators. Retinoic
acid has been shown in many different in vitro and in vivo
model systems to be required for maintaining normal cell
proliferation. Among cell cycle regulating genes, only p21,
a known cell cycle progression regulator, is directly trans-
activated by a liganded RAR via a retinoic acid response
element in its promoter (49). P21 acts importantly in the
formation of higher order complexes of cyclins and cyclin-
dependent kinases, functioning either as a positive or neg-
ative regulator of cell proliferation (52). Several published
studies have reported an upregulation of 27 mRNA and
protein expression during early times after hepatectomy
(53). We observed a similar effect on p21 expression for
wild-type mice but observed significantly diminished in-
duction of p21 expression 12 h after PHE for livers of
Lrat”’~ mice. Published studies of p2l_/_ mice (54) sug-
gest that p21 plays a growth inhibitory role during liver
regeneration. Although P21 is known as a negative regula-
tor of cell cycle progression, our observation of upregula-
tion of p21 expression during the liver cell G—G; transition
led us to conclude that it has an important role during this
period. This is consistent with literature reporting that
binding of P21 protein to cyclin D1-CDK4 stabilizes this
protein-protein complex and facilitates its nuclear import,
without necessarily inhibiting cyclin D-associated kinase
activity. Moreover, p21 is induced when quiescent fibro-
blasts and T lymphocytes are stimulated to proliferate by
mitogenic signals. This apparent paradox regarding the
regulatory actions of P21 (proliferative versus antiprolif-
erative) can be understood from observations that P21-
cyclin-CDK complexes harvested from proliferating cells
retain kinase activity that is extinguished by addition of
more P21. The conclusion that was drawn from these ob-
servations is that conversion of active complexes to inac-
tive ones is achieved by changing the ratio of P21 to
cyclin-CDK, such that active complexes contain a single
P21 molecule, whereas inactive ones include multiple P21
subunits (52). Thus, the effects of P21 on cell proliferation

Fig. 8. Hepatic total retinyl ester and retinoic acid concentrations, serum retinol levels and retinoic acid-responsive gene expression in
the livers of wild-type and Lrat”’” mice at later times following PHE. (A) Total retinyl ester (RE) concentrations were determined for livers
from wild-type mice at late stages of liver regeneration (72 and 168 h) following PHE. Values with different letters (a, b) are significantly
different, P< 0.05. (B) Hepatic retinoic acid (RA) concentrations were determined for livers from wild-type and Lrat”’” mice at late stages
of liver regeneration (72 and 168 h) following PHE. Values marked with different letters (a, b) are significantly different, P< 0.05. (C) Se-
rum retinol levels for wild-type and Lrat”’” mice at 48, 72, and 168 h following PHE. Values marked with different letters (a, b) are signifi-
cantly different, P < 0.05. (D) Gene expression levels for known retinoic acid-responsive genes (Lrat, Cyp26A1, and p21) determined by
qRT-PCR. Values marked with different letters (a, b, ¢, d) are significantly different, P < 0.05. All values are given as the mean + 1 SD, n = 10

for each time and genotype.
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Fig. 9. A schematic representation of retinoid metabolism and actions during liver regeneration. (A) In a healthy adult liver, 70-80% of
hepatic retinoid is stored within the lipid droplets of hepatic stellate cells (HSC) in the form of retinyl ester (RE). Following hydrolysis, the
released retinol (ROH) is transported to the hepatocytes, where it can undergo enzymatic conversion into retinoic acid (RA), which func-
tions as a ligand for its specific nuclear hormone receptors (RARs and RXRs), affecting the expression of retinoic acid-responsive genes.
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liferative one in order to restore liver mass. Liver regeneration is accompanied by a massive utilization and decline of retinyl ester levels,
suggesting a large demand for retinoids during the early priming phase of hepatic healing. Retinoic acid is known to be required for signal-
ing proliferative response genes to allow for normal liver regeneration. (C) At later stages of liver mass restoration, following the transition
of cells into S phase, there is less demand for retinoic acid and its formation. A rebound in hepatic retinyl ester concentrations occurs, as
well as a progressive decline in expression levels of retinoic acid-responsive genes.

are concentration dependent. Our data are consistent
with the later proposal regarding P21 actions in stimulat-
ing proliferation and not with conclusions drawn from
study of p21 /" mice or of mice which greatly overexpress
P21 in hepatocytes.

With regard to cyclin expression, our findings are simi-
lar to those of Ledda-Columbano et al. who reported that
hepatocyte proliferation in retinoic acid-fed mice is associ-
ated with increased hepatic levels of cyclins D1, E, and A
(44) and studies performed by Yang et al. showing the
alteration in the expression and regulation of cyclin D1/
cyclin-dependent kinase (Cdk)4, cyclin E1/Cdk2, cyclin
A2/Cdk2, and cyclin B1/Cdkl in regenerating RXRa-null
livers. In these later studies, hepatocyte RXRa-deficiency
also affected basal, as well as regeneratlon-mduced cyclin
E1 expression levels. For Lrat”” mice, with diminished he-
patic retinoic acid availability, we observed significantly
diminished mRNA levels of c¢yclins 1, A2, and B1 within
the first 36 h after PHE, compared with wild-type mice. We
did not however observe a significant difference in cyclin
DI expression in regenerating Lrat '~ liver. It should be
noted though that many of the cell growth-related pro-
teins, including the cyclins, are regulated during the cell
cycle through changes in their phosphorylation status
without dramatic changes in the level of the protein. Thus,

the differences we observed in expression levels for cyclins
El1, A2, and BI may contribute to the delayed liver mass res-
toration observed for Lrat /~ mice; however, more in-depth
analyses will be required to establish this possibility.

Levels and temporal patterns of growth factor expres-
sion are altered in Lrat compared with wild-type mice.
This includes significantly (P < 0.05) diminished expres-
sion of Hgf and Tgfa 12 h after PHE, and diminished
FoxM1 expression 36 h after PHE. Notably, a strong cor-
relation between the presence of retinoid- Contalnmg lipid
droplets in HSCs (ones that are absent in Lrat /"~ mice)
and the ability of HSCs to express Hgf has been observed
for both animal and human studies (55-57). It has been
shown that preactivated or semiactivated HSCs lose their
ability to express Hgf mRNA, thus affecting normal hepa-
tocyte proliferation and liver regeneration (55-57). Our
data also clearly show an upregulation in Pdk4 expression
during initial periods (12 h) of liver regeneration in wild-
type mice. The metabolic action of Pdk4, a gene which is
known to be retinoic acid-responsive (58), may be required
for effectively shifting the hepatic preference for energy sub-
strates toward lipids, under the condition of hypoglycemia
caused by PHE (supplementary Fig. VIII). We propose
that the observed differences in expression for these im-
portant regulatory molecules also contribute toward the
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delayed restoration of liver mass when hepatic retinoid
stores are absent.

Endocannabinoid homeostasis was altered during he-
patic regeneration for livers lacking retinoid stores. We
were specifically interested in exploring retinoid/endo-
cannabinoid interactions during hepatic regeneration
because interactions between these two lipid signaling
families, involving retinoic acid regulation of expression of
the endocannabinoid receptor CbI in the liver, have been
reported in the literature (39). Consequently, we assessed
whether endocannabinoid concentrations and/or endocan-
nabinoid receptor levels might be altered in Lrat ’~ mice
recovering from PHE. Hepatic levels of the endocannabi-
noid AEA are significantly lower 12 h after PHE in Lrat’~
compared with wild-type liver (Fig. 7). Expression levels of
CbI mRNA are significantly lower in Lrat ’~ mice 36 h af-
ter PHE. This is potentially important for understanding
our data since activation of the CB1 receptor in the liver by
newly synthesized AEA has been shown to promote liver
regeneration by controlling the expression of cell-cycle
regulators that drive M phase progression (37). Moreover,
it has been shown that FoxM1 mRNA and protein levels are
regulated by AEA via the CB1 receptor (37). As far as we
are aware, there are no published data regarding the pres-
ence of retinoic acid-responsive elements in genes encod-
ing endocannabinoid-metabolizing enzymes. Interestingly,
hepatic triglyceride concentrations were not different
for wild-type and Lrat”’” mice, aside from 36 h after PHE
when triglyceride levels in Lrat”’™ livers were approxi-
mately 75% of those of wild-type mice. Hepatic Ppara and
Ppary mRNA expression levels, transcription factors pro-
posed to be important in liver regeneration, were not
different for Lrar’~ and wild-type mice following PHE.
Somewhat surprisingly, significantly lower (P< 0.05) Ppa3 /6
mRNA expression was observed for Lrat /~ compared with
wild-type mice 12 h after PHE. This nuclear receptor has
been proposed to be able to use all-transretinoic acid as a
physiologic ligand (59).

Although hepatic regeneration is initially delayed in
Lrat”’~ mice compared with wild-type mice 12-24 h after
PHE, liver weights of these mice increase at rates that ap-
pear to be parallel to those of the wild-type mice. Although
our primary focus was on the early time period after PHE
(within 36 h after PHE), we assessed a number of retinoid-
related parameters at later times. These data indicate that
Lrat’~ mice are eventually able to synthesize sufficient
retinoic acid to allow for a proliferative, albeit delayed, re-
sponse to commence with a rate similar to that of wild-type
mice. Most of the retinoid used for this purpose must be
derived from recent dietary intake. Also, there may be in-
creased recycling of retinol from peripheral tissues back to
the liver. It is well established in the literature that retinol
can be returned from the periphery to the liver (60). As
seen in Fig. 8, hepatic retinoic acid levels are not different
for wild-type and Lrat”’~ mice 72 and 168 h after PHE.
However, unlike the earlier times, Cyp26A1 expression lev-
els are now significantly elevated in Lrat’~ compared with
wild-type mice. Fig. 8 also shows for wild-type mice that, at
168 h after PHE, hepatic retinyl ester stores have greatly
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increased over earlier times. This is likely because the liver
is now predisposed to accumulating retinyl ester via LRAT
action in esterifying retinol acquired from the diet or from
peripheral tissues, rather than converting it to retinoic
acid. However, the increased fluxes of retinol arriving at
the liver from the diet and periphery cannot be stored in
Lrat™’~ mice, owing to the absence of LRAT, and must
be catabolized and wasted. Retinoid catabolism involves
its conversion to retinoic acid and subsequent oxidative
catabolism of retinoic acid by CYP26Al. Consequently,
Cyp26A1 expression is elevated at later times in Lrat
mice to allow the mice to accommodate the increased flux
of retinol to the liver. Moreover, at these later times, there
is a progressive decline in expression levels of a number
of retinoic acid-responsive genes (Fig. 8D). Thus, at early
stages of liver regeneration, there appears to be a very
strong demand or need for retinoic acid to support retin-
oic acid-dependent signaling, but this demand recedes later
as the liver nears complete mass restoration, allowing again
for accumulation of hepatic retinoid stores.

In summary, the central finding of our studies is that the
absence of hepatic retinoid stores delays the onset of liver
weight restoration following PHE. Our data also provide a
rationale for understanding why there is a delay in the pro-
liferative response when hepatic retinoid stores are un-
available. This is outlined in Fig. 9. Because Lrat”’~ mice
have insufficient hepatic retinoid stores, they are unable
to synthesize sufficient retinoic acid to meet needs in regu-
lating retinoid-responsive gene expression. This affects
genes involved in mediating proliferative responses and
results in a lag in the proliferative response, including di-
minished expression of a number of genes that are impor-
tantly involved in cell cycle progression and its regulation
(Hgf, Tgfa, p21, cyclin E1, cyclin A2, cyclin B1, and FoxMI).
We also observed alterations in hepatic concentrations of
the endocannabinoid AEA and CbI receptor levels, which
also have roles in ensuring normal liver regeneration. Col-
lectively, our findings point to a need for retinoic acid de-
rived from endogenous synthesis to allow optimal hepatic
wound healing i
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