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Abstract

Purpose: To determine the effects of propofol and ketamine anesthesia on liver regeneration
in rats after partial hepatectomy (PHT).
Methods: Male Wistar albino rats were assigned randomly to four groups of 10. Anesthesia
was induced and maintained with propofol in groups 1 and 2, and with ketamine in groups
3 and 4. PHT was undertaken in groups 1 and 3. Rats in groups 2 and 4 (control groups) un-
derwent an identical surgical procedure, but without PHT. At postoperative day-5, rats were
killed. Regenerated liver was removed, weighed, and evaluated (by immunohistochemical
means) for expression of inducible nitric oxide synthase (iNOS), endothelial NOS (eNOS),
apoptosis protease-activating factor (APAF)-1, and proliferating cell nuclear antigen (PCNA).
Also, blood samples were collected for measurement of levels of tumor necrosis factor
(TNF)-a and interleukin (IL)-6.
Results: Between groups 2 and 4, there were no differences in tissue levels of iNOS, eNOS,
and APAF-1 or plasma levels of TNF-a and IL-6. eNOS expression was similar in group 1 and
group 3. Expression of INOS and APAF-1 was mild-to-moderate in group 1, but significantly
higher in group 3. Groups 1 and 3 showed an increase in PCNA expression, but expression in
both groups was comparable. Plasma levels of TNF-a and IL-6 increased to a lesser degree in
group 1 thanin group 3.
Conclusion: Propofol, as an anesthetic agent, may attenuate cytokine-mediated upregula-
tion of INOS expression and apoptosis in an animal model of liver regeneration after partial
hepatectomy.
Key words: Propofol. Ketamine. Liver Regeneration. Hepatectomy. Anesthesia, Intravenous.
Rats.

. J

DOI: http://dx.doi.org/10.1590/s0102-865020170050000009 Acta Cir. Bras. 2017;32(3):396-406



Acta Cir Bras. 2017;32(3):396-406

n Introduction

Hepatic regeneration after liver surgery
is the primary factor that determines survival.
Regulatory mechanisms of regeneration
modulation are complex and multifactorial, and
are not understood clearly®. Liver regeneration
is dependent upon on the balance between
the death and proliferation of cells®. Cell
death can occur via necrosis or apoptosis®.
Histopathologic studies of failed livers have
shown significant apoptotic changes rather
than cell necrosis®. Such findings have led
researchers to study anesthetic agents in terms
of liver protection and hepatocyte apoptosis.

Nitric oxide (NO) is an oxidant produced
by nitric oxide synthase (NOS) in the liver. NO is
known to have an important role in apoptosis
or be beneficial to cell proliferation, according
to its concentration®. NOS has been identified
in several tissues, but only three isoforms
(neuronal, inducible (iNOS), and endothelial
(eNOS)) have been identified in mammals.
eNOS and nNOS are expressed constitutively,
and produce relatively small amounts of NO.

Propofol is the most widely used
anesthetic drug administered via the
intravenous route. Numerous studies based
on models of ischemia—reperfusion injury have
reported that propofol has antioxidant and anti-
inflammatory activity®’. Ketamine is another
commonly used anesthetic administered via
the intravenous route, and has antioxidant
properties in vitro®.

The present study aimed to determine
the effects of propofol and ketamine
anesthesia during partial hepatectomy (PHT)
based on measurement of levels of the pro-
inflammatory cytokines interleukin (IL)-6
and tumor necrosis factor (TNF-a). Also, we
wished to determine the effects of propofol
and ketamine anesthesia on the regenerative
capacity of the liver after PHT using the cellular
immunohistochemical (IHC) markers eNOS,
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iNOS, apoptosis protease-activating factor
(APAF)-1, and proliferating cell nuclear antigen
(PCNA).

n Methods

Procedures in the present study were
undertaken in accordance with the Guide
for the Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, MD,
USA) and the Declaration of Helsinki.

The study comprised 40 adult male
albino Wistar rats (250-330 g). Animals were
housed eight per Plexiglas™ cage in a quiet
room at 22 + 2 °Cand humidity of 60 + 5% under
a 12-h light—dark cycle (light from 07:00-19:00).
Food and water were available ad libitum. All
experiments were carried out between 09:00
and 11:00.

Rats were divided randomly into
four groups of 10. Food was withheld 6 h
before surgery, but water remained available.
Anesthesia was induced using propofol (80
mg.kg™, i.p.; Fresenius Kabi, Bad Homburg,
Germany)ingroups 1 and 2, and using ketamine
(20 mg.kg™, i.p.; Pfizer, New York, NY, USA) in
groups 3 and 4. Anesthesia was maintained
using an intravenous infusion via tail veins
of the same drug used for the induction of
anesthesia. PHT (50%) was done in groups 1
and 3. In groups 2 and 4 (control groups), an
identical surgical procedure was undertaken
but without PHT.

Surgery was carried out through
a midline laparotomy incision. Intestines
were packed with sterile sponges soaked in
physiologic (0.9%) saline at 37°C. Ringer’s
lactate solution (5 mL) was injected into the
peritoneal cavity to prevent dehydration during
the surgical procedure. PHT (50%) was done
according to the Higgins and Anderson method
for left lateral and median lobectomy®. After
each surgical intervention, the incision was
closed in layers. At the end of the experiment,
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animals were allowed to recover from
anesthesia and allowed food and water ad
libitum. At postoperative day (POD)5, animals
were decapitated. The regenerated liver was
removed and weighed. Then, it was sent to
the pathology laboratory for IHC evaluation of
eNQOS, iNOS, APAF-1, and PCNA. Blood samples
were also obtained for measurement of plasma
levels of TNF-a and IL-6.

Gravimetric analyses of the regeneration rate

The rate of liver regeneration was
calculated according to Becker’s formula:

Liver-regeneration rate (%)=100 x [C — (A — B)]
+A

where A is the mean estimated whole-
liver weight of a rat that underwent PHT
(theoretically obtained from healthy controls),
B is the mean weight of liver tissue excised from
the rat during PHT, and C is the mean weight
of the remnant livers at the time at which rats
were killed™.

IHC evaluation

Liver specimens were evaluated
by independent pathologists in a blinded
and numbered fashion. Liver regeneration
after surgery was assessed by IHC analyses,
as described previously'**2, Samples were
embedded in paraffin, cut into sections of
thickness 5 um, and prepared for IHC staining
(BioGenex, San Ramon, CA, USA). Sections were
mounted on poly-L-lysine-coated slides and
dewaxed in xylene. After washing in a series of
ethanol solutions of decreasing concentration
and water, sections were treated with cold 3%
hydrogen peroxide (H,0,) in distilled water
for 30 min to block endogenous peroxidases.
Sections were washed with phosphate-buffered
saline (PBS) and incubated overnight at 4°C
with an eNOS monoclonal (RB-1711-P; 1:100
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dilution; Neomarkers, Fremont, CA, USA), iNOS
polyclonal (RB-9242-P; 1:100; Neomarkers),
or APAF-1 antibody (1/100; Neomarkers) for
16 h at 4°C. Then, sections were incubated
with biotinylated immunoglobulins for the
corresponding primary antibody. Next, sections
were washed with PBS thrice and incubated
with an avidin—biotin—peroxidase complex.

Peroxides were visualized by incubating
sections in diaminobenzidine and H,0..
Negative controls were treated identically

by omission of incubation with the primary

antibody.

The three-step immunoperoxidase
avidin—biotin—peroxidase complex method
(Vectastain®  Elite; Vector Laboratories,

Burlingame, CA, USA) was used to measure
expression of PCNA (clone PC10; MS-106,
1:100 dilution; Neomarkers). PCNA was used
to measure cell proliferation. From each rat,
1000 cells were evaluated and the PCNA
labeling index (total number of labeled cells
divided by the total number of cells counted
and expressed as a percentage) recorded.

IHC staining and the number of
immunopositive cells was evaluated semi-
qguantitatively using a four-tiered scale for
staining (0: negative; 1: mild; 2: moderate; 3:
marked) and cell number (1: <10% positive
cells; 2: 10-50% positive cells; 3: >50% positive
cells).

Serum levels of TNF-a and IL-6

Blood samples were collected from rat
abdominal aortas for measurement of serum
levels of TNF-a and IL-6 using an enzyme-
linked immunosorbent assay kit (Biosource
International, Camarillo, CA, USA). Levels are
expressed as pg.mL™.

Statistical analyses

Group data are the mean + SD.
Quantitative analyses of mean values for serum
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levels of IL-6, TNF-a and liver regeneration
rate were done using Kruskal-Wallis one-way
analysis of variance (ANOVA) among groups.
Paired comparisons of groups were made
with the Mann-Whitney U-test to assess
which group or groups were the reasons for
the difference. Then, an error level of o = 0.05
was divided into the number of comparisons,
and the Bonferroni correction made. IHC
analyses for iNOS, eNOS, APAF-1, and PCNA
were evaluated qualitatively by the x*test with
Yates’ correction factor. p<0.05 was considered
significant.

] Results

Mean hepatectomized liver weight and
mean liver regeneration rates calculated by
gravimetric analyses between groups 1 and 3
were not significantly different (p>0.05).

The mean plasma level (in pg.mL™?)
of TNF-a was similar in control groups
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(group 2: 20.8 + 15.75; group 4: 27.5 + 12.5)
but significantly different between similar
anesthetic groups (p<0.05). The mean plasma
level (in pg.mL™) of TNF-a of group 1 was 68.75
1+ 9.33 as compared with 20.8 £ 15.75 in group 2
(p<0.05). The mean plasma level (in pg.mL™) of
TNF-ain group 3 was 92.55+12.70 as compared
with 27.5 + 12.5 in group 4 (p<0.05).

The mean plasma level (in pg.mL™) of
IL-6 was similar in control groups (group 2: 4.5 +
10; group 4: 9 £ 12.5), but significantly different
between similar anesthetic groups (p<0.05).
The mean plasma level (in pg.mL™) of IL-6 in
group 1 was 27.05 + 5.26 as compared with
4.5+ 10 in group 2 (p<0.05). The mean plasma
level (in pg.mL™) of IL-6 in group 3 was 72.63 +
10.11 as compared with 9 £ 12.5 in group 4 (p
<0.05).

At PODS5, levels of TNF-a and IL-6
increased, but were significantly lower in the
propofol group (group 1) than in the ketamine
group (group 3) (p<0.05) (Table 1).

Table 1 - Plasma levels (in pg.mL™) of TNF-a and IL-6 in study groups.

Group 1 Group 3 p
(propofol anesthesia) (ketamine anesthesia)
TNF-a 68.75+9.33 92.55+12.70 0.02
IL-6 27.05+£5.26 72.63 £10.11 0.002

Values are mean * SD.

IHC data suggested that expression
of iINOS and eNOS was negative-to-mild in
control groups and not significantly different
between groups 2 and 4 (p>0.05). At PODS5,
marked expression of iINOS was observed in
group 3 (p<0.05). Also, increased expression
of iINOS was accompanied by high levels of
TNF-a and IL-6 in group 3. However, iNOS
reactivity was mild-to-moderate in rats
undergoing PHT under propofol anesthesia
(p<0.05). IHC analysis suggested that eNOS
expression in rats undergoing PHT increased
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significantly compared with control sections at
POD5 (p<0.05). This tendency was maintained
without significant differences between groups
1 and 3 (p>0.05) (Figures 1 and 2).

Tissue sections from the livers of
control animals [IHC-stained for APAF-1
revealed very few stained hepatocyte nuclei.
Remarkably increased APAF-1 immunostaining
was observed in group 3, but only mild-to-
moderate APAF-1 staining was observed in rats
undergoing PHT under propofol anesthesia at
POD5 (p<0.05) (Figures 1 and 2).
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The PCNA expression used as a marker
of cell regeneration was increased remarkably
in rats that underwent PHT under propofol
and ketamine anesthesia, but the difference

Figure 1 - Immunohistochemiscal findings of rats
that underwent partial hepatectomy under propo-
fol anesthesia. a. Mild-to-moderate iNOS expres-
sion (magnification, x400); b. Mild-to-moderate
APAF-1 expression (magnification, x200); c. Ma-
rked expression of PCNA (magnification, x400).

[} Discussion

The most important finding of the
present study is that the increase in plasma
levels of TNF-a and IL-6 are in accordance with
the upregulation of iINOS expression after PHT
for a normal regenerative process. However,
iNOS overexpression can have detrimental
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between study groups were not significant
(p<0.05 for group 1 vs. group 2 and group 3
vs. group 4) (p>0.05 for group 1 vs. group 3)
(Figures 1 and 2).

Figure 2 - Immunohistochemical findings of rats
that underwent partial hepatectomy under keta-
mine anesthesia. a. Marked expression of iNOS
(magnification, x400); b. Mmarked expression of
APAF-1 (magnification, x200); c. Marked expres-
sion of PCNA (magnification, x400).

effects, including apoptosis. The anesthetic
agent propofol reduced levels of TNF-a and
IL-6 significantly, and APAF-1 expression (as a
marker of the apoptotic index) downregulated
iNOS expression in the liver 5 days after PHT.
Numerous studies have focused on
hepatic ischemia—reperfusion injury and
anesthetic agents in rats. However, data
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pertaining to the anti-apoptotic effects of
anesthetic agents in a liver-regeneration model
are lacking. The present study is an important
addition to the literature because it shows that
propofol has anti-apoptotic effects during liver
regeneration.

Major resection of the liver has
increased in safety with advancement of
surgical methods. The regenerative capacity
of the remnant liver is an important factor
that determines survival®. The normal liver has
regenerative capacity of <90% after PHT%3,
Hormones, growth factors, and pharmacologic
agents are known to affect the regenerative
capacity of the liver*. The present study
analyzed two pharmacologic agents, the
anesthetic agents propofol and ketamine, in
terms of their effects on liver regeneration
after PHT in rats. The regenerative effects of
propofol and ketamine after PHT were not
introduced entirely in in vivo studies.

Much of the research on changes in
cytokine expression after hepatectomy has
centered on serum levels of TNF-a and IL-
6. These cytokines are usually associated
with inflammation, and it is known that
their expression increases after PHT at the
acute phase of regeneration (from the first
5 min to 5-7 days) in rodents. TNF-a and
IL-6 are also known to be priming factors for
liver regeneration. Those features were our
rationale for measuring levels of TNF-a and IL-
6, and using those measurements as indicators
of liver regeneration in our study.

Although liver regeneration after
the loss of hepatic tissue is critical for the
restoration of the homeostasis of the organ,
the role of apoptosis is also as important as in
proliferative process during liver regeneration.
After PHT, residual hepatocytes enter into DNA
synthesis to establish the original number
of hepatocytes. A small wave of apoptosis of
hepatocytes seen at the end of DNA synthesis
suggests that this is a mechanism to correct an
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over-shooting of the regenerative response.
The excess level of apoptosis that can cause
necrosis and death of hepatocytes during this
proliferative process alsodamagesregeneration
period of liver. Therefore, there must be a
balance between proliferation and apoptosis.
Evidence shows the importance of cytokines
during liver regeneration. When a large piece
of liver is removed by PHT, increased local
expression of TNF-a triggers the production
of another cytokine, IL-6, and both cytokines
are required to initiate subsequent hepatocyte
proliferation.iNOS is up-regulated in liver under
a number of conditions, including ischemia-
reperfusion, acute damage by hepatotoxic
agents, hepatites and liver regeneration in
response to proinflammatory cytokines TNF-a
and IL-6. Neither TNF-a nor IL-6 alone are
sufficient to activate iNOS transcription, but
when these two cytokines are combined, up-
regulation occurs. iNOS is Ca *>— independent,
and synthesizes NO for extended periods of
time, at high concentrations, serving as an
important stimulus for apoptosis. Thus, the
attenuation of both cytokine-mediated over
upregulation of iINOS expression and excessive
apoptosis are very important for the balance
between proliferation and apoptosis during
liver regeneration after PHT>.

Hepatocyte loss can occur due to
necrosis or apoptosis. External signaling by the
pro-inflammatory cytokine TNF-a is a known
mechanism of apoptosis, and is associated
with an increase in caspase-3 activity and an
increase in expression of the pro-apoptotic
gene BAX®™. Ridiger et al.*® reported that an
increased level of TNF-a has an apoptotic role
in hepatic ischemia. The present study shows
that TNF-a levels were higher in rats that
underwent PHT in comparison with control
groups. The TNF-a level in rats that underwent
PHT under propofol anesthesia was significantly
lower than in those that underwent PHT
under ketamine anesthesia, suggesting that
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propofol might have a protective effect on the
liver. These findings are in agreement with
those of Abdel-Wahab et al.*’, who reported
attenuation of the TNF-a level and expression
of apoptotic genes upon propofol infusion in
ischemic livers.

In the present study, the level of
another pro-inflammatory cytokine, IL-6, was
also lower in rats that underwent PHT under
propofol anesthesia compared with those that
underwent PHT under ketamine anesthesia.
IL-6 has an important role in initiation of the
acute-phase response in hepatocytes, but
does not have a direct mitogenic effect on
hepatocytes?®. It has been shown that the IL-6
level increases after PHT and, even though this
increase is important for the acute phase of
regeneration, it is not an essential factor for
continuation of the process®.

NO production is another important
process associated with liver regeneration®>.
NO is derived from eNOS and iNOS?. In the
liver, eNOS activity can be detected in the
plasma membrane of rat hepatocytes and
contributes to sinusoidal blood flow and portal
perfusion. Increased expression of eNOS has
been reported in models of liver disease such
as cirrhosis®*?%. In the present study, eNOS
expression was increased but did not differ
between study groups. Our results in these
groups seemed to be in accordance with data
reported in the literature.

Increased expression of iNOS has been
reported to occur in inflammatory processes
caused by cytokines such as TNF-a, endotoxins,
or bacterial lipopolysaccharides®?3. As such,
PHT or ischemia—reperfusion injury may result
in increased expression of iINOS*?’. The two-
sided effects of NO must be understood. A low
concentration of NO may be cytoprotective
and necessary for liver regeneration®®%,
but a high concentration of NO may be toxic
to hepatocytes®®. Excess NO reacts with
superoxide radicals to form peroxynitrite.
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The latter damages cells by initiating lipid
peroxidation3!. Rai et al.3? reported that iNOS
has a role in apoptosis in a mouse model.
Carnovale et al.> observed increased expression
of iINOS in PHT rats and increased levels of BAX
and p53 secondary to iNOS induction. It has
been shown that BAX and p53 proteins are
closely associated with apoptosis**3. In the
present study, iNOS staining was significantly
more marked in rats that underwent PHT
than in those that did not. More importantly,
in rats that underwent PHT under propofol
anesthesia, there was less iNOS staining than
in those that underwent PHT under ketamine
anesthesia. Dikmen et al3* reported that
ketamine does not reduce iNOS-mediated
NO production upon renal injury in unilateral
ureteral obstruction. Those findings suggest
that propofol might limit iNOS overexpression
and exhibit an anti-apoptotic profile. Wang et
al.* reported that propofol had anti-apoptotic
effects on hepatic L0O2 cells exposed to oxidant
stress induced by H,0,, and was mediated
by activated kinase pathways. In accordance
with those authors, our results suggest that
propofol decreases the overexpression of iNOS
as an anesthetic.

Because of our limited laboratory
facilities, we did not evaluate the apoptosis
with Western Blot analysis. Instead, we used
APAF-1 which is a130-kDa protein that has a
central role in the intrinsic or mitochondrial
pathway of apoptosis. The oligomerization of
pro-apoptotic proteins (Bax, Bak, Bad, BNIP3)
into the outer mitochondrial membrane
leads to the formation of pores, and results
in mitochondrial release of cytocrhome c.
The association of cytochrome c¢ with an
adapter molecule, APAF-1, and caspase 9
in the cytoplasm activates the latter, which
in turn, activates downstream caspases,
ultimately resulting in hepatocyte apoptosis
following PHT®. In response to apoptotic
stimuli (e.g., increases in levels of reactive
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oxygen metabolites or NO), APAF-1 is released
and a mitochondrial apoptosis pathway is
activated®®*®’. Data focusing on the effects of
anesthetic agents on APAF-1 in a liver model
are lacking. In our previous study, APAF-1 was
analyzed in a testicular ischemia—reperfusion
model. We noted non-high numbers of
apoptotic cells in rats undergoing testicular
ischemia—reperfusion under propofol
anesthesia 24h after reperfusion®®. Findings of
APAF-1 expression in the present study are in
accordance with those of our earlier study. In
the present study, APAF-1 expression differed
significantly: APAF-1 expression was mild in rats
that underwent PHT under propofol anesthesia
compared with those that underwent PHT
under ketamine anesthesia.

Several IHC methods have been
used to assess liver regeneration. The most
common method is that using PCNA3%°. PCNA
levels in our study were increased in rats that
underwent PHT under propofol and ketamine
anesthesia, but the difference between groups
was not significant. PCNA is a useful marker for
monitoring progression of liver regeneration
after hepatectomy®. In the present study, the
increase in PCNA levels observed in rats that
underwent PHT under propofol and ketamine
anesthesia appear to be consistent with the
literature.

Propofol is an effective anesthetic
with potential antioxidant properties that
can be delivered via the intravenous route.
It has a chemical structure similar to that of
phenol-based free radical-scavengers (e.g.,
vitamin E) and scavenges free radicals®’. The
mechanism underlying the hepatoprotective
effect of propofol may be explained by the
results of studies demonstrating that propofol
can produce non-anesthetic organ-protective
effects. The latter include: reduction of the
generation and scavenging of free radicals;
inhibitory effects on calcium channels and
reduction of intracellular calcium overload;
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reduction of the chemotaxis of inflammatory
cells; reduction of NO production and apoptosis
by downregulation of iNOS expression3438,
The antioxidant activity of propofol may
mediate its potential role as a modulator of
apoptosis®’. Also, reduction in levels of TNF-a
and caspase-3, with an increased BclxL/Bax
ratio observed in the present study, probably
contributed to the protective effect of propofol
on hepatic ischemic—reperfusion injury in
rats. In our study, reduced cytokine-mediated
upregulation of iINOS expression and apoptosis
during regeneration post-PHT by propofol
anesthesia seems to be in accordance with the
literature.

We selected ketamine due to its
antioxidant properties in vitro to compare the
effect of propofol on hepatic regeneration
after PHT®. Our findings that ketamine does
not reduce cytokine-mediated upregulation of
iNOS expression after PHT is not in accordance
with studies reporting the inhibitory effect
of ketamine on iNOS-mediated NO release
from alveolar macrophages in response to
lipopolysaccharide in vitro***. The effect of
ketamine on iNOS expression in vivo may,
therefore, be a result of additional mechanisms
than those suggested by in vitro experiments,
and further study in this area is merited.

The most important limitation of our
study was a lack of an anesthesia-free (negative
control) group. This absence was because of
the ethical impossibility of carrying out this
type of surgical intervention in rats without
anesthesia.

n Conclusions

In in response to pro-inflammatory
cytokines such as IL-6 and TNF-a, iNOS
expression is upregulated and induces
apoptosis in hepatocytes during regeneration
post-PHT in rats. Propofol, as an anesthetic
delivered via the intravenous route, may
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attenuate cytokine-mediated upregulation of
iNOS expression and apoptosis in an animal
model of liver regeneration post-PHT. This
protective effect of propofol, based on the
observed anti-apoptotic and anti-inflammatory
effects, may prove to be a promising approach
if it is used as an anesthetic agent for liver
surgery.
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