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Abstract
AIM: To assess the effects of ischemic preconditioning 
(IPC, 10-min ischemia/10-min reperfusion) on steatotic 
liver mitochondrial function after normothermic 
ischemia-reperfusion injury (IRI).

METHODS: Sixty male Sprague-Dawley rats were fed 
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8-wk with either control chow or high-fat/high-sucrose 
diet inducing > 60% mixed steatosis. Three groups (n  
= 10/group) for each dietary state were tested: (1) the 
IRI group underwent 60 min partial hepatic ischemia 
and 4 h reperfusion; (2) the IPC group underwent IPC 
prior to same standard IRI; and (3) sham underwent 
the same surgery without IRI or IPC. Hepatic 
mitochondrial function was analyzed by oxygraphs. 
Mitochondrial Complex-Ⅰ, Complex-Ⅱ enzyme activity, 
serum alanine aminotransferase (ALT), and histological 
injury were measured.

RESULTS: Steatotic-IRI livers had a greater increase 
in ALT (2476 ± 166 vs  1457 ± 103 IU/L, P  < 0.01) and 
histological injury following IRI compared to the lean 
liver group. Steatotic-IRI demonstrated lower Complex-
Ⅰ activity at baseline [78.4 ± 2.5 vs  116.4 ± 6.0 
nmol/(min.mg protein), P  < 0.001] and following IRI 
[28.0 ± 6.2 vs  104.3 ± 12.6 nmol/(min.mg protein), 
P  < 0.001]. Steatotic-IRI also demonstrated impaired 
Complex-Ⅰ function post-IRI compared to the lean 
liver IRI group. Complex-Ⅱ activity was unaffected 
by hepatic steatosis or IRI. Lean liver mitochondrial 
function was unchanged following IRI. IPC normalized 
ALT and histological injury in steatotic livers but had no 
effect on overall steatotic liver mitochondrial function or 
individual mitochondrial complex enzyme activities. 

CONCLUSION: Warm IRI impairs steatotic liver 
Complex-Ⅰ activity and function. The protective effects 
of IPC in steatotic livers may not be mediated through 
mitochondria.

Key words: Mitochondrial respiration; Fatty liver; Liver 
ischemia; Oxidative phosphorylation; Liver injury; 
Hepatic steatosis; Ischemic preconditioning

© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: We report a detailed mitochondrial function 
analysis of dietary-induced hepatic steatosis, which 
was not choline-deficient, during warm ischemia 
and after ischemia-reperfusion injury. We evaluated 
mitochondrial complex Ⅰ and Ⅱ activities as well as the 
impact of ischemic preconditioning on mitochondrial 
function. This study demonstrates that steatotic livers 
have decreased Complex-Ⅰ activity at baseline and 
that Complex-Ⅰ function is further impaired after warm 
ischemia-reperfusion injury. Ischemic preconditioning 
was unable to attenuate the harmful effect of ischemia-
reperfusion on mitochondrial function.

Chu MJJ, Premkumar R, Hickey AJR, Jiang Y, Delahunt B, 
Phillips ARJ, Bartlett ASJR. Steatotic livers are susceptible to 
normothermic ischemia-reperfusion injury from mitochondrial 
Complex-Ⅰ dysfunction. World J Gastroenterol  2016; 
22(19): 4673-4684  Available from: URL: http://www.wjgnet.
com/1007-9327/full/v22/i19/4673.htm  DOI: http://dx.doi.
org/10.3748/wjg.v22.i19.4673

INTRODUCTION
Hepatic steatosis is the most common liver disease 
found in clinical liver biopsies[1], and autopsy-based 
studies estimate that the prevalence of hepatic steatosis 
is 15%-30% in the Western world[1]. Consequently, 
the number of patients with hepatic steatosis 
encountered during liver surgery is increasing. Hepatic 
steatosis has been associated with a 2-3 fold increase 
in post-operative complication rates following liver 
resection[2,3]. It has been proposed that steatotic livers 
are more susceptible to ischemia-reperfusion injury 
(IRI), which impairs liver regeneration and is a major 
cause of liver damage, leading to worse outcomes[3]. 

The exact mechanism for the increased susceptibility 
of steatotic livers to IRI is not fully understood. 
Steatotic livers have been shown to have decreased 
recovery of adenosine triphosphate (ATP) concentra-
tions following IRI[4]. One of the proposed underlying 
mechanisms behind the decreased ATP recovery 
and increased steatotic liver susceptibility to IRI 
is mitochondrial dysfunction[5]. Mitochondria are 
responsible for producing the bulk of cellular ATP and 
are, therefore, fundamental for cellular viability[6]. 
Impaired mitochondrial function (MF) disrupts normal 
cellular bioenergetics, which leads to cell death[7].

To attenuate the deleterious effect of IRI, ischemic 
preconditioning (IPC) of the liver has been used[8]. 
IPC involves a brief period of ischemia followed by 
reperfusion (generally, 10 min ischemia and 10 min 
reperfusion) prior to a period of sustained ischemic 
insult[9,10]. IPC has been reported to improve post-IRI 
liver injury in experimental[9] and clinical[10] steatotic 
livers. IPC has also been reported to improve ATP 
levels in steatotic livers[11]. While the mechanism by 
which IPC improves hepatic outcome following IRI is 
unknown, it has been postulated that IPC modulates 
and somehow preserves MF[9]. The aim of this study 
was to evaluate the impact of IPC on the MF of rat 
livers with steatosis after being subjected to warm 
(normothermic) IRI. Mitochondrial bioenergetics and 
liver injury markers were evaluated.

MATERIALS AND METHODS
Animals
All reagents were purchased from Sigma-Aldrich 
(St. Louis, MO, United States) unless otherwise 
specified. All experiments were performed in 11-wk 
old male Sprague-Dawley rats. The animal protocol 
was designed to minimize discomfort to the animals. 
The animals were enrolled when 3-wk old and 
removed from the mother at this age. They were then 
randomized to receive standard chow (lean animals; 
Teklad TB 2018; Harlan, Madison, WI, United States; 
18% kcal fat, 58% kcal carbohydrate) or a high-
fat/high-sucrose diet (steatotic animals; Rodent Diet 
D03021303; Research Diets, Inc., New Brunswick, NJ, 
United States; 45 kcal% fat, 25% kcal sucrose; Table 
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1)[12]. The animals were kept under a 12-h light/dark 
cycle (50%-70% humidity, 22 ± 2  ℃) with ad libitum 
access to food and water. Bodyweight and blood 
glucose were measured weekly. Rats were fasted for 
6 h prior to surgery to mimic pre-operative fasting. All 
surgical procedures were started between 12:00-1:00 
pm. All experiments were approved by the University 
of Auckland Animal Ethics Committee (R965).

Experimental design and surgical procedures
Sixty animals were randomized into one of six groups 
(n = 10 each): (1) Lean + Sham (Lean-Sham); (2) 
Lean + IRI (Lean-IRI); (3) Lean + IRI + IPC (Lean-
IPC); (4) Steatotic + Sham (Steatotic-Sham); (5) 
Steatotic+IRI (Steatotic-IRI); and (6) Steatotic + IRI 
+ IPC (Steatotic-IPC). 

A model of partial (70%) hepatic ischemia was 
used that prevented mesenteric venous congestion 
by permitting portal decompression through the 
right and caudate lobes[9]. Rats were anesthetized 
with isofluorane inhalation. Following tracheostomy, 
anesthesia was maintained (1%-2% isofluorane) 
through a pressure-controlled ventilator (Kent 
Scientific Corporation, Torrington, CT, United States). 
Core body temperature was maintained (37-38 ℃) 
by a thermostatically-controlled warming plate. Fluid 
administration via the right femoral vein and mean 
arterial pressure monitoring via the right carotid artery 
were undertaken with a radio-opaque 22G catheter 
and 2F solid-state pressure transducer (SPR-320 
pressure catheter; Millar Instruments Inc., Houston, 
TX, United States), respectively. 

Following a transverse laparotomy, the hepatic 
artery and portal vein to the left and median lobes 

were occluded for 60 min with a microvascular clip. 
Removal of the clip initiated the 240 min of reperfusion. 
Rats receiving IPC received 10 min of ischemia and 
10 min of reperfusion prior to 60 min of ischemia. In 
the sham group, the rats were anesthetized, and a 
laparotomy was performed for 5.5 h without induction 
of ischemia.

The placement of a tracheostomy (reflecting 
endotracheal intubation) and prolonged anesthesia 
mimic clinical liver resection whereby patients are 
anesthetized continuously. We did not perform short 
intervals of anesthesia and repeated mini-laparotomies 
for our protocol, as it does not reflect clinical practice.

Tissue collections
Liver samples were obtained by “cheese-wire” ligating 
the liver with 4-0 silk tie. This technique caused 
minimal bleeding from the cut surface of the liver 
and allowed repeated sampling from each rat. Liver 
samples were obtained at various time-points: “A”: 
baseline (immediately following laparotomy), “B”: 10 
min (after 10 min ischemia), “C”: 20 min (end of IPC), 
“D”: 80 min (after 60 min ischemia), and “E”: 320 min 
(end of 240 min reperfusion phase). Liver samples 
were obtained for histology, MF, and enzymatic 
analysis. The amount of liver tissue removed did not 
exceed 20% of total hepatic mass. At the end of the 
procedure, serum (5 mL) was collected from the 
inferior vena cava.

Histology
Histology was performed on time-points A and E 
to assess severity of the hepatic steatosis and IRI, 
respectively. Formalin-fixed and paraffin-embedded 
liver samples were stained with hematoxylin and eosin 
(HE). A consultant specialist histopathologist (BD) 
blinded to the group assessed the severity of steatosis 
with a published clinical grading system[13]. Severity of 
the IRI was assessed using a 4-point grading system 
previously described[14].

Assessment of hepatocyte injury
The severity of hepatic injury was assessed by serum 
levels of alanine aminotransferase (ALT) and was 
analyzed using a Roche Cobas 8000 modular analyzer 
(c702 module, Basel, Switzerland). 

Homogenized tissue preparation for mitochondrial 
function analysis
Liver samples were immediately placed in ice-
cold (about 4  ℃) mitochondrial respiration media 
(Table 2). The samples were then removed from the 
media, blotted, weighed (20-30 mg), and placed in 
a 2-mL flat-bottom scintillation vial with 500 µL of 
mitochondrial respiration media. The sample was 
homogenized for 5 s with an Omni TH homogenizer 
(Omni International, Kennesaw, GA, United States) 
before analysis. Homogenates were utilized as they 
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Table 1  Content of high-fat/high-sucrose diet (D03021303; 
Research Diets, Inc., NJ, United States)

Gram% Kcal%

Protein 23.7   20
Carbohydrate 41.4   35
Fat 23.6   45
Total 100
Kcal/g     4.73
Ingredient
Casein, 80 Mesh 200   800
L-Cystine     3     12
Corn Starch   50   200
Maltodextrin 10     45.6   182
Sucrose 250 1000
Cellulose, BW200   50       0
Soybean Oil   25   225
Lard   177.5 1598
Mineral Mix S10026 10       0
DiCalcium Phosphate 13       0
Calcium Carbonate     5.5       0
Potassium Citrate. 1 H20    16.5       0
Vitamin Mix V10001 10     40
Choline Bitartrate   2       0
FD and C Blue Dye #1        0.05       0
Total   858.15 4057
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Complex Ⅰ and Complex Ⅱ activities
Liver homogenate from time-points A, D, and E were used 
to measure individual CI and CⅡ enzyme activities using 
the NADH-oxidation and dichlorophenolindophenol-
oxidation method, respectively[19]. Frozen liver 
homogenate was thawed and centrifuged for 10 min 
at 600 g (4  ℃), and the supernatant used for analysis. 
Assays were conducted using a 96-well format, and 
results were normalized to total protein content, as 
determined by the Biuret method. In this report, 
“CI function” refers to assessments undertaken in 
the oxygraph, and “CI activity” refers to the isolated 
activity studies just described.

Statistical and data analysis
All study data were recorded in an EXCEL database. 
Statistical analyses were performed using GraphPad 
Prism version 5.0 (GraphPad Software, La Jolla, CA, 
United States) and SAS version 9.2 (SAS institute, 
Cary, NC, United States). Statistical tests were set 
at a 5% significance level (two-sided). Student’s 
t-tests were conducted on body weight and random 
blood glucose level to compare obese and lean rats. 
Difference in outcome measure between the groups 
of interest was tested using the analysis of covariance 
regression, adjusting for baseline value, bodyweight, 
and blood glucose measured before the procedures 
as appropriate. Repeated measures mixed model 
was used to evaluate the treatment differences at 
different time-points, controlling for the correlation 
of data collected on the same animal. The results are 
presented as mean ± SE of mean, with associated 
p-value. 

RESULTS
Rats fed high-fat/high-sucrose diet were obese
Sprague-Dawley rats fed high-fat/high-sucrose diet 
for 8 weeks showed increased body weight (507 ± 10 
vs 437 ± 6 g, p < 0.0001; Figure 1A) and increased 
random blood glucose level (6.1 ± 0.1 vs 4.6 ± 0.1 
mmol/L, p < 0.0001; Figure 1B) relative to age-
matched lean rats. 

Obese rat livers had severe mixed steatosis
Obese rat livers had gross macroscopic fat accumulation. 
All lean rat livers had normal baseline underlying 
tissue architecture with only some mild (8% ± 1%) 
microvesicular steatosis when evaluated by H&E 
staining (Figure 1C). Obese rat livers had severe 
(65% ± 3%) baseline mixed steatosis with prominent 
macrovesicular steatosis features evident (Figure 1D). 
There were no signs of fibrosis or inflammation in any 
of the groups consistent with hepatic steatosis.

Steatotic livers had increased liver injury following 
ischemia-reperfusion
Effect of steatosis, IRI, and IPC on liver injury biomarkers, 

are more physiological and decrease the risk of any 
organelle selection bias inherent to the process of 
mitochondrial isolation, allowing for the preferential 
selection of more healthy organelles during isolation[15]. 
Our protocol also permits shorter processing time 
and rapid measurement of the function of the entire 
mitochondrial population within the tissue to provide 
an immediate measure of mass specific flux.

Mitochondrial respiration assays
Mitochondrial respiration of liver homogenate was 
measured at each time-point. Respiration was 
measured in 2-mL chambers using an OROBOROS 
Oxygraph 2K (Anton Paar, Graz, Austria) at 37  ℃ in 
mitochondrial respiration media, with a calculated 
saturated oxygen concentration of 190 nmol O2 
per milliliter at 100 kPa barometric pressure, and 
oxygen flux calculated using the DatLab 5 analysis 
software. Liver homogenate (50 µL) was added to 
each chamber, and the remainder was stored at -80  ℃ 
for later analysis. To account for potential variations 
in mitochondrial mass, citrate synthase (CS)-
normalized[16] oxygen flux (pmol O2.s-1.U CS-1) was 
calculated. 

A multiple substrate-inhibitor titration protocol 
was used to explore relative contributions of 
complex Ⅰ (CI), complex Ⅱ (CⅡ), and combined CI+C
Ⅱ in the electron transport system (ETS). Respiration 
states were defined according to Gnaiger[17], where 
leak respiration and oxidative phosphorylation 
(OXPHOS) were the flux measured before and after 
addition of adenosine diphosphate (ADP), respectively. 
The assay protocol steps are described in Table 3. 
The integrity of tissue preparations and comparison of 
coupling efficiencies were made from the respiratory 
control ratio (RCR). 

Citrate synthase and total protein measurement
Liver homogenate, as used in mitochondrial respiration 
assay, was analysed for CS activity and total protein 
content. CS activity was measured as a surrogate for 
mitochondrial mass[16]. Frozen (-80 ℃) liver homogenate 
was thawed, and CS activities were determined following 
the method of Srere and modified to microtitre-plate[18]. 
Protein content was determined by the Biuret test with 
bovine serum albumin as standard. 
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Table 2   Mitochondrial respiration media

Chemical Final concentration (mmol/L)

EGTA       0.5
MgCl2     3
K-Lactobionate   60
Taurine   20
KH2PO4   10
Sucrose 110
Bovine serum albumin 1 mg/mL
HEPES 20 (pH 7.0 at 37  ℃)
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tissue injury scores, and histology are shown in Figure 
2 and 3, respectively. Both Lean-Sham and Steatotic-
Sham livers did not have any biochemical (Figure 2A) 
or histological evidence of injury induced by the sham 

surgery (Figures 2B, 3A and 3B). Conversely, IRI was 
associated with increased serum ALT (Figure 2A) and 
worse liver histology injury scores in both Steatotic-IRI 
and Lean-IRI rats compared to Steatotic-Sham and 
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Figure 1  Bodyweight, random blood glucose, and baseline histology of high-fat/high-sucrose-fed (obese) and lean Sprague-Dawley rats. Obese Sprague-
Dawley rats were significantly heavier (A) with higher random blood glucose (B) than age-matched lean rats. Baseline liver tissue sections were stained for 
hemotoxylin and eosin (x 40 magnification). Representative slides are displayed, and obese rats (D) showed severe mixed hepatic steatosis while lean rat livers (C) 
showed mild microvesicular steatosis. Data are shown as mean ± SE (n = 30 rat/group). Statistical analyses were performed using Students t-tests for body weight 
and random blood glucose. 

Table 3  Mitochondrial respiration assay protocol

Reagents added Final concentration in oxygraph chamber (mmol/L) Action of reagent Measurement output

Step 1
   Glutamate    10 CI substrates CI leak respiration 
   Malate      5 (CILeak)
   Pyruvate    10
Step 2
   ADP           1.25 Substrate for ATP generation CI oxidative phosphorylation
Step 3
   Succinate    10 CⅡ substrate CI+CⅡ oxidative phosphorylation1

Step 4
   Rotenone 0.001 CI inhibitor Isolate flux to CⅡ [CⅡ(rot)]
Step 5
   Oligomycin 0.0025 ATP-Synthase inhibitor CI+CⅡ leak respiration (CI,ⅡLeak)
Step 6
   FCCP 0.0015 Mitochondrial uncoupler ETS capacity
Step 7
   Antimycin A 0.0050 CⅢ inhibitor Residual oxidase consumption

1The individual contribution of CⅡ to oxidative phosphorylation (CⅡ-OXPHOS) can also be derived (CI+Ⅱ-OXPHOS minus CI-OXPHOS). ADP: 
Adenosine diphosphate; ATP: Adenosine triphosphate; CI: Complex Ⅰ; CI-OXPHOS: Complex Ⅰ oxidative phosphorylation; CI+Ⅱ-OXPHOS: Complex Ⅰ + 
Complex Ⅱ oxidative phosphorylation; CI,ⅡLeak: Complex Ⅰ + Complex Ⅱ leak respiration; CILeak: Complex Ⅰ leak respiration; CⅡ: Complex Ⅱ; CⅢ: 
Complex Ⅲ; ETS: Electron transfer system; FCCP: Carbonylcyanide p-trifluoromethoxy-phenylhydrazone; Rot: Rotenone.
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Lean-Sham rats, respectively (Figure 2B). These same 
injury markers were also found to be significantly 
higher in Steatotic-IRI rats compared to Lean-IRI 
rats (Figure 2). IPC led to improvement in the serum 
ALT in Steatotic-IPC and Lean-IPC rats compared to 
Steatotic-IRI and Lean-IRI rats, respectively (Figure 
2A). IPC also decreased injury score in Steatotic-IPC 
rats compared to Steatotic-IRI rats (Figure 2B). These 
results indicate that IPC was able to attenuate liver 
injury in steatotic livers.

Baseline mitochondrial function in steatotic livers were 
similar to lean livers
The baseline mitochondrial functions were similar 
between steatotic and lean rat livers. Baseline (T = 0) 
samples from steatotic rat livers (n = 30) had similar 
MF to lean rat livers (n = 30) (Figure 4A-F). These 
results indicate that steatotic liver mitochondria were 
initially functioning adequately in vivo. 

Sham-operated rat liver mitochondrial function remained 
stable
There were no changes in MF in both Lean-Sham 
and Steatotic-Sham livers with a stable CI-OXPHOS, 
CⅡ-OXPHOS, and RCR throughout all time-points 
(Figure 4A-F). These data indicate that the act of 
repeated liver sampling from each rat did not in itself 
significantly influence the underlying MF.

Prolonged ischemia led to impaired mitochondrial 
function
At the end of 60 min of ischemia, both lean and 
steatotic livers demonstrated impaired MF with 
significantly lower CI-OXPHOS (about 30%-40%), C
Ⅱ-OXPHOS (45%-60%), and RCR (about 60%-80%) 

compared to pre-ischemic levels or corresponding 
Sham livers (Figure 4A-F). There was no observable 
difference in MF between Lean-IRI and Steatotic-IRI 
livers at the end of ischemia. These findings indicate 
impaired MF occurs to the same extent in all groups 
immediately following 60 min of ischemic insult.

Reperfusion injury led to decreased 
Complex Ⅰ mediated respiration in steatotic livers
After 60 min of ischemia and 240 min of reperfusion, 
MF in Lean-IRI returned to pre-ischemic levels and 
was comparable to Lean-Sham livers (Figure 4A, C, 
E). In Steatotic-IRI livers, CI-OXPHOS flux and RCR 
were significantly lower compared to baseline levels 
or Steatotic-Sham livers (Figure 4B, F) whereas C
Ⅱ-OXPHOS flux rates returned to pre-ischemic levels 
and was comparable to Steatotic-Sham livers (Figure 
4D). CI-OXPHOS flux rates and RCR in Steatotic-IRI 
livers were observed to be 57% and 54% relative to 
Lean-IRI livers post-reperfusion (p < 0.01). These 
results indicate that, unlike lean livers, steatotic liver CI 
function was impaired by IRI, leading to decreased RCR.

Ischemic preconditioning had no significant effect on 
hepatic MF
MF in both types of livers subjected to IPC was similar 
to livers subjected to IRI only (Figure 4A-F). Lean-IPC 
and Steatotic-IPC livers demonstrated a similar pattern 
of CI-OXPHOS, CⅡ-OXPHOS, and RCR at each of the 
sampling time-points as Lean-IRI and Steatotic-IRI 
livers, respectively (Figure 4A-F). Post-reperfusion, CI-
OXPHOS, and RCR in Steatotic-IPC livers remained 
impaired, while CⅡ-OXPHOS was comparable to pre-
ischemic levels. These results indicate that despite the 
improvement in injury markers (ALT and histology) 
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Figure 2  Serum alanine aminotransferase levels and histology injury score following ischemia-reperfusion. Serum alanine aminotransferase (ALT) (A) and 
histology injury score (B) following reperfusion were significantly higher in rats subjected to IRI compared to sham rats. Both injury markers were significantly higher in 
obese rats compared to lean rats. Compared to corresponding IRI groups, IPC decreased ALT levels in both lean and obese rats and decreased injury score in obese 
rats. Data are shown as mean ± SEM (n = 10 rat/group; lean rats, open bar; obese rats, closed bar). IRI: Ischemia-reperfusion injury; IPC: Ischemic preconditioning. 
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in IPC livers (Figures 2 and 3), IPC did not influence 
underlying MF over this timeframe.

Citrate synthase activity was unaffected by ischemia-
reperfusion injury
Citrate synthase (CS) activity in lean and steatotic 
livers was stable throughout the experiment and was 
not affected by IRI or IPC (Figure 5A and B). There 
was also no difference in CS activity between lean and 
steatotic livers at all time-points measured. 

Decreased Complex Ⅰ but not Complex Ⅱ enzymatic 
activity following reperfusion in steatotic livers
Baseline CI activity was significantly lower in steatotic 
livers compared to lean livers [78.4 ± 2.5 vs 116.4 ± 
6.0 nmol/(min.mg protein), p < 0.001], while baseline 
CⅡ activity was similar between the two groups [104.9 

± 3.3 vs 116.8 ± 6.1 nmol/(min.mg protein), p = 
0.08; Figure 5C and D]. Following 60 min of ischemia, 
both types of liver demonstrated significantly lower CI 
activity (Figure 5C and D) compared to pre-ischemic 
or sham livers. Steatotic liver CI activity was also 
observed to be lower post-ischemia compared to 
lean livers. Following reperfusion, CI activity returned 
to pre-ischemic levels in lean livers but remained 
significantly lower in steatotic livers by approximately 
65% (Figure 5D). CⅡ activity (Figure 5E and F) was 
stable throughout the procedure, and there was no 
difference in CⅡ activity between steatotic and lean 
livers. IPC did not have any significant beneficial effect 
on CI and CⅡ activity in both types of livers. These 
activity results showed that IRI led to decreased CI 
activity in steatotic livers and also that IPC was not 
able to influence CI or CⅡ activities; all of which was 
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Figure 3  Liver histology following ischemia-reperfusion. No evidence of injury was observed in Lean-Sham (A) and Steatotic-Sham (B) livers. Lean-IRI livers (C) 
had mild injury while Steatotic-IRI livers (D) had moderate-severe injury. Both Lean-IPC (E) and Steatotic-IPC livers (F) were observed to have mild injury following 
reperfusion. Representative slides are shown (n = 10 rat/group). IRI: Ischemia-reperfusion injury; IPC: Ischemic preconditioning. 
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consistent with the earlier oxygraph functional analysis 
(above).

DISCUSSION
In this study, we used Sprague-Dawley rats with 
diet-induced hepatic steatosis. Compared to normal 
lean livers, steatotic livers demonstrated increased 
parenchymal injury following IRI, as indicated by their 
raised serum ALT and histology injury scores. Steatotic 
livers had lower baseline CI activity but similar baseline 
CS and CⅡ activity compared to lean livers. The 

steatotic livers were also observed to have decreased 
CI activity and function following IRI, which unlike 
lean livers, showed no recovery of either activity or 
function even after prolonged reperfusion times. This 
finding indicated that CI is a particularly vulnerable site 
of IRI-induced damage in steatotic livers. Our results 
demonstrated that IPC was effective in decreasing 
liver injury in both lean and steatotic livers according 
to ALT levels. However, this protective effect was not 
translated to measures of CI function or CI activity. 
In summary, these data demonstrate that steatotic 
livers developed significant underlying mitochondrial 
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Figure 4  Mitochondrial function of lean and steatotic livers subjected to sham or ischemia-reperfusion injury with or without ischemic preconditioning. 
Baseline MF was similar between lean and steatotic livers in all outcome measures. Lean-Sham and Steatotic-Sham had stable CI-OXPHOS (A, B), CⅡ-OXPHOS 
(C, D), and RCR (E, F) throughout the procedure. CI-OXPHOS (A, B), CⅡ-OXPHOS (C, D), and RCR (E, F) were significantly lower following 60 min of ischemia 
in Lean-IRI, Lean-IPC, Steatotic- IRI, and Steatotic-IPC livers compared to the corresponding sham group. Following reperfusion, CI-OXPHOS (B) and RCR (F) 
were significantly lower in Steatotic-IRI and Steatotic-IPC livers compared to Steatotic-Sham or lean livers, while CⅡ-OXPHOS (D) returned to pre-ischemic levels 
comparable to Steatotic-Sham or lean livers (D). Data are shown as mean ± SE (n = 10 rat/group; Lean-Sham, open circle; Lean-IRI, open square; Lean-IPC, open 
triangle; Steatotic-Sham, closed circle; Steatotic-IRI, closed square; Steatotic-IPC, closed triangle). aP < 0.05 vs Lean-IRI; cP < 0.05 vs Lean-IPC (end of reperfusion). 
IRI: Ischemia-reperfusion injury; IPC: Ischemic preconditioning.
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impairment that was worsened by IRI and not able to 
be recovered by IPC.

In this study we developed a novel methodology 
for the repeated procurement of liver samples from 
the same animal over time, which has not been pub-
lished before. This technique not only decreased the 
number of animals used but also presents statistical 
advantages by enabling repeated measures analyses 
to identify study effects. The theoretical disadvantage 
of the progressive hepatectomy samples altering the 
status of the subsequent samples did no eventuate. 

In particular, when the Sham groups were examined, 
there were no significant changes found in serum 
ALT, histological scores, or MF using the progressive 
sampling approach. 

MF and complex enzyme activities
Steatotic livers had impaired MF, which is thought to 
contribute to the increased steatotic liver susceptibility 
to IRI[5]. CS activity was similar across groups and 
time-points, indicating that MF differences in this study 
are due to alterations in mitochondria activity and not 
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Figure 5  Citrate synthase, Complex Ⅰ and Complex Ⅱ activity at baseline, following ischemia and post-reperfusion in lean and steatotic livers. CS activity 
was similar between lean (A) and steatotic livers (B) throughout the procedure and was not affected by IRI or IPC. Baseline CI enzyme activity in steatotic livers were 
lower than lean livers (C, D). After ischemia, CI enzyme activity was significantly lower in lean and steatotic livers compared to sham livers. Additionally, CI enzyme 
activity (D) was lower in steatotic livers post-ischemia compared to lean livers. After reperfusion, CI activity remained lower in Steatotic-IRI and Steatotic-IPC livers 
(D) compared to Steatotic-Sham or lean livers. CⅡ activity (E, F) remained stable throughout the procedure and was similar between both types of livers. IPC did 
not have a significant effect on CI or CⅡ activity in both types of livers. Data are expressed as mean ± SE (n = 10 rat/group; Lean-Sham, open circle; Lean-IRI, open 
square; Lean-IPC, open triangle; Steatotic-Sham, closed circle; Steatotic-IRI, closed square; Steatotic-IPC, closed triangle). aP < 0.05, bP < 0.001 vs time- and group-
matched lean livers. CS: Citrate synthase; CI: Complex Ⅰ; CⅡ: Complex Ⅱ; IRI: Ischemia-reperfusion injury; IPC: Ischemic preconditioning.
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a difference in mitochondrial mass. 
A key dysfunction was found in CI, which is a large 

protein (about 1 MDa) comprising 45-47 subunits. It 
is embedded in the mitochondrial inner membrane 
to form an essential component of the mitochondrial 
ETS[20]. Impaired CI function has a substantial effect 
on ATP generation and contributes to a wide range of 
pathologies[21]. Our MF findings are consistent with 
a previous study that reported similar baseline CI 
function between steatotic and control livers and lower 
post-reperfusion CI function in isolated mitochondria 
from steatotic livers[5]. We have now extended this 
finding to show that the individual CI activity in tissue 
homogenates was also affected in steatotic livers post-
IRI. Steatotic liver CI has previously been shown to 
be susceptible to oxidative damage from decreased 
mitochondrial antioxidants[5]. Further exacerbating 
this effect, CI can be a major site of reactive oxygen 
species production[22], and steatotic livers produce 
more reactive oxygen species in vivo than lean 
livers[5]. Oxygen reperfusion post-ischemia also leads 
to greater superoxide generation in steatotic livers 
relative to lean livers[23]. The lower CI activity observed 
in steatotic livers may be due to damage from IRI or 
may be a physiological response of steatotic livers to 
limit oxidative mitochondrial damage; which may be 
contributing to the decrease in tolerance of steatotic 
livers to IRI. 

Complex Ⅱ is the only mitochondrial membrane-
bound enzyme that is also involved in the citric acid 
cycle, as it oxidizes succinate and transfers electrons 
to co-enzyme Q[24]. CⅡ function has been reported 
to be similar at baseline and post-IRI in steatotic 
and lean rat livers[5], and our results corroborate this 
finding. CⅡ abnormalities are infrequently reported 
in the literature[19], and its function in steatotic livers 
are seldom reported. We observed that CⅡ activity 
post-ischemia and post-reperfusion was similar 
between steatotic and lean livers, which had not been 
previously described in this context. CⅡ activity and 
function appears to be unaffected by IRI, suggesting 
that CⅡ is more resistant to damage than CI. CⅡ 
may even contribute to superoxide production through 
an apparent reverse electron flow to CI instead[24], 
although this scenario is somewhat controversial, 
as it appears to defy thermodynamics and redox 
potentials[21]. Despite intact CⅡ function, CⅡ-driven 
flux is less effective in ATP synthesis (coupled to 
OXPHOS at Complex Ⅲ and Complex Ⅳ) compared 
to CI-driven flux (coupled to OXPHOS at CI, Complex 
Ⅲ and Complex Ⅳ), and this reduction in CCI-driven 
flux should impair reconstitution of ATP pools on 
reperfusion. 

Effect of ischemic preconditioning
MF recovery following IRI is thought to be essential, as 
it generates the majority of cellular ATP[6]. Inadequate 
MF post-IRI would lead to decreased or delayed ATP 
generation during the critical period of reperfusion 

and could impair liver recovery. In this study, we 
hypothesized that IPC protects the steatotic liver from 
IRI-induced damage by protecting MF. We showed 
that IPC was partially protective against normothermic 
IRI (biochemical and histological indices) in both lean 
and steatotic livers, consistent with other studies[9,11]. 
In our study, liver transaminase levels were improved 
in preconditioned steatotic livers, which had not been 
previously investigated in diet-based models of obesity. 
These results were consistent with the limited clinical 
data on the effect of IPC on biochemical markers from 
steatotic livers subjected to normothermic IRI during 
liver resection[10,25]. 

Our results also indicated that despite some 
improvement in conventional liver injury markers, 
IPC did not improve MF or key enzyme activities 
over the duration of the study. This finding was in 
contrast to results from a previous study in choline-
deficient rats that showed improved conventional 
liver injury markers and MF in preconditioned 
steatotic livers post-IRI[9]. Importantly, there were 
substantial differences in our study design to that 
of the only other previous experimental study. In 
that study, Rolo et al[9] performed MF analysis on 
isolated mitochondria at 25 ℃ and demonstrated 
that RCR was lower in both lean and steatotic livers 
post-IRI, and these effects were normalized by IPC 
in both groups of livers. However, mitochondrial 
respiration and particularly State 4 respiration are 
sensitive to assay temperature[26], and the results 
may not be truly representative of physiological MF 
at 37 ℃. Furthermore, the process of mitochondrial 
isolation results in the loss of fragile and/or damaged 
mitochondrial sub-populations. Here, we decided 
to use tissue homogenates as a means to lessen 
the potential for any mitochondrial selection bias[15]. 
Additionally, animals fed the choline-deficient diet used 
by Rolo et al showed weight loss, which is in contrast 
to the obesity often seen clinically in patients with 
hepatic steatosis[27]. In this study, the combination of a 
dietary model, tissue homogenates, and undertaking 
MF analysis at 37 ℃ represented the first advancement 
to a more physiological and clinically relevant MF 
analysis of the interaction of steatosis, IRI, and IPC. 
It is of note that most other previous studies on IPC 
in steatotic livers were performed in genetic models 
of hepatic steatosis[28]. However, the underlying 
mutations in these models are not prevalent in clinical 
hepatic steatosis pathophysiology, and the high-
fat/high-carbohydrate used in our study more closely 
resembles the clinical setting[27]. 

The mechanism of IPC has been extensively 
reviewed elsewhere[29], but the direct impact of IPC 
on mitochondria is not as well characterized. In 
experimental lean rat livers subjected to IRI, ATP 
recovery was unaffected by IRI; but in steatotic livers, 
ATP recovery was found to be impaired post-IRI 
compared to lean livers[30]. In other studies, IPC was 
reported to preserve ATP recovery in lean livers post-
IRI[29], while other studies have suggested that IPC was 
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also effective in improving ATP recovery in steatotic 
livers post-IRI[11]. For our study, we investigated MF 
and complex activities. We chose a 10’ + 10’ IPC 
protocol, as this was similar to the first clinical protocol 
described by Clavien et al[10]. In their study, IPC led 
to an improvement in biochemical and histological 
markers of injuries. This finding was then replicated 
in a further prospective trial[25], which demonstrated 
that IPC improved ATP levels in younger patient’s post-
reperfusion. In older patients, however, IPC decreased 
ATP levels post-reperfusion when compared to control 
livers. We found no improvement in MF with IPC, and 
although we were not able to measure ATP in this 
study, our findings suggest that the protective effect 
of IPC in this model was not likely to be mediated 
through increased mitochondrial ATP production. 
Therefore, there may be other mechanisms underlying 
the effect of IPC on hepatic ATP recovery. These 
mechanisms may include decreased cellular metabolism 
in preconditioned livers leading to conservation of ATP 
or reduced microcirculatory dysfunction. Alternatively, 
some of the IPC benefit may be due to increased 
production of nitric oxide and to opening of ATP-
dependent potassium channels in preconditioned livers 
with a subsequent decrease in energy consumption[29].

The lack of full protection and liver function 
recovery from IPC observed by us and others in clinical 
and animal studies may reflect persistent underlying 
mitochondrial dysfunction, as demonstrated in our 
present study[3]. This observation supports future 
investigation of other IPC protocols or combinatorial 
use with mitochondrial-targeted therapies, as these 
may provide further clinical improvements. However, 
it could also potentially be influenced by our animal 
model, as our model differs from those published in 
the literature[9]. For completeness, liver weights should 
have been measured, but samples were obtained in 
“piece-meal” fashion and its was not possible. 

As the prevalence of metabolic syndrome continues 
to rise in the population, hepatic steatosis has become 
the most common hepatic abnormality[1]. Therefore, 
it is important to identify new ways to improve 
outcomes from steatotic liver surgery. In this study, 
we investigated the impact of IPC on MF in a steatosis 
setting. We demonstrated that IRI was associated 
with increased liver injury in steatotic livers. Although 
the precise mechanisms underlying the increased 
susceptibility of steatotic liver to IRI remain unclear, 
we have shown for the first time, using a clinically 
relevant diet model and MF analysis at physiological 
temperatures, that there was an inherent decreased in 
CI activity in steatotic livers, which worsened following 
IRI. Our results also showed that the IPC protocol 
used in our study, while improving liver biomarkers 
and histology, did not influence MF directly. If we are 
to improve further the clinical benefit of IPC on livers 
with steatosis, then testing alternative IPC protocols or 
adjunct mitochondrial therapies will also be needed. 
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