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Abstract 

Background: Tissue ischemia-reperfusion injury (IRI) generally occurs when blood supply 

to an organ or tissue is abruptly interrupted and blood circulation is resumed subsequently, 

that leads to an acute inflammatory response. Ischemia-reperfusion injury models are often 

used for the research on the complications of resectional surgery and transplantation. Our 

previously study shows that the treatment of PI3K p110γ-specific inhibitor can reduce 

kidney ischemia-reperfusion injury. Therefore, this study was set up to understand the role of 

PI3K p110γ in liver ischemia-reperfusion injury using PI3K p110γ-deficient (p110γ-/-) mice. 

Methods: Hepatic warm ischemia was performed for 90 minutes by clamping the portal 

triad and reperfusion was initiated by removal of the clamp. After 3 or 24 hours of 

reperfusion, the mice were sacrificed. Liver damage was evaluated by serum alanine 

aminotransferase (ALT) level and tissue histology. The expression of pro-inflammatory 

cytokines was determined by qPCR as well as by intracellular staining for flow cytometry. 

Immune cell populations in the liver were determined by flow cytometry.  

Results: I found that hepatic IRI was ameliorated in PI3K p110γ-/- mice by serum ALT levels 
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and histopathological analysis. The livers form PI3K p110γ-/- mice had less transcripts of 

pro-inflammatory cytokines such as interleukin (IL)-6 and IL-17 than those of heterozygous 

control mice at 3 and 24 hours post-ischemia. The reduction of IL-6 and IL-17 transcripts at 

3 hours was statistically significant. The results of flow cytometry show that IL-6 was 

produced mainly in CD11b+ monocytes/macrophages in the insulted liver. In addition, total 

macrophages in the liver of p110γ-/- mice were reduced after 3 hours of reperfusion. 

Particularly, CD11b+F4/80+ infiltrated macrophages were significantly decreased in the livers 

from p110γ-/- mice. Nonetheless, The ratio of M1/M2 subsets was not changed.  

Conclusion: I found that the genetic deficiency of PI3K p110γ alleviated hepatic IRI in 

mice. These results suggest that PI3K p110γ-/- mice have decreased expression of 

inflammatory cytokines in the liver upon LIRI, as a result of the reduced trafficking of 

macrophages.  
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Introduction 

Interruption of blood flow to an organ or tissue and subsequent reperfusion lead to 

an acute inflammatory response that may cause significant cellular damage and organ 

dysfunction. Liver ischemia-reperfusion injury (LIRI) is important in a number of clinical 

situation, including hepatic resectional surgery and liver transplantation [1-4]. A period of 

ischemia cannot be avoided during a number of surgical procedures on the liver, especially 

liver transplantation [5, 6]. On restarting the blood supply, the liver goes through further 

damage, aggravating the injury already caused by ischemia [7]. In hepatic transplantation, it 

could cause an array of conditions with clinical outcome of a poorly functioning graft [8]. 

Mouse model of LIRI can be adopted for the research on liver transplantation. The process of 

IRI to the liver is associated with many mutually associated factors that lead to hepatic 

failure. Activation of Kupffer cells (KCs), migration of neutrophils and monocyte/ 

macrophages, and reactive oxygen species contribute to the pathogenesis of LIRI [9]. The 

liver has a high content of resident immune cells to maintain the homeostatic state. 

Particularly, KCs, the resident macrophages found in the liver, might be main responding 
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cells to IRI. KCs become activated during reperfusion. An inflammatory response by 

activated KCs is identified as a pivotal mechanism of injury during reperfusion [10-12]. 

Ischemia itself can activate KCs as well [13]. When activated, they produce pro-

inflammatory cytokines, such as interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α), 

interleukin-6 (IL-6), and interferon-γ (INF-γ) [14]. Liver IRI can be also characterized by the 

infiltration of large amounts of circulating monocyte-derived macrophages, called infiltrated 

macrophages [15]. Circulating monocytes are recruited to tissues in homeostasis and injury-

associated inflammation. Infiltrated monocyte and its descendants are plastic and can either 

promote inflammation (M1 macrophage) or assist the healing process (M2 macrophages), 

depending on the type of injury and the tissue environment [16]. Studies on acute and 

chronic liver injury, such as acetaminophen-induced liver injury or liver fibrosis, show that 

infiltrated monocytes contribute to pathogenesis as recruited to the inflamed liver in human 

and mouse [17-19].  

Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) operates as a second messenger by 

recruiting pleckstrin homology (PH) domain-containing proteins to the plasma membrane. 
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They activate signaling pathways that promote proliferation, survival, differentiation, and 

chemotaxis [20]. Class I phosphatidylinositol-4,5-bisphosphate 3-kinases (PI3Ks) are 

subdivided into 2 groups based on their structure: Class IA PI3Ks are heterodimers 

consisting of one regulatory subunit (p85α, p85β, p50α, p55α, or p55γ) and one catalytic 

subunit (p110α, p110β, or p110δ), whereas class IB PI3Ks are heterodimers consisting of one 

regulatory subunit (p101 or p84) and a single catalytic subunit (p110γ) [21]. PI3K p110γ is a 

crucial signaling molecule required for macrophage migration and accumulation in 

inflammation [22]. 

 In a previously study, our group has shown that PI3K p110γ-specific inhibition 

ameliorates renal ischemia-reperfusion injury through reducing B and T cell migration to the 

kidney [23]. In the case of the kidney, there are not many immune cells in the healthy organ. 

However, liver is an organ of predominant innate immunity, playing an important role not 

only in host defenses against invading microorganisms and tumor transformation but also in 

liver injury and repair [24]. In acute inflammation caused by renal ischemia-reperfusion 

injury, migration of immune cells to the tissue plays an important role, but in the liver, the 
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role of resident innate immune cells can be important. The innate immune system senses 

danger signals from damaged hepatocytes during non–infection-related liver injury, resulting 

in an inflammatory response. This sterile inflammation not only contributes to liver injury 

but may also be involved in liver repair. For example, acetaminophen hepatotoxicity and 

LIRI are associated with sterile neutrophilic inflammation, which contributes to liver injury 

[25, 26]. On the other hand, sterile neutrophilic inflammation after partial hepatectomy could 

promote liver regeneration by triggering a local inflammatory response and liver myeloid 

cell-dependent release of TNF-α and IL-6, leading to hepatocyte proliferation [27]. TNF-α, 

IL-1 and IL-6 are increased during LIRI by activated KCs as well [28]. These previous 

studies show that the early stages of liver damage accompany with cytokine production, 

chemokine release, and subsequent infiltration of inflammatory cells into the liver. 

Therefore, in order to elucidate the role of PI3K p110γ in LIRI, cytokine gene 

expression and infiltrated immune cells to the damaged liver were assessed using systematic 

PI3K p110γ-/- mice. This study shows that the deficiency of p110γ reduced IL-6 mRNA and 

protein in CD11b+ monocyte/macrophages and decreased infiltration of monocytes to the 
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liver, alleviating acute inflammatory injury by liver ischemia-reperfusion.  
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Materials & Methods 

Animals  

PI3K p110γ knock-out (KO) (p110γ-/-) mice and p110γ+/- or p110γ +/+ mice as wild-

type (WT) control on a C57BL/6 (B6) background were housed under specific pathogen-free 

conditions at Laboratory of Animal Research, Disease Animal Resource Center, Asan 

Medical Center, Seoul, Republic of Korea. PI3K p110γ-/- mice were a kind gift from Prof. E. 

Hirsch (University of Torino, Italy) [22]. The mice used were sex- and age-matched 

littermates, between 6 and 14 weeks of age. All procedures were approved by the 

Institutional Animal Care and Use Committee, Asan Medical Center (IACUC Approval No. 

2014-13-006). 

 

Genotyping 

Genomic DNA (gDNA) was isolated from mouse tails using gDNA prep kit 

(BIOFACT, South Korea). gDNA was amplified by polymerase chain reaction (PCR) using 

C1000 Touch™ Thermal Cycler (Bio-Rad, CA, USA) with following primers: PI3K p110γ 
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WT, forward, 5’-GGA GAA CTA TGA ACA ACC GG-3’; reverse, 5’-CAA CTT CCA GTA 

ATG CAG GC-3’, and PI3K p110γ KO, forward, 5’- CTG CTC TTT ACT GAA GGC TC-3’; 

reverse, 5’- CAA CTT CCA GTA ATG CAG GC-3’. PCR thermocycling condition was as 

follows: 10 cycles for 30 s at 95℃, for 30 seconds at 65℃, and for 30 seconds at 72℃ and 

25 cycles for 30 seconds at 94℃, for 30 seconds at 65℃, and for 30 seconds at 72℃. 

Amplified DNA was separated by 1.5% agarose gel electrophoresis. Expected band sizes 

were: 373 bp for PI3K p110γ WT; 550 bp for PI3K p110γ KO. 

 

Murine LIRI model 

Nonlethal segmental (70%) hepatic warm ischemia was performed for 90 minutes 

under anesthesia with zoletil/rompun. Liver IRI was performed as described previously with 

minor modifications [29]. Surgery was initiated with a midline laparotomy. With the use of 

an operating microscope, the liver hilum was dissected free of surrounding tissue. All 

structures in the portal triad (hepatic artery, portal vein and bile duct) to the left and median 

liver lobes were occluded with a microvascular clamp for 90 minutes; reperfusion was 
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initiated by removal of the clamp. The abdomen was covered with a sterile gauze to 

minimize dehydration. Mice were kept warm during all the procedures. Sham operation was 

performed in same way but without clamping. 

 

ALT assay 

Whole blood was collected by heart puncture and the serum was prepared by 

centrifugation at 5000 rpm at 24℃ for 20 minutes, following incubation at 37℃ for 15 

minutes. ALT assay was performed by Comparative Pathology Core Facility, Convergence 

Medicine Research Center, Asan Medical Center. 

 

Histology 

Upper 70% lobes of ischemic liver were harvested after brief perfusion with PBS 

through the portal vein. A middle-sized lobe of the liver was fixed in 4% formalin, embedded 

in paraffin, sectioned, and stained with hematoxylin-eosin (H&E) following standard 

protocols. The preparation of the slides were performed by Comparative Pathology Core 
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Facility, Convergence Medicine Research Center, Asan Medical Center. Acute tissue damage 

was assessed as a loss of nucleus. Magnification was x40. The damaged region of the liver 

was quantified by IMT i-solution program (IMT i-solution Inc, Daejeon, Republic of Korea). 

 

Quantitative real-time reverse-transcription PCR (qPCR).  

Total RNA was extracted from the liver tissue using the TRIzol reagent (Invitrogen, 

Carlsbad, CA), and the concentration and purity of RNA were measured using Nanodrop 

2000 (Thermo Fisher Scientific, Waltham, MA). Total RNA of 5 μg was used to synthesize 

cDNA using Oligo(dT)12-18 primer, SuperScript Ⅲ Reverse Transcriptase, 10 mM dNTP 

Mix, and RNase OUT (all from Invitrogen, Carlsbad, CA). Messenger RNA (mRNA) 

expression for IL-6, IL-17, and IL-10 was quantified by SYBR Green (Applied Biosystems, 

Foster City, CA) two-step real-time RT-PCR, using an ABI 7900 Sequence Detection System 

(Applied Biosystems, Foster City, CA). Each primer sequence is as follows: IL-17 primers, 

forward, 5’-ATC AGG ACG CGC AAA CAT G-3’; reverse, 5’-TGA TCG CTG CTG CCT 

TCA C-3’ [30], IL-6 primers, forward, 5’-CTG CAA GAG ACT TCC ATC CAG-3’; reverse, 
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5’-AGT GGT ATA GAC AGG TCT GTT GG-3’ [31], IL-10 primer, forward, 5’-ATT TGA 

ATT CCC TGG GTG AGA A-3’; reverse, 5’-ACA CCT TGG TCT TGG AGC TTA TTA A-3’ 

[32], and GAPDH primers, forward, 5’-TTG TCA GCA ATG CAT CCT GCA C-3’; reverse, 

5’-ACA GCT TTC CAG AGG GGC CAT C-3’. All reactions were performed in triplicates 

using thermal cycling conditions as follow; 2 minutes at 50℃, 10 minutes at 95℃ followed 

by 40 cycles of 95℃, 15 seconds, and 60℃, 1 minute. Ct value was determined by an SDS 

software v2.4 (Applied Biosystems, Foster City, CA). The expression of each gene was 

normalized to GAPDH mRNA content and calculated using comparative Ct methods [33]. 

 

Liver immune cell isolation 

One lobe of the harvested liver was chopped up with scissors and dissociated using 

GentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) in dissociation 

buffer (0.5 M CaCl2, 0.2 M MgCl2, 3 mg/ml Collagenase Type IV (Sigma Aldrich, St. Louis, 

MO), 30,000 U/ml DNase I solution (Roche, Basel, Switzerland), 1x PBS). The cell 

suspension was filtered with a 100 μm nylon cell strainer (CORNING, Corning, NY) and 
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centrifuged. To isolate immune cells, the cell pellet was suspended in 36% Percoll and 

layered onto 72% Percoll gradient (GE Healthcare, Chicago, IL) in a 15 ml conical tube, and 

centrifuged at 2000 RPM at 24℃ for 30 minutes without brake. Immune cells in the middle 

layer were collected and washed twice with 1x PBS. Cells were suspended in RPMI 1640 

(Welgene, Gyeongsan-si, Gyeongsangbuk-do, Republic of Korea) with 10% FBS (Sigma 

Aldrich, St. Louis, MO), 55 μM 2- Mercaptoethanol (Gibco , Waltham, MA) 1 mM sodium 

pyruvate (Sigma Aldrich, St. Louis, MO), 1% Penicillin/streptomycin (CORNING, Corning, 

NY), and the cell number was counted using a hemocytometer for further experiment. 

 

Flow cytometry 

Isolated immune cells as above were prepared at 3x105 cells/tube for surface 

staining and 1x106 for intracellular staining. Cells were treated with Fc-blocking rat anti-

mouse CD16/32 monoclonal antibody (mAb) (clone 2.4G2, BioLegend, San Diego, CA) to 

prevent nonspecific binding, and stained with fluorescence-conjugated anti-CD11b (clone 

M1/70), anti-Gr-1 (RB6-8C5), anti-F4/80 (T45-2342), anti-CD45 (30-F11), anti-CD11c 
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(N418), anti-MHC class II (M5/114.15.2), and/or anti-Ly6C (HK1.4) monoclonal antibodies 

(mAbs) at 4℃ for 30 minutes. All the mAbs and their adequate isotype controls were 

purchased from BioLegend (San Diego, CA, USA) or BD Biosciences (Franklin Lakes, NJ. 

USA). Cells were fixed with 4% Paraformaldehyde at room temperature for 30 minutes. For 

intracellular staining, cells were fixed, and permeabilized using Fixation/Permeabilization kit 

(BD Biosciences, Franklin Lakes, NJ) according to the manufacturer’s protocol, followed by 

incubation with V450-conjugated anti-IL-6 (clone MP5-20F3) and anti-IL-17 (clone TC11-

18H10) mAbs from BD Biosciences (Franklin Lakes, NJ). For IL-17 intracellular staining, 

cells were stimulated with 50 ng/ml PMA and 1 μg/ml Ionomycin (both from Sigma-Aldrich. 

MO, USA) in the presence of brefeldin A (Thermo Fisher Scientific, Waltham, MA) in 37℃, 

5% CO2 incubator for 5 hours. Flow Cytometric analysis was performed with a FACS Canto 

II flow cytometer (BD Biosciences, Franklin Lakes, NJ) or a CytoFlex flow cytometer 

(Beckman Coulter, Brea, CA) and analyzed with a FlowJo V10 software (FlowJo, LLC., 

Ashland, OR). FACS Canto II was operated by Flow cytometry Core Facility, Research 

Development Support Center, Asan Medical Center. Absolute cell numbers for each 
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subpopulation were calculated by multiplying the percentage of each population by the 

weight of the livers. 

 

Statistical analysis 

Student t-test, and standard deviations (SD) were calculated by MS EXCEL 

(Microsoft Corporation, Redmond, WA). Unpaired, two-tailed t test and calculation of the 

standard error of the mean (SEM) were performed with GraphPad Prism 4 (GraphPad, San 

Diego, CA). *P<0.05; **P<0.01; ***P<0.001. 
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Result 

Deficiency of PI3K p110γ reduced liver damage following LIRI in mice. 

To determine the role of PI3K p110γ in hepatic IRI, the warm IR procedure was 

conducted in WT (p110γ+/- or p110γ +/+) and PI3K p110γ-/- mice. The severities of LIRI was 

accessed by serum ALT concentrations at 3 hours and 24 hours of reperfusion. ALT levels 

represent the degree of liver damage following LIRI. Serum ALT levels were significantly 

lower in PI3K p110γ-/- than those of WT mice at 3 hours and 24 hours of reperfusion (Fig. 

1A). Compared with those of WT, serum ALT levels were decreased in PI3K p110γ-/- mice 

by 49.33% and 86.80% at 3 and 24 hours of reperfusion, respectively (Fig. 1A). These data 

were consistent with the histological alterations in the liver tissues. The liver tissues from 

WT mice showed marked damages in morphology at 3 hours and 24 hours of reperfusion, 

while the damages were significantly reduced in PI3K p110γ-/- mice (Fig. 1B, C).   
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Figure 1
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Figure 1. PI3K p110γ deficiency reduced serum ALT levels and necrosis in the liver in 

LIRI. (A) Serum ALT was reduced in p110γ-/- mice which underwent LIRI. Means + SEM 

are presented. Student t test was performed. In case of 3 hours’ reperfusion: N=6 for WT 

sham; 14 for WT LIRI; 6 for PI3K p110γ-/- sham; 17 for PI3K p110γ-/- LIRI. In case of 24 

hours’ reperfusion: N=2 for WT sham; 4 for WT LIRI; 2 for PI3K p110γ-/- sham; 6 for PI3K 

p110γ-/- LIRI. (B) Representative histological results are shown as H & E-stained liver 

sections from WT and PI3K p110γ-/- mice following ischemia for 90 minutes and reperfusion 

for 3 or 24 hours. The closed fields in the middle row represent necrotic area. The inset 

boxes are further magnified to x100 in the lower row. (C) The necrotic areas were evaluated 

with an i-solution program. The graphs indicate the area of three randomly chosen 

microscopic fields. N= 3 for 3 hours’ reperfusion, 1 for 24 hours’ reperfusion. Means + SEM 

are displayed. Student t test was performed. * P < 0.05, **P < 0.01. 
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Transcripts of pro-inflammatory cytokines were significantly decreased in the liver of 

p110γ-/- mice. 

 Real time qPCR analysis was performed to assess the expression of inflammatory 

cytokines in the liver. The expression levels of IL-6 and IL-17 were prominently increased 

after LIRI in WT mice, compared with those of sham. The expression of IL-6 and IL-17 was 

decreased in the liver from p110γ-/- mice following LIRI by 84.23% and 82.98% in 3 hours 

of reperfusion, respectively, compared with those of WT. The reductions were statistically 

significant. Slight reductions were seen in 24 hours of reperfusion as well. The expression of 

IL-10, an anti-inflammatory cytokine, was not changed (Fig 2). I also analyzed the 

transcription of IL-1β and TNF-α, but they did not change in 3 hours of reperfusion either 

(Data not shown). These findings suggest that p110γ deficiency impaired the expression of 

inflammatory cytokines which contribute to the pathogenesis of LIRI.  
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Figure 2 
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Figure 2. Expression of inflammatory cytokines was affected by PI3K p110γ deficiency. 

The mRNA expression of inflammatory cytokines was analyzed by qPCR with the livers that 

were subject to 90 minutes’ ischemia and 3 hours or 24 hours of reperfusion. Each value was 

normalized to the expression of a house-keeping gene, GAPDH. The data represent mean + 

SEM. In case of 3 hours’ reperfusion: IL-6: N= 7 for WT sham; 9 for WT LIRI; 8 for PI3K 

p110γ-/- sham; 8 for PI3K p110γ-/- LIRI. For IL-17: N= 6 for WT sham; 3 for WT LIRI; 6 for 

PI3K p110γ-/- sham; 3 for PI3K p110γ-/- LIRI. For IL-10: N= 3 for WT sham; 3 for WT LIRI; 

3 for PI3K p110γ-/- sham; 4 for PI3K p110γ-/- LIRI. In case of 24 hours’ reperfusion: IL-6: 

N= 5 for WT sham; 5 for WT LIRI; 5 for PI3K p110γ-/- sham; 5 for PI3K p110γ-/- LIRI. For 

IL-17: N= 5 for WT sham; 5 for WT LIRI; 5 for PI3K p110γ-/- sham; 5 for PI3K p110γ-/- 

LIRI. For IL-10: N= 5 for WT sham; 5 for WT LIRI; 5 for PI3K p110γ-/- sham; 5 for PI3K 

p110γ-/- LIRI. Student t test was performed. * P < 0.05, **P < 0.01, *** P < 0.001. 
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IL-6 and IL-17 were reduced in p110γ-/- mice following LIRI 

Flow cytometry was performed to determine which cell type(s) produced IL-6 and 

IL-17. Cells were isolated from the liver following ischemia for 90 minutes and reperfusion 

for 3 or 24 hours. The gating strategy is seen in Fig 3A. CD3+ cells are T cells, and CD11b+ 

cells are mostly monocytes/macrophages. As shown in Fig 3B, IL-6+ cells were not increased 

among CD3+ cells at 3 hours of reperfusion, but increased robustly among CD11b+ cells in 

the liver from WT mice at 3 and 24 hours of reperfusion. IL-6+ CD11b+ cells were reduced 

by approximately 50 % in PI3K p110γ-/- mice following LIRI, compared with those of WT. 

CD11c+ dendritic cells and Gr-1+ neutrophils expressed much less IL-6 than CD11b+ 

monocytes/macrophages (Data not shown). IL-17 was also reduced in PI3K p110γ-/- mice at 

24 hours of reperfusion and produced by CD3+ T cells (Fig 3D).   
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Figure 3 
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Figure 3. IL-6 was produced by macrophages of the liver following LIRI. Liver immune 

cells were isolated from WT and PI3K p110γ-/- mice following sham operation or LIRI. To 

detect cytokines, intracellular staining was performed for flow cytometry. (A) Gating 

strategy is shown. Live cells were gated by SSC/FSC and immune cells were defined as 

CD45+. IL-6+ cells were analyzed in CD3+ T cells and CD11b+ macrophages. (B) 

Representative flow cytometric plots are shown from 3 independent experiments after 3 

hours reperfusion. (C,D) Representative plots for IL-6 (C) and IL-17 (D) are shown as above 

after 24 hours’ reperfusion.  
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PI3K p110γ is responsible for monocyte/macrophage migration to the insulted liver 

 To identify the role of PI3K p110γ in monocytes/macrophages after liver IRI, the 

subsets of the liver monocytes/macrophages were analyzed by flow cytometry. F4/80+ 

macrophages are subdivided into CD11b+ infiltrated macrophages and CD11b- liver resident 

macrophages, called Kupffer cells (KCs) [34]. Accordingly, F4/80+ CD11b+ cells were 

defined as infiltrated macrophages, and F4/80+ CD11b- cells as KCs (Fig 4A). The 

percentages and actual cell numbers of total F4/80+ macrophages were significantly reduced 

in the livers from PI3K p110γ-/- mice (Fig 4B). In particular, the percentages and cell 

numbers of infiltrated macrophages (CD11b+ F4/80+) were decreased in PI3K p110γ-/-, 

compared with those of WT mice, after reperfusion of 3 hours (Fig 4C), while Kupffer cell 

population (CD11b-F4/80+) was not significantly changed (Fig 4D). These results suggest 

that infiltrated macrophages could be the key player in reduction of LIRI by PI3K p110γ 

deficiency.  

PI3K p110γ inhibition switches the activation of macrophages form an 

immunosuppressive M2-like phenotype to a more inflammatory M1-like state [35]. 
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Therefore, I further investigated the effect of PI3K p110γ deficiency on macrophage 

polarization. Total macrophages were gated from the whole liver immune cells and they were 

subdivided into M1 and M2 phenotypes (Fig 5A). M1 macrophages are defined as Ly6Clow 

MHC class IIhigh, while M2 are Ly6Clow MHC class IIlow [35]. These results showed that Gr-1 

(Ly6C/G)low MHC IIhigh M1 and Gr-1 (Ly6C/G)low MHC IIlow M2 phenotypes were not 

significantly changed in WT and PI3K p110γ-/- mice following LIRI (Fig 5B, C), although 

the percentages of M2 macrophages were slightly increased in PI3K p110γ-/- mice. Taken 

together, the results indicate that PI3K p110γ contribute to the infiltration of 

monocytes/macrophages to the injured liver after LIRI without affecting M1/M2 phenotypes. 
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Figure 4.  
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Figure 4. Macrophage infiltration to the damaged liver was reduced in PI3K p110γ-/- 

mice following LIRI. After ischemia for 90 minutes and subsequent reperfusion for 3 hours, 

the composition of liver immune cells was evaluated by flow cytometry. (A) Representative 

flow cytometric plots are shown. (B) The values indicate mean+SEM of the percentages (left 

panel) and the cell numbers (right panel) of F4/80+ cells (total macrophages) out of CD45+ 

total liver immune cells. (C) The values indicate mean+SEM of the percentages (left panel) 

and the cell numbers (right panel) of CD11b+F4/80+ infiltrated macrophages out of CD45+ 

total liver immune cells. (D) The values indicate mean+SEM of the percentages (left panel) 

and the cell numbers (right panel) of CD11b-F4/80+ Kupffer cells out of CD45+ total liver 

immune cells. Cell numbers were calculated by multiplying the percentages by the liver 

weight. Student t test was performed. *P < 0.05; ** P < 0.01. N= 2 for WT sham, 6 for WT 

LIRI, 1 for PI3K p110γ-/-sham, 7 for PI3K p110γ-/- LIRI. 
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Figure 5. 
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Figure 5. PI3Kγ did not contribute to the polarization of macrophages in the liver. (A) 

Gating strategy is shown to subdivide macrophages into M1 and M2. M1 was defined as  

MHC class IIhigh Gr-1low and M2 was defined as MHC class IIlow Gr-1low. (B) The values 

represent the means+SEM of the percentages (left panel) and the cell numbers (right panel) 

of M1 macrophages. (C) The values represent the means+SEM of the percentages (left panel) 

and the cell numbers (right panel) of M2 macrophages. The percentage of each M1 and M2 

was calculated from total macrophages (F4/80+). Cell number was calculated as above. N= 2 

for WT sham, 7 for WT LIRI, 1 for PI3K p110γ-/- sham, and 7 for PI3K p110γ-/- LIRI. 
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Discussion 

In this thesis, I demonstrate a role of PI3K p110γ in acute inflammation in the liver 

using a murine LIRI model for the first time. PI3K p110γ deficiency reduced LIRI through 

inhibiting the infiltration of monocytes/macrophages into the insulted liver. Macrophages 

were a main producer of IL-6, which was also down-regulated by PI3K p110γ deficiency. IL-

17 was also decreased in the liver of PI3K p110γ-/- mice.  

 Sterile inflammation is marked by the recruitment of neutrophils and macrophages 

[36]. In murine renal IRI models, PI3K p110γ plays a role in the migration of neutrophils and 

B cells [23, 37]. PI3K p110γ transmits signals downstream of G protein-coupled receptors 

(GPCRs), which include chemokine receptors, whereas p110δ is involved in the chemotaxis 

of B and natural killer (NK) cells [38-40]. The specific role of the PI3K isoform in immune 

cell migration depends on cell type, target organ, medical condition, and timing. LIRI is also 

characterized by the infiltration of large amounts of circulating monocyte-derived 

macrophages [34]. Following liver inflammation, the pool of hepatic macrophages is rapidly 

expanded by the infiltration of bone marrow-derived monocytes, which become monocyte-
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derived macrophages in mice [41]. This study shows that total macrophage population was 

decreased in PI3K p110γ-/- mice following LIRI, compared with WT. Especially, 

CD11b+F4/80+ infiltrated monocyte-derived macrophages were significantly decreased, 

suggesting a role of PI3K p110γ in monocyte/macrophage migration upon liver damage. 

PI3K p110γ is needed for optimal migration of macrophages to respond to chemokines, such 

as monocyte chemotactic protein-1 (MCP-1/CCL2) and colony stimulating factor-1 (CSF-1) 

in vitro [42]. Peritoneal PI3K p110γ-/- macrophages show a reduced migration toward a wide 

range of chemotactic stimuli and a severely defective accumulation in a septic peritonitis 

model [22]. Taken together, these results demonstrate that PI3K p110γ is a crucial signaling 

molecule required for macrophage accumulation in various inflammation models of mouse. 

Nonetheless, liver is a unique organ which has a high content of resident 

macrophages, called KCs, in homeostatic state. KCs have been assumed to be the major 

responding cells against IR, but tissue-resident macrophages clear apoptotic cells to maintain 

self-tolerance [43], implying a protective role in inflammation. Hence, infiltrated 

macrophages were suggested to participate in liver injury following LIRI. The difference 
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between KCs and infiltrated macrophage is noticeable from the developmental stage. As KCs 

is originated from fetal liver-derived erythromyeloid progenitors, mouse KCs are 

characterized by CD11b-F4/80+ [44, 45]. KC population did not change in this study, 

although total macrophages were decreased. It demonstrates that the reduction of total 

macrophages was caused by the decrease of infiltrated macrophages, not KCs.  

 A macrophage can be polarized to M1 or M2 phenotype, where they express 

different functional programs in response to microenvironmental signals [46]. M1 

macrophages produce proinflammatory cytokines, co-stimulatory molecules including CD80 

and CD86, and effector enzymes; M2 produce anti-inflammatory cytokines, 

immunosuppressive arginase, and scavenger receptors [47]. The role of PI3K p110γ is well 

described as a molecular switch between immune stimulation and suppression in cancer 

models [35, 48]. PI3K p110γ signaling in macrophages inhibits NFκB activation but 

stimulates C/EBPβ activation, thereby promoting immune suppression [48]. The lack of 

PI3K p110γ induces M1 polarization in acute and chronic kidney diseases in mice, and fails 

to prevent the progression of kidney diseases [49]. By contrast, PI3K p110γ did not 
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contribute to the polarization of macrophages in a mouse model of LIRI, although LIRI was 

significantly reduced in PI3K p110γ-/- mice in this study. The underlying mechanism of this 

discrepancy awaits further investigation, but the tissue-resident macrophages, or lack of them, 

and/or developmental defect in monocytes/macrophages might have a role in it.  

Inflammatory cytokines such as IL-1β, IL-6, TNF-α and IL-17 play an important 

role in initiating the inflammatory response as well as in pathogenesis. I initially assessed 

expression of IL-1β, IL-6, TNF-α, IL-17 and IL-10 by qPCR (Data not shown) and found 

that only IL-6 and IL-17 mRNA were decreased in the liver from PI3K p110γ-/- mice 

following LIRI, compared with those of WT. The role of IL-6 is well known in various 

inflammatory and autoimmune diseases, in particular, rheumatoid arthritis [50]. Temporally 

distinct systemic elevations in IL-6 is revealed during LIRI in rats [51]. At 3 hours of 

reperfusion, majority of IL-6+ cells were Gr-1-CD11b+, while Gr-1+CD11b+ cells were 

majority at 24 hours of reperfusion (Data not shown). Gr-1+CD11+ cells could be myeloid-

derived suppressor cells (MDSC) [52]. IL-6 was produced by CD11b+F4/80+ infiltrated 

macrophages at 3 hours of reperfusion. In this context, the cell type(s) responsible for IL-6 
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production appears to be changeable upon the time of reperfusion. Many studies demonstrate 

that IL-6 has a role as an anti-inflammatory cytokine in the liver. Reperfusion injury can be 

attenuated by the administration of recombinant IL-6 and is aggravated in IL-6-deficient 

mice [53]. However, the clinical study shows that the lower concentration of IL-6, the higher 

graft survival rate, suggesting that IL-6 at reperfusion is a valid biomarker to predict long-

term survival of graft [54]. Interestingly, IL-17 enhances the production of IL-6 and IL-8 in 

rheumatoid arthritis patient [55]. IL-17-mediated induction of IL-6 and IL-8 is transduced 

via activation of PI3K/Akt and NF-κB [55]. Thus, it is possible that reduction of IL-17 

precedes the reduction of IL-6 produced in CD11b+ infiltrated macrophages in the liver of 

PI3K p110γ-/- mice. IL-17 is expressed mainly in Th17 cells, subsets of γδ T cells and NK 

cells [56]. In addition, I evaluated the RORγt transcription factor by flow cytometer to assess 

whether these results were due to a decrease in Th17 cells. RORγt+ T cell population did not 

change in PI3K p110γ-/- mice at 24 hours of reperfusion (Data not shown) although they are 

suggested to produce IL-17 [29]. These results demonstrated that the reduction of IL-17 was 

caused at the stage of cytokine production rather than at developmental stage of Th17 cells in 
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PI3K p110γ-/-. 

 In conclusion, the current study is the first to document the role of PI3K p110γ in 

murine LIRI. I showed that LIRI was ameliorated by the reduction of pro-inflammatory 

cytokines such as IL-17 and the reduction of infiltrated macrophages into the damaged liver 

in PI3K p110γ-/- mice. This results suggest that PI3Kγ might be a suitable target for 

development of drugs that could specifically modulate the migration of macrophages and 

cytokine production in the liver. 
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국문요약 

배경: 조직 허혈 - 재관류 손상은 일반적으로 장기 또는 조직으로의 혈액 공급이 

중단되고 재관류에 의한 혈액 순환을 재개할 때 발생하며, 급성 염증 반응이 

유발된다. 따라서 허혈 - 재관류 손상 모델은 일반적으로 절제 수술 및 이식에 

의한 급성 염증 반응의 비임상 모델로 사용된다. 이전의 연구에서 PI3K p110 

감마의 약리적 억제가 신장 허혈 - 재관류 손상을 줄일 수 있음을 보여주었다. 

따라서 이 연구는 간 허혈 - 재관류 손상에서 PI3K 감마의 역할에 대해 알기 

위해 PI3K p110 감마 결핍 생쥐를 사용하여 실험을 진행하였다. 

방법: 간문맥을 혈관 클램프로 집어 허혈 상태를 90 분간 유지하고 혈관 

클램프를 제거하여 재관류를 시작함으로써 간 상부 70% 정도 부위에 허혈 – 

재관류 손상을 유도하였다. 재관류 3 또는 24 시간후 생쥐를 희생시켰다. 간 

손상은 혈청 ALT 수준과 조직학에 의해 평가하였다. 염증성 사이토카인 발현 

수준은 qPCR에 의해 결정되었고, 각 사이토카인의 단백질 수준의 검출은 세포 

내 염색을 수행하고 유세포 분석에 의해 분석하였다. 또한, 간 면역 세포 아군은 

유세포분석에 의해 결정되었다. 
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결과: PI3K p110 감마 결핍 생쥐에서 간 허혈 – 재관류 손상이 감소하는 것을 

혈청 ALT 수준과 조직병리학을 통해 확인하였다. PI3K p110 감마 결핍 생쥐의 

간에서 야생형 생쥐와 다르게 염증 사이토카인 IL-6, IL-17 의 발현이 수술 후 3, 

24 시간 후에 감소하는 것을 qPCR을 통해 발견하였다. 특히 허혈 3 시간 후 IL-

6 와 IL-17 유전자 발현의 감소는 통계적으로 유의했다. 이러한 사이토카인을 

생성하는 세포 종류를 규명하고 유전자 발현 양 감소를 단백질 수준에서 

평가하기 위하여 세포내 염색을 통한 유세포분석을 실시한 결과, IL-6 를 

발현하는 세포는 CD11b+ 대식세포이고 IL-17 을 발현하는 세포는 T세포임을 

알게되었다. 또한 PI3K p110 감마 결핍 생쥐의 간 면역세포 구성 중 전체 

대식세포의 비율이 허혈 - 재관류 손상 이후 감소하였고, 특히 CD11b+ F4/80+ 한 

손상된 조직으로 침윤된 대식세포의 비율이 유의하게 줄어들었다. 하지만 

대식세포 M1과 M2 분화에는 차이가 없었다. 

결론:  이 실험결과들을 바탕으로 PI3K p110 감마가 생쥐에서 간 허혈 – 재관류 

손상을 완화시키는 역할을 한다는 것을 확인할 수 있었고, 실험 결과를 종합하면 

PI3K p110 감마 결핍은 염증성 사이토카인 발현의 감소와 간에서의 전체 
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대식세포의 비율을 감소시키고, 특히 염증성 조직으로 침윤된 대식세포의 비율을 

감소시킴으로써 간 허혈 – 재관류 손상을 감소시키는 것으로 보인다.  
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