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Introduction 

In sepsis, an excessive level of systemic inflammation 

caused by infection often leads to progression to multi-organ 

dysfunction. This organ dysfunction is characterized by 

decreased oxidative phosphorylation and catabolism, 

including fatty acid (FA) oxidation and the down regulation 

of enzymes in the tricarboxylic acid (TCA) cycle. Decreased 

mitochondrial functions (mitochondrial dysfunction) must be 

assessed as such dysfunctions are mainly observed in 

individuals who do not survive septic shock, compared to 

survivors or controls [1].  

Exaggerated inflammation affects the mitochondria in 

the following ways [2]: it induces tissue hypoxia, which 

results in insufficient production of ATP; it increases nitric 

oxide (NO), reactive oxygen species (ROS), and other small 

reactive molecules that inhibit mitochondrial functions; it 

exerts hormonal effects, such as low T3 syndrome, that 

negatively impact mitochondrial activities; and it 

downregulates the genes encoding mitochondrial proteins 

[2,3]. Despite the above findings, the link between 

mitochondrial dysfunction and multi-organ failure is still not 

well understood. As a results, several hypotheses have been 

considered. However, those concerned with the mechanisms 

or cause-and-effect relationship have not been supported by 

convincing experimental or clinical evidence [4]. There are 

many challenges to exploring mitochondrial dysfunction and 

multi-organ failure; this is because inconsistent results can 

arise from dependence on species and tissues/organs, as well 

as technical issues [4].  

In this article, we sought to briefly discuss lipid 

metabolism in sepsis, with emphasis on its potential 

evolutionary advantage in the suppression of FA oxidation. 

Thereafter, we discussed the controlled expression and  

 

 

 

 

 

 

 

 

 

 

 

 

 

activity of peroxisome proliferator-activated receptor gamma-

coactivator 1 alpha (PGC-1, a key molecule for 

mitochondrial biogenesis) in the liver. Even in similar 

experimental settings, inconsistent results have been reported 

for PGC-1 transcript levels. Such feature is intriguing 

considering the evolutionarily conserved low metabolic state 

in critical illness. Although we are aware that many important 

studies have addressed mitochondrial biogenesis in sepsis 

outcome, we opted to mainly refer to review articles, instead 

of original articles, to discuss mitochondrial and multi-organ 

failure. We suggest referring to several review articles for 

more information [2,4-6].  

Hypertriglycemia associated with inflammation 

In this section, we briefly review the changes in lipid 

metabolism during infection and inflammation. Evidence 

from clinical and model-based studies has led to a consensus 

that a wide range of disturbances in lipid metabolism occur 

during infection and inflammation [5]. Although large 

variances due to species-dependency and methodological 

differences (e.g., administration of lipopolysaccharide [LPS] 

vs. live bacteria) are known, commonly observed 

disturbances include increased levels of triglycerides (TG) 

and FA in plasma, reduced levels of high-density lipoprotein, 

increased lipolysis in adipose tissue, and decreased beta-

oxidation in multiple organs. The potential benefits of 

dyslipidemia have been proposed as lipoproteins were 

previously found to bind to and neutralize LPS and 

lipoteichoic acid; these potential benefits were also observed 

in vitro [5]. It is thus possible that the hyperlipidemia induced 

by infection is part of the body's defense mechanisms [5]. For 

example, Read et al. reported that chylomicron and synthetic 

TG-rich lipid emulsion infusion significantly improved 

survival in cecal ligation and puncture (CLP) rat models 
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[7,8]. The article by Khovidhunkit et al.contains experimental 

evidence of the lipoprotein-mediated protection from LPS 

and/or bacterial challenge [5].  

The elevated concentrations of TG might be caused by 

increased recycling (re-esterification) of non-esterified FA to 

TG, which occurs in parallel with increased lipolysis [9,10]. 

However, the inhibition of lipoprotein lipase and decreased 

low-density lipoprotein clearance might contribute to the 

increase in TG increase. Increased hepatic FA synthesis 

induced by tumor necrosis factor-alpha (TNF-α) or 

interleukin-1 (IL-1) might be mediated by the increased level 

of hepatic citrate. This increase in turn activates acetyl-CoA 

carboxylase, a rate-limiting enzyme for FA synthesis [11]. 

The mechanisms underlying the increase in citrate levels in 

hepatocytes have not been investigated. However, an increase 

in glycolysis and a decrease in gluconeogenesis may 

contribute to citrate increase. In fact, isolated hepatocytes 

treated with TNF- for 3 h showed a dose-dependent 

decrease in gluconeogenesis [12]. 

The liver is the organ that controls metabolism 

throughout the entire body. Thus, the situation in the liver is 

known to be different from that in other organs. An earlier 

study reported the results of experiments involving cytokine- 

or LPS-injected rodent models as well as in vitro 

experiments. According to the researchers, the administration 

of LPS, TNF, or IL-1 caused adipose tissue lipolysis and 

suppressed FA oxidation in multiple tissues, but enhanced 

hepatic lipogenesis and re-esterification [13]. These findings 

highlight the unique features of the liver in FA uptake. In 

multiple organs/tissues, FA uptake and oxidation are 

reportedly decreased during sepsis. Consistent with these 

findings, FA transport protein (FATP) and FA translocase 

(FAT)/CD36 mRNA expression were found to be decreased 

in multiple organs. However, in the liver, LPS injection 

decreased FATP mRNA levels but increased FAT/CD36 

mRNA levels by 4- to 5-fold. Such finding led us to 

hypothesize that FATP-mediated influx of FA may be used 

for mitochondrial oxidation, whereas FAT/CD36 transports 

FA to the cytosol for re-esterification. Further findings were 

revealed to support this hypothesis [13-15]. In sepsis, hepatic 

TG formation is increased, whereas hepatic FA oxidation is 

decreased. Notable studies in the 1980s and 1990s studies 

have been reviewed [9]. Most studies utilizing animal models 

of severe sepsis have revealed decreased FA oxidation ability 

in most of the organs examined. This reduction may help to 

increase FA in the blood, which in turn assists in the 

increased re-esterification into TG in plasma.  

 Of note, the systemic activity of FA oxidation might be a 

dominant energy supply in the acute phase. For example, 

indirect calorimetry respiratory gas analysis was used to 

determine the energy substrate metabolism in an LPS mouse 

model [16]. Based on their findings, the researchers reported 

a marked decrease in carbohydrate oxidation and an increase 

in FA oxidation. This was particularly evident in the acute 

phase at approximately 24 h. This metabolic switch from 

carbohydrates to lipids might help to meet the increased 

energy demand required during inflammation. In addition, a 

significant decrease in plasma FA and an increase in liver 

free FA and TG levels at 24 h were found, which suggest the 

transport of lipid to the liver for storage.  

Mitochondrial dysfunction and biogenesis 

After the initial exaggerated inflammation, the 

immunosuppressive phase ensues, which tends to be 

associated with multi-organ failure. Multi-organ failure is a 

major determinant of survival in patients with sepsis. 

Although the cause-and-effect relationship remains 

controversial [2,4], there is evidence of the importance of 

mitochondrial dysfunction during sepsis [6]. Initial organ 

dysfunction in sepsis has been associated with decreased 

oxidative phosphorylation [6,17]. For example, electron 

transport chain complexes are less abundant in cells from 

patients with sepsis. Mitochondrial dysfunction occurs 

because of the overproduction of cytokines, ROS, and NO, 

which inhibit the respiratory chain [3,18]. As the TCA cycle 

and FA oxidation are important functions of the 

mitochondria, mitochondrial dysfunction results in the 

dysregulation of metabolism. A notable study in this regard 

was carried out to perform a metabolome analysis of the 

plasma of patients with sepsis. The researchers observed that 

individuals who did not survive had elevated plasma levels of 

acyl-carnitines, suggesting poorer uptake of FAs by the 

mitochondria [19]. Furthermore, the plasma levels of 

common metabolites, such as citrate, malate, glycerol, and 

glucogenic and ketogenic amino acids, were higher in non-

survivors than survivors, suggesting impaired mitochondrial 

aerobic catabolism for energy generation in non-survivors.  

Currently, it is unclear whether the mitochondria play a 

causative role in tissue dysfunction, or whether mitochondrial 

changes represent a downstream marker of tissue damage 

[2,18]. Decreased expression levels of respiratory complexes 

have been reported using several animal model studies. In 

fact, a study that employed a preclinical model of sepsis 

(peritoneal transplantation of 106 colony forming units of 

Staphylococcus aureus) reported that normal oxidative 

respiration was concomitantly restored with mitochondrial 

biogenesis [20]. The time course of recovery of the number 

and density of the mitochondria can be regarded as the 

recovery from septic conditions [21]. Following 

mitochondrial dysfunction, several transcriptional 

coactivators and nuclear transcription factors that include 

nuclear respiratory factor-1 (NRF-1), NRF-2, and PGC-1 

coordinate mitochondrial biogenesis [22]. This process is 

considered to involve mitochondrial quality control and the 

regulation of genes required for biogenesis. The importance 

of mitochondrial biogenesis in the recovery from sepsis has 

also been highlighted in a study that demonstrated that PGC-

1 mRNA level was only elevated in survivors and the 

decreased transcription of the respiratory chain subunits was 

milder in survivors than non-survivors [23]. 

The presence of mitochondrial dysfunction in sepsis 

remains controversial. An analysis of 76 papers based on 

endotoxemia or inflammation models, or clinical cases 

observed that mitochondrial dysfunction was not a feature 

consistently observed in the models/cases with multi-organ 

failure in severe sepsis and septic shock. Compared to rodent 
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endotoxemia models, porcine sepsis models exhibited minor 

changes in mitochondrial respiration in the liver, heart, and 

brain samples [24]. In addition to such between-species 

differences, methodological issues also present challenges 

[4,24]. For example, even control animals can display 

pronounced variability in mitochondrial respiration [24]. 

Therefore, it could be safer to consider that the degree of 

mitochondrial dysfunction can be highly variable and organ-

specific, and can change over the course of sepsis.  

It is important to consider that the suppression of 

mitochondrial activity may have protective effects in some 

critical situations. Findings relevant to this issue include the 

depletion of ATP to 20% to 30% in the liver owing to 

fructose injection to protect against TNF-induced liver 

damage [25]. 

Sepsis and PGC-1  

In several animal models of sepsis, following acute 

inflammation and an initial decrease in mitochondrial 

function and ROS-induced damage, mitochondrial biogenesis 

is activated [22]. In this section, we briefly discuss the 

functions of PGC-1, a key molecule in mitochondrial 

biogenesis. Further, we aim to discuss conflicting findings 

regarding the regulation of PGC-1 expression levels after 

septic stimulation. A more comprehensive discussion of 

PGC-1 is presented in several review articles [26-28]. 

PGC-1 belongs to the PGC-1 family, which is a well-

studied family of transcriptional coactivators that integrate 

signaling pathways in the control of cellular and systemic 

metabolism [26,27]. PGC-1 coactivators act as docking 

platforms for other proteins that possess histone 

acetyltransferase activity. Additionally, they facilitate the 

assembly of the basal transcription machinery [27]. The 

PGC-1 family consists of PGC-1, PGC-1, and PGC-1-

related coactivator (PRC) [27]. Although these members 

share the function of mitochondrial biogenesis, each regulates 

a distinct process. In addition to mitochondrial biogenesis 

[29], PGC-1 promotes hepatic fasting responses, including 

gluconeogenesis, FA beta-oxidation, ketogenesis, and bile-

acid homeostasis [26,30]. Accordingly, PGC-1 regulates 

many genes important for metabolism, including peroxisome 

proliferator-activated receptor alpha (PPAR). In the liver, 

PPAR governs the expression of genes involved in FA 

oxidation and gluconeogenesis from glycerol [31]. For 

example, PGC-1 activates the transcription of 

phosphoenolpyruvate carboxykinase or glucose 6-

phosphatase. However, unlike PGC-1, PGC-1 controls 

hepatic lipid synthesis and lipoprotein production [26], and is 

constitutively expressed [27]. This review does not focus on 

PGC-1 and PRC.  

PGC-1 expression is dynamically regulated in a tissue-

specific manner, such as cold temperature in brown adipose 

tissue, fasting in the liver, or exercise in skeletal muscle [27]. 

Transcriptional networks by the PGC-1 system now seem to 

be more complex than initially thought [32]. Evidence for 

this complexity is due to recent discoveries of alternatively 

spliced isoforms, including NT-PGC-1a, PGC-1a1 (the 

originally described isoform), PGC-1a2, PGC-1a3, and PGC-

1a4 [28,32]. At present, these isoforms are being intensively 

investigated. However, they have been found to show distinct 

degradation dynamics and can even shift the splicing patterns 

of target genes.  

PGC-1 activity is extensively regulated by various 

modalities. Although these modalities are not considered in 

detail in this mini-review, post-translational modifications 

that include phosphorylation and methylation 

acetylation/deacetylation have been well documented [28]. 

SIRT1 is an NAD+-dependent protein deacetylase and a key 

metabolic sensor. Ample evidence supports the function of 

SIRT1 in deacetylating PGC-1 to promote its transcriptional 

activity. In vitro findings support the view that AMPK, 

another metabolic sensor, directly phosphorylates and 

activates PGC-1 [33]. Furthermore, recent studies have 

drawn attention to the intracellular localization of PGC-1. 

Although full-length PGC-1 resides in the nucleus, NT-

PGC-1 resides in the cytoplasm and is translocated to the 

nucleus upon protein kinase A-mediated phosphorylation 

[34].  

 

PGC-1α levels in animal models of sepsis and acute 

inflammation  

 

In cooperation with transcription factors, such as 

PPARα, PGC-1 is crucial in lipid and carbohydrate 

metabolic processes. PPAR is an important target of PGC-

1 and is considered to be the master regulator of lipid 

metabolism, particularly FA oxidation. Consistent with the 

suppression of FA oxidation in sepsis, decreased levels of 

PPAR expression have been consistently reported in many 

septic models and humans. In this section, we detail the 

conflicting results regarding the changes in PGC-1 expression 

levels in animal models. Intriguingly, although most studies 

have reported that septic stimulation (LPS or CLP challenge) 

markedly lowers PGC-1 levels in different tissues, 

including the liver [30], several studies have reported 

remarkable increases in PGC-1. Furthermore, the regulation 

of PGC-1 levels by pathways involved in innate immunity 

appears to be highly tissue-specific and a complex temporal 

pattern of development with tissue specificity has been 

described.  

In the muscle, PGC-1 mRNA reportedly exhibited a 

transient increase, peaking at 2 h after LPS administration; 

however, a decrease to approximately 20% of the basal level 

was evident in the liver until approximately 16 h after 

recovery [35]. Other authors have reported that in cytokine- 

or LPS-injected rodent models, as well as in vitro, all RXR, 

PPAR, LXR and PGC-1 transcripts were decreased in 

the liver at 16 h after TNF or IL-1 injection. After LPS 

injection, the mRNA levels of PGC-1 and SRC-1, an 

acetyltransferase that interacts with PGC-1, decreased in the 

liver at 16 h. In this experiment, the researchers administered 

an intraperitoneal injection of 100 µg of LPS, 100 ng TNF, or 

80 ng of IL-1 per mouse [36]. 

Another study demonstrated that mitochondrial damage 

is prevalent in the liver during the subacute phase of CLP 
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sepsis in mice. The authors used a CLP model that resulted in 

60% mortality within 6 days, with most deaths occurring 

within 72 h. Further, mitochondrial damage was evident as 

represented by carbamoyl-phosphate synthetase 1 (CPS-1) in 

plasma from 8 to 48 h after CLP [37]. Interestingly, the 

plasma CPS-1 level peaked at 24 h, whereas the alanine 

aminotransferase (ALT) level peaked at 48 h, suggesting that 

mitochondrial damage occurred earlier than the peak of 

hepatocyte damage. PGC-1 as well as mitochondrial 

transcription factor A (Tfam) were increased at 24 h, but 

decreased to levels below the control at 48 h and 6 days. Such 

transient increase and return to less than normal level might 

be a remarkable feature of the regulation of PGC-1 

expression. Mitochondrial oxidative stress, as measured by 

increased protein carbonylation, was first evident at 8 h and 

peaked at 24 h. Ultrastructural mitochondrial damage was 

also observed, and its timing coincided with CPS-1 release. 

Overall, these results suggest that mitochondrial biogenesis 

accounts for the restoration of mitochondrial mass in the liver 

of CLP mice surviving for 6 days.  

Most of the relevant studies simply showed decreased 

levels of PGC-1 in the liver. In one study, LPS treatment 

resulted in decreases in the PGC-1 and PPAR protein 

levels to 15% and 20% of the levels in control mice, 

respectively, at 16 h. In the study, a lethal dose of LPS (25 

mg/kg body weight) was administered, which led to 50% 

mortality at 30 h [38]. In a more recent study, 16 h after the 

administration of 5 mg/kg LPS, marked decreases in hepatic 

transcripts for PGC-1, PPAR, and estrogen related 

receptor α (ERRα) were observed [39].  

Similarly, other authors observed that the administration 

of 10 mg/kg body weight LPS suppressed FA oxidation as 

measured at 16 h, with a marked decrease in PGC-1 mRNA 

in the liver [40]. Intriguingly, exercise led to a dramatic 

increase in the PGC-1 transcript level at 16 h in the liver. 

In some studies, PGC-1 transcripts or proteins have 

been reported to increase despite the use of experimental 

protocols similar to those discussed above. One study focused 

on metabolic recovery with the possible requirement of 

mitochondrial biogenesis and used a model featuring the 

peritoneal transplantation of 106 colony forming units of 

Staphylococcus aureus, which led to 80% survival on day 7 

[20]. In the model, progressive increases in the mRNA levels 

of NRF-1, PGC-1, and Tfam were observed in the liver 

from day 0 to 2 (NRF-1, Tfam) or day 0 to 3 (PGC-1). As a 

result, the researchers concluded that mitochondrial 

biogenesis occurred on day 2 and metabolism recovered on 

day 3.  

Generally, mild or gradual septic insult (low-dose LPS 

or a relatively small number of live bacteria) may result in a 

transient increase in PGC-1 expression. However, after a 

bolus injection of high-dose LPS, strong suppression of PGC-

1 expression appears to be predominant. Although such 

findings were not derived from a study involving 

hepatocytes, the idea is supported by a study [41] that used a 

model of acute kidney injury (AKI) induced by Hemiscorpius 

lepturus venom. The researchers reported a dose-dependent 

pattern of PGC-1 expression. After a lethal dose of venom, 

the induction of apoptosis was associated with decreased 

PPAR-, PGC-1, and NRF-2 transcripts in the kidney. 

However, after a challenge with lower doses of the venom, 

significant recovery accompanied by PGC-1 upregulation 

was observed after acute kidney infection.  

LPS stimulation of hepatocytes in vitro may thus cause 

a marked increase in the PGC-1 transcript. Notably, 

hepatocytes express TLR4; however, purified hepatocytes are 

basically free from immune cells and might differ in vivo 

where pro-inflammatory cytokines are produced by immune 

cells. An in vivo CLP mouse model and in vitro LPS 

treatment (100 ng/mL) of hepatocytes revealed very 

pronounced increases in PGC-1, Tfam, and NRF-1 mRNAs 

[21]. The mitochondrial density decreased in LPS-treated 

hepatocytes or CLP mice until 8 h and returned to normal 

within 24 to 48 h. Strikingly, treating primary mice and 

human hepatocytes with LPS (100 ng/mL) led to increased 

levels of PGC-1, NRF-1, and Tfam mRNA at 8 h.  

Of note, the expression level of the PGC-1 protein 

might differ from its mRNA level, despite only a limited 

number of studies rigorously comparing the two. Diao et al. 

[42] reported that the PGC-1 mRNA increased in mice 

subjected to burn and mice subjected to burn plus LPS 

insults. However, the PGC-1 protein level showed a rather 

small increase and the 38-kDa PGC-1 was found to 

decrease. Similar to other studies, PGC-1 mRNA was 

quickly and transiently regulated. Notably, careful analysis of 

the PGC-1 transcript and its isoforms was required in the 

study.  

Overall, the collective findings demonstrate that PGC-

1 expression dynamics are often transient [43]. 

Perspectives of the mitochondria and PGC-1 in sepsis 

Mitochondrial dysfunction in sepsis has attracted 

extensive attention. However, technical problems have 

complicated research on the mitochondrial activity in sepsis. 

As discussed by Jeger et al. [24], technical problems in the 

measurement of mitochondrial function, duration of sepsis, 

and the choice of model (CLP, live bacteria injection, LPS) 

can introduce variability. Thus, it may be beneficial to focus 

on biochemical markers or more correctly, the dynamics of 

mRNA and protein expression as well as protein post-

translational modification of proteins. These aspects 

collectively represent the mitochondrial activities and 

regulation of mitochondrial biogenesis and quality control.  

PGC-1 is recognized as a key molecule in the study of 

the mitochondria in sepsis. PGC-1 is unique in its organ-

dependent manner of expression as well as the rapid changes 

in its expression level. The organ-dependent time course of 

mitochondrial functions may be partly explained by the fact 

that the time course of PGC-1 mRNA expression level is 

quite different among tissues and organs. As explained 

earlier, in an LPS mouse model, the level of PGC-1 mRNA 

in the liver decreases up to 8 h and then recovers, while in the 

skeletal muscle, a transient rise is evident at 2 h, with the 

levels remaining higher than the control until 16 h after LPS 

injection [35]. The regulatory network for the expression 
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level of PGC-1 has evolved, thereby enabling a rapid and 

drastic change. PGC-1 is a short-lived protein whose 

degradation is mediated by the ubiquitin-proteasome system 

[44]. Studies and discussions concerning the evolutionary 

significance of such complex networks will help to clarify the 

role of mitochondrial biogenesis in sepsis. It is interesting to 

envision that PGC-1 expression at least two irreconcilable 

needs. In sepsis, systemic suppression of FA oxidation 

(which helps to increase TG in plasma) and the 

downregulation of PPAR and PGC-1 has an evolutionary 

advantage. However, in tissue injury associated with 

mitochondrial dysfunction, mitochondrial biogenesis is 

temporarily important, with the need for high PGC-1 

activity. From the perspective of metabolic changes in sepsis, 

a recent notable study reported that PGC-1 undergoes a 

metabolic switch from glucose utilization to lipid utilization 

[45]. Such finding is consistent with the roles of PGC-1 in 

increasing gluconeogenesis and FA oxidation. In immune 

cells, lipid utilization leads to a more pronounced 

immunosuppressive function of immune cells.  

Another important factor influencing PGC-1 

expression and control is age. LPS-induced expression of 

induced NO synthase in the lung was reportedly more 

pronounced in 18-month-old rats than 3-month-old rats [46]. 

In addition, higher serum levels of ALT and total bilirubin 

levels were found in the aged rats compared to the young 

rats. Other researchers have demonstrated increased nuclear 

levels of PGC-1 in young mice, and a decrease after sepsis 

in mature mice [47].  
It is important to determine whether the activation of 

mitochondrial biogenesis is beneficial in the treatment of 

sepsis. In general, probing the causality of mitochondrial 

dysfunction in multi-organ failure is challenging, partly 

because of the difficulty in determining causality from simple 

associations.  It has been hypothesized that the temporal 

decrease in mitochondrial function may represent an adaptive 

response, which slows energy-utilizing processes, limits ROS 

production, and prevents cell death [18]. 

Nonetheless, in several recent studies, the expression of 

PGC-1 improved the health conditions of sepsis models. In 

one study, mildly increased expression of PGC-1 in skeletal 

muscle was found to be protective against sarcopenia and 

metabolic disease during aging, which was evident from the 

improved insulin sensitivity [48]. Furthermore, the 

therapeutic potential of PGC-1 in Duchenne muscular 

dystrophy was demonstrated in experiments using 

dystrophin-deficient mice [49]. Of note, this gene transfer 

experiment was conducted partly because mitochondrial 

dysfunction is known to occur in dystrophic skeletal muscle. 

Intriguing results regarding muscle activity and PGC-1 

expression have been reported by Irahara et al. [45]. 

Strikingly, neuromuscular electrical stimulation applied once 

at low frequency and low voltage, or applied twice at low 

frequency and high voltage increased PGC-1 mRNA 

expression in skeletal muscle, caused a switch in energy 

metabolism, and suppressed inflammation [45]. These 

findings are interesting, given that the researchers previously 

reported similar beneficial effects of exercise. As proposed 

by the researchers, improving metabolism in muscles may 

have beneficial systemic effects. Although we did not discuss 

insulin sensitivity, the forced expression of PGC-1 may 

benefit the therapeutic modulation of insulin resistance. 

Intriguingly, decreased mitochondrial activity reportedly 

correlated with the degree of insulin resistance and correlates 

with decreased mitochondrial activity. These events in turn 

correlate with decreased expression of PGC-1 [27]. In a 

recent study on the effect of PGC-1 overexpression, a rat 

model of cardiomyopathy was employed to demonstrate 

mitochondrial damage [50]. Although PGC-1 transcript and 

protein levels increased at 3 h, the protein level returned to 

normal at 6 h and the transcript level was lower than the 

normal level. Although the authors did not assess the in vivo 

effect of PGC-1 overexpression, analysis using H9c2 rat 

cardiac myoblast cells showed that either PGC-1α activation 

by ZLN005 or PGC-1α overexpression reduced apoptosis in 

myocardiocytes after exposure to LPS. Further, PGC-1α gene 

overexpression alleviated LPS-induced mitochondrial 

damage in cardiomyocytes. Another recent study used a rat 

model of burn-induced cardiac dysfunction to demonstrate 

that the administration of ZLN005 during post-burn 

resuscitation restored left ventricular systolic function [51]. 

The collective findings indicate the therapeutic potential 

of PGC-1 gene transfer, at least in skeletal muscle and 

cardiomyocytes. However, only few studies have addressed 

whether PGC-1 gene transfer aids in the recovery from 

sepsis. In the near future, several studies will explore the 

possibility that the activation of PGC-1 or the pathway that 

activates PGC-1, such as the AMPK/SirT/PGC-1 pathway, 

may improve the prognosis of patients with sepsis. As PGC-

1 signaling is linked to several pathways in cellular 

signaling, the regulatory signals and complexes that regulate 

PGC-1 activity is very complex [33]. Therefore, a 

therapeutic strategy targeting PGC-1 in the liver may 

disrupt function and result in harm. Understanding the 

regulatory network of PGC-1 is important for efficient 

targeting of PGC-1 and its associated molecules for 

improved treatment of patients with sepsis. 

 

Conflict of Interest 

 Authors declare that they have no conflict of interest. 

References 

1. Brealey D, Brand M, Hargreaves I, et al. (2002) 

Association between mitochondrial dysfunction and severity 

and outcome of septic shock. Lancet 360(9328): 219-223. 

2. Singer M (2014) The role of mitochondrial dysfunction in 

sepsis-induced multi-organ failure. Virulence 5(1): 66-72. 

3. Kozlov AV, Lancaster Jr JR, Meszaros AT, et al. (2017) 

Mitochondria-meditated pathways of organ failure upon 

inflammation. Redox Biol 13: 170-181. 

https://doi.org/10.1016/s0140-6736(02)09459-x
https://doi.org/10.1016/s0140-6736(02)09459-x
https://doi.org/10.1016/s0140-6736(02)09459-x
https://doi.org/10.4161/viru.26907
https://doi.org/10.4161/viru.26907
https://doi.org/10.1016/j.redox.2017.05.017
https://doi.org/10.1016/j.redox.2017.05.017
https://doi.org/10.1016/j.redox.2017.05.017


Nishizawa K, Seki R (2021) Lipid Metabolism and Mitochondrial Biogenesis in Septic Liver – A Mini Review 

Focused on PGC-1α Expression. Ann Biomed Res 3: 121. 

DOI: 10.0000/ABR.1000121                                      Ann Biomed Res                                                    Vol 4(1): 1-7 
 

4. Kohoutova M, Dejmek J, Tůma Z, et al. (2018) Variability 

of mitochondrial respiration in relation to sepsis-induced 

multiple organ dysfunction. Physiol Res 67(4): S577-S592. 

5. Khovidhunkit W, Kim MS, Memon RA, et al. (2004) 

Effects of infection and inflammation on lipid and lipoprotein 

metabolism: mechanisms and consequences to the host. J 

Lipid Res 45(7): 1169-1196. 

6. Lee I, Hüttemann M (2014) Energy crisis: The role of 

oxidative phosphorylation in acute inflammation and sepsis. 

Biochim Biophys Acta-Mol Basis of Dis 1842(9): 1579-

1586. 

7. Read TE, Grunfeld C, Kumwenda Z et al. (1995) 

Triglyceride-rich lipoproteins improve survival when given 

after endotoxin in rats. Surgery 117(1): 62-67.  

8. Read TE, Grunfeld C, Kumwenda ZL (1995) Triglyceride-

rich lipoproteins prevent septic death in rats. J Exp Med 

182(1): 267-272. 

9. Eaton S, Pierro A (2005) Carnitine and fatty acid oxidation 

in sepsis. Monatshefte für Chemie/Chemical Monthly 136(8): 

1483-1492. 

10.Van Wyngene L, Vandewalle J, Libert C (2018) 

Reprogramming of basic metabolic pathways in microbial 

sepsis: Therapeutic targets at last? EMBO Mol Med 10(8): 

e8712. 

11. Grunfeld C, Soued M, Adi S, et al. (1990) Evidence for 

two classes of cytokines that stimulate hepatic lipogenesis: 

Relationships among tumor necrosis factor, interleukin-1 and 

interferon-alpha. Endocrinology 127(1): 46-54. 

12. Goto M, Yoshioka T, Battelino T, et al. (2001) TNF-α 

decreases gluconeogenesis in hepatocytes isolated from 10-

day-old rats. Pediatr Res 49(4): 552-557. 

13. Memon RA, Feingold KR, Moser AH, et al. (1998) 

Regulation of fatty acid transport protein and fatty acid 

translocase mRNA levels by endotoxin and cytokines. Am J 

Physiol 274(2): E210-E217. 

14. Memon RA, Bass NM, Moser AH, et al. (1999) Down-

regulation of liver and heart specific fatty acid binding 

proteins by endotoxin and cytokines in vivo. Biochim 

Biophys Acta 1440(1): 118-126.   

15. Memon RA, Fuller J, Moser AH, et al. (1998) In vivo 

regulation of acyl-CoA synthetase mRNA and activity by 

endotoxin and cytokines. Am J Physiol 275(1): E64-E72. 

16. Irahara T, Sato N, Otake K, et al. (2018) Alterations in 

energy substrate metabolism in mice with different degrees of 

sepsis. J Surg Res 227: 44-51. 

17. Brealey D, Karyampudi S, Jacques TS, et al. (2004). 

Mitochondrial dysfunction in a long-term rodent model of 

sepsis and organ failure. Am J Physiol-Regulatory, Integr 

Comparat Physiol 286(3): R491-R497. 

18. Arulkumaran N, Deutschman CS, Pinsky MR, et al. 

(2016) Mitochondrial function in sepsis. Shock 45(3): 271-

281. 

19. Langley RJ, Tsalik EL, Van Velkinburgh JC (2013) An 

integrated clinico-metabolomic model improves prediction of 

death in sepsis. Sci Transl Med 5(195): 195ra95-195ra95. 

20. Haden DW, Suliman HB, Carraway MS, et al. (2007) 

Mitochondrial biogenesis restores oxidative metabolism 

during Staphylococcus aureus sepsis. Am J Respir Crit Care 

Med 176(8): 768-777. 

21. Carchman EH, Whelan S, Loughran P, et al. (2013) 

Experimental sepsis-induced mitochondrial biogenesis is 

dependent on autophagy, TLR4, and TLR9 signaling in liver. 

FASEB J 27(12): 4703-4711. 

22. Cherry AD, Piantadosi CA (2015) Regulation of 

mitochondrial biogenesis and its intersection with 

inflammatory responses. Antioxid Redox Signal 22(12): 965-

976. 

23. Carre JE, Orban JC, Re L, et al. (2010) Survival in critical 

illness is associated with early activation of mitochondrial 

biogenesis. Am J Respir Crit Care Med 182(6): 745-751. 

24. Jeger V, Djafarzadeh S, Jakob SM, et al. (2013) 

Mitochondrial function in sepsis. Eur J Clin Inv 43(5): 532-

542. 

25. Latta M, Künstle G, Leist M, et al. (2000) Metabolic 

depletion of ATP by fructose inversely controls CD95-and 

tumor necrosis factor receptor 1–mediated hepatic apoptosis. 

J Exp Med 191(11): 1975-1986. 

26. Lin J, Handschin C, Spiegelman BM (2005) Metabolic 

control through the PGC-1 family of transcription 

coactivators. Cell Metab 1(6): 361-370.   

27. Villena JA (2015) New insights into PGC‐1 coactivators: 

redefining their role in the regulation of mitochondrial 

function and beyond. FEBS J 282(4): 647-672. 

28. Miller KN, Clark JP, Anderson RM (2019) Mitochondrial 

regulator PGC-1a—Modulating the modulator. Curr Opin 

Endocr Metabol Res 5: 37-44. 

29. Lai L, Leone TC, Zechner C, et al. (2008) Transcriptional 

coactivators PGC-1 and PGC-l control overlapping programs 

required for perinatal maturation of the heart. Genes Dev 22: 

1948-1961. 

30. Rius-Pérez S, Torres-Cuevas I, Millán I, et al. (2020) 

PGC-1α, Inflammation, and oxidative stress: An integrative 

view in metabolism. Oxidative Med Cell Longev. 

31. Cotter DG, Ercal B, André d'Avignon D, et al. (2014) 

Impairments of hepatic gluconeogenesis and ketogenesis in 

PPARα-deficient neonatal mice. Am J Physiol-Endocr Metab 

307(2): E176-E185. 

32. Martínez-Redondo V, Jannig PR, Correia JC, et al. (2016) 

Peroxisome proliferator-activated receptor γ coactivator-1 α 

isoforms selectively regulate multiple splicing events on 

target genes. J Biol Chem 291(29): 15169-15184. 

33. Cantó C, Auwerx J (2009) PGC-1alpha, SIRT1 and 

AMPK, an energy sensing network that controls energy 

expenditure. Curr Opin Lipidol 20(2): 98-105. 

34. Chang JS, Huypens P, Zhang Y, et al. (2010) Regulation 

of NT-PGC-1alpha subcellular localization and function by 

protein kinase A-dependent modulation of nuclear export by 

CRM1. J Biol Chem 285(23): 18039-18050. 

35. Yu XX, Barger JL, Boyer BB, et al. (2000) Impact of 

endotoxin on UCP homolog mRNA abundance, 

thermoregulation, and mitochondrial proton leak kinetics. 

Am J Physiol-Endocr Metab 279(2): E433-E446. 

36. Kim MS, Sweeney TR, Shigenaga JK, et al. (2007) 

Tumor necrosis factor and interleukin 1 decrease RXRalpha, 

PPARalpha, PPARgamma, LXRalpha, and the coactivators 

SRC-1, PGC-1alpha, and PGC-1beta in liver cells. 

Metabolism 56(2): 267-279. 

https://doi.org/10.33549/physiolres.934050
https://doi.org/10.33549/physiolres.934050
https://doi.org/10.33549/physiolres.934050
https://doi.org/10.1194/jlr.r300019-jlr200
https://doi.org/10.1194/jlr.r300019-jlr200
https://doi.org/10.1194/jlr.r300019-jlr200
https://doi.org/10.1194/jlr.r300019-jlr200
https://doi.org/10.1016/j.bbadis.2014.05.031
https://doi.org/10.1016/j.bbadis.2014.05.031
https://doi.org/10.1016/j.bbadis.2014.05.031
https://doi.org/10.1016/j.bbadis.2014.05.031
https://doi.org/10.1016/S0039-6060(05)80231-4
https://doi.org/10.1016/S0039-6060(05)80231-4
https://doi.org/10.1016/S0039-6060(05)80231-4
https://doi.org/10.1084/jem.182.1.267
https://doi.org/10.1084/jem.182.1.267
https://doi.org/10.1084/jem.182.1.267
https://doi.org/10.1007/s00706-005-0316-9
https://doi.org/10.1007/s00706-005-0316-9
https://doi.org/10.1007/s00706-005-0316-9
https://doi.org/10.15252/emmm.201708712
https://doi.org/10.15252/emmm.201708712
https://doi.org/10.15252/emmm.201708712
https://doi.org/10.15252/emmm.201708712
https://doi.org/10.1210/endo-127-1-46
https://doi.org/10.1210/endo-127-1-46
https://doi.org/10.1210/endo-127-1-46
https://doi.org/10.1210/endo-127-1-46
https://doi.org/10.1203/00006450-200104000-00018
https://doi.org/10.1203/00006450-200104000-00018
https://doi.org/10.1203/00006450-200104000-00018
https://doi.org/10.1152/ajpendo.1998.274.2.e210
https://doi.org/10.1152/ajpendo.1998.274.2.e210
https://doi.org/10.1152/ajpendo.1998.274.2.e210
https://doi.org/10.1152/ajpendo.1998.274.2.e210
https://doi.org/10.1016/s1388-1981(99)00120-1
https://doi.org/10.1016/s1388-1981(99)00120-1
https://doi.org/10.1016/s1388-1981(99)00120-1
https://doi.org/10.1016/s1388-1981(99)00120-1
https://doi.org/10.1152/ajpendo.1998.275.1.e64
https://doi.org/10.1152/ajpendo.1998.275.1.e64
https://doi.org/10.1152/ajpendo.1998.275.1.e64
https://doi.org/10.1016/j.jss.2018.01.021
https://doi.org/10.1016/j.jss.2018.01.021
https://doi.org/10.1016/j.jss.2018.01.021
https://doi.org/10.1152/ajpregu.00432.2003
https://doi.org/10.1152/ajpregu.00432.2003
https://doi.org/10.1152/ajpregu.00432.2003
https://doi.org/10.1152/ajpregu.00432.2003
https://dx.doi.org/10.1097%2FSHK.0000000000000463
https://dx.doi.org/10.1097%2FSHK.0000000000000463
https://dx.doi.org/10.1097%2FSHK.0000000000000463
https://doi.org/10.1126/scitranslmed.3005893
https://doi.org/10.1126/scitranslmed.3005893
https://doi.org/10.1126/scitranslmed.3005893
https://doi.org/10.1164/rccm.200701-161oc
https://doi.org/10.1164/rccm.200701-161oc
https://doi.org/10.1164/rccm.200701-161oc
https://doi.org/10.1164/rccm.200701-161oc
https://doi.org/10.1096/fj.13-229476
https://doi.org/10.1096/fj.13-229476
https://doi.org/10.1096/fj.13-229476
https://doi.org/10.1096/fj.13-229476
https://doi.org/10.1089/ars.2014.6200
https://doi.org/10.1089/ars.2014.6200
https://doi.org/10.1089/ars.2014.6200
https://doi.org/10.1089/ars.2014.6200
https://doi.org/10.1164/rccm.201003-0326oc
https://doi.org/10.1164/rccm.201003-0326oc
https://doi.org/10.1164/rccm.201003-0326oc
https://doi.org/10.1111/eci.12069
https://doi.org/10.1111/eci.12069
https://doi.org/10.1111/eci.12069
https://doi.org/10.1084/jem.191.11.1975
https://doi.org/10.1084/jem.191.11.1975
https://doi.org/10.1084/jem.191.11.1975
https://doi.org/10.1084/jem.191.11.1975
https://doi.org/10.1016/j.cmet.2005.05.004
https://doi.org/10.1016/j.cmet.2005.05.004
https://doi.org/10.1016/j.cmet.2005.05.004
https://doi.org/10.1111/febs.13175
https://doi.org/10.1111/febs.13175
https://doi.org/10.1111/febs.13175
https://dx.doi.org/10.1016%2Fj.coemr.2019.02.002
https://dx.doi.org/10.1016%2Fj.coemr.2019.02.002
https://dx.doi.org/10.1016%2Fj.coemr.2019.02.002
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1101/gad.1661708
https://doi.org/10.1101/gad.1661708
https://dx.doi.org/10.1155%2F2020%2F1452696
https://dx.doi.org/10.1155%2F2020%2F1452696
https://dx.doi.org/10.1155%2F2020%2F1452696
https://doi.org/10.1152/ajpendo.00087.2014
https://doi.org/10.1152/ajpendo.00087.2014
https://doi.org/10.1152/ajpendo.00087.2014
https://doi.org/10.1152/ajpendo.00087.2014
https://doi.org/10.1074/jbc.m115.705822
https://doi.org/10.1074/jbc.m115.705822
https://doi.org/10.1074/jbc.m115.705822
https://doi.org/10.1074/jbc.m115.705822
https://doi.org/10.1097/mol.0b013e328328d0a4
https://doi.org/10.1097/mol.0b013e328328d0a4
https://doi.org/10.1097/mol.0b013e328328d0a4
https://doi.org/10.1074/jbc.m109.083121
https://doi.org/10.1074/jbc.m109.083121
https://doi.org/10.1074/jbc.m109.083121
https://doi.org/10.1074/jbc.m109.083121
https://doi.org/10.1152/ajpendo.2000.279.2.e433
https://doi.org/10.1152/ajpendo.2000.279.2.e433
https://doi.org/10.1152/ajpendo.2000.279.2.e433
https://doi.org/10.1152/ajpendo.2000.279.2.e433
https://doi.org/10.1016/j.metabol.2006.10.007
https://doi.org/10.1016/j.metabol.2006.10.007
https://doi.org/10.1016/j.metabol.2006.10.007
https://doi.org/10.1016/j.metabol.2006.10.007
https://doi.org/10.1016/j.metabol.2006.10.007


Nishizawa K, Seki R (2021) Lipid Metabolism and Mitochondrial Biogenesis in Septic Liver – A Mini Review 

Focused on PGC-1α Expression. Ann Biomed Res 3: 121. 

DOI: 10.0000/ABR.1000121                                      Ann Biomed Res                                                    Vol 4(1): 1-7 
 

37. Crouser ED, Julian MW, Huff JE, et al. (2006) 

Carbamoyl phosphate synthase-1: A marker of mitochondrial 

damage and depletion in the liver during sepsis. Crit Care 

Med 34(9): 2439-2446. 

38. Maitra U, Chang S, Singh N, et al. (2009) Molecular 

mechanism underlying the suppression of lipid oxidation 

during endotoxemia. Mol Immunol 47(2-3): 420-425. 

39. El Kebbaj R, Andreoletti P, El Hajj HI, et al. (2015) 

Argan oil prevents down-regulation induced by endotoxin on 

liver fatty acid oxidation and gluconeogenesis and on 

peroxisome proliferator-activated receptor gamma 

coactivator-1α,(PGC-1α), peroxisome proliferator-activated 

receptor α (PPARα) and estrogen related receptor α (ERRα). 

Biochimie Open 1: 51-59. 

40. Irahara T, Sato N, Inoue K, et al. (2016) Low-intensity 

exercise in the acute phase of lipopolysaccharide-induced 

sepsis improves lipid metabolism and survival in mice by 

stimulating PGC-1α expression. J Trauma Acute Care Surg 

80(6): 933-940. 

41. Dizaji R, Sharafi A, Pourahmad J, et al. (2020) The 

effects of Hemiscorpius lepturus induced-acute kidney injury 

on PGC-1α gene expression: From induction to suppression 

in mice. Toxicon 174: 57-63. 

42. Diao L, Marshall AH, Dai X, et al. (2014) Burn plus 

lipopolysaccharide augments endoplasmic reticulum stress 

and NLRP3 inflammasome activation and reduces PGC-1α in 

liver. Shock 41(2): 138-144. 

43. Pilegaard H, Saltin B, Neufer PD, et al. (2003) Exercise 

induces transient transcriptional activation of the PGC-1α 

gene in human skeletal muscle. J Physiol 546(3): 851-858. 

44. Trausch-Azar J, Leone TC, Kelly DP, et al. (2010) 

Ubiquitin proteasome-dependent degradation of the 

transcriptional coactivator PGC-1α via the N-terminal 

pathway. J Biol Chem 285(51): 40192-40200. 

45. Irahara T, Sato N, Otake K, et al. (2020) Neuromuscular 

electrical stimulation improves energy substrate metabolism 

and survival in mice with acute endotoxic shock. Shock 

53(2): 236-241. 

46. Escames G, López LC, Ortiz F, et al. (2006) Age-

dependent lipopolysaccharide-induced iNOS expression and 

multiorgan failure in rats: effects of melatonin treatment. Exp 

Gerontol 41(11): 1165-1173. 

47. Inata Y, Kikuchi S, Samraj RS, et al. (2018) Autophagy 

and mitochondrial biogenesis impairment contribute to age-

dependent liver injury in experimental sepsis: Dysregulation 

of AMP-activated protein kinase pathway. FASEB J 32: 728-

741. 

 

 

 

 

 

 

48. Wenz T, Rossi SG, Rotundo RL, et al. (2009) Increased 

muscle PGC-1α expression protects from sarcopenia and 

metabolic disease during aging. Proc Nat Acad Sci USA 

106(48): 20405-20410. 

49. Hollinger K, Gardan-Salmon D, Santana C, et al. (2013) 

Rescue of dystrophic skeletal muscle by PGC-1α involves 

restored expression of dystrophin-associated protein complex 

components and satellite cell signaling. Am J Physiol-

Regulat Integr Comparat Physiol 305(1): R13-R23. 

50. Zhang T, Liu CF, Zhang TN, et al. (2020) Overexpression 

of Peroxisome Proliferator-Activated Receptor γ Coactivator 

1-α Protects Cardiomyocytes from Lipopolysaccharide-

Induced Mitochondrial Damage and Apoptosis. Inflammation 

43(5): 1806-1820. 

51. Wen JJ, Cummins CB, Szczesny B, et al. (2020) Cardiac 

Dysfunction after Burn Injury: Role of the AMPK-SIRT1-

PGC1α-NFE2L2-ARE Pathway. J Am College Surg 230(4): 

562-571. 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Corresponding author: Kazuhisa Nishizawa, Teikyo 

University School of Medical Technology, Kaga, Itabashi, 

Tokyo, 173-8605 Japan, Tel: +81-3-3964-1211, Fax: +81-3-

5944-3354; Email: kazunet@med.teikyo-u.ac.jp  
 

Received date: March 14, 2021; Accepted date: March 17, 

2021; Published date: March 18, 2021 

 

Citation: Nishizawa K, Seki R (2021) Lipid Metabolism and 

Mitochondrial Biogenesis in Septic Liver – A Mini Review 

Focused on PGC-1α Expression. Ann Biomed Res 4(1): 121. 

 

Copyright: Nishizawa K, Seki R (2021) Lipid Metabolism 

and Mitochondrial Biogenesis in Septic Liver – A Mini 

Review Focused on PGC-1α Expression. Ann Biomed Res 

4(1): 121. 

 

 

 

 

 

 
 

https://doi.org/10.1097/01.ccm.0000230240.02216.21
https://doi.org/10.1097/01.ccm.0000230240.02216.21
https://doi.org/10.1097/01.ccm.0000230240.02216.21
https://doi.org/10.1097/01.ccm.0000230240.02216.21
https://doi.org/10.1016/j.molimm.2009.08.023
https://doi.org/10.1016/j.molimm.2009.08.023
https://doi.org/10.1016/j.molimm.2009.08.023
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1016/j.biopen.2015.10.002
https://doi.org/10.1097/ta.0000000000001023
https://doi.org/10.1097/ta.0000000000001023
https://doi.org/10.1097/ta.0000000000001023
https://doi.org/10.1097/ta.0000000000001023
https://doi.org/10.1097/ta.0000000000001023
https://doi.org/10.1016/j.toxicon.2019.12.154
https://doi.org/10.1016/j.toxicon.2019.12.154
https://doi.org/10.1016/j.toxicon.2019.12.154
https://doi.org/10.1016/j.toxicon.2019.12.154
https://doi.org/10.1097/shk.0000000000000075
https://doi.org/10.1097/shk.0000000000000075
https://doi.org/10.1097/shk.0000000000000075
https://doi.org/10.1097/shk.0000000000000075
https://doi.org/10.1113/jphysiol.2002.034850
https://doi.org/10.1113/jphysiol.2002.034850
https://doi.org/10.1113/jphysiol.2002.034850
https://doi.org/10.1074/jbc.m110.131615
https://doi.org/10.1074/jbc.m110.131615
https://doi.org/10.1074/jbc.m110.131615
https://doi.org/10.1074/jbc.m110.131615
https://doi.org/10.1097/shk.0000000000001354
https://doi.org/10.1097/shk.0000000000001354
https://doi.org/10.1097/shk.0000000000001354
https://doi.org/10.1097/shk.0000000000001354
https://doi.org/10.1016/j.exger.2006.09.002
https://doi.org/10.1016/j.exger.2006.09.002
https://doi.org/10.1016/j.exger.2006.09.002
https://doi.org/10.1016/j.exger.2006.09.002
https://doi.org/10.1096/fj.201700576r
https://doi.org/10.1096/fj.201700576r
https://doi.org/10.1096/fj.201700576r
https://doi.org/10.1096/fj.201700576r
https://doi.org/10.1096/fj.201700576r
https://doi.org/10.1073/pnas.1619713114
https://doi.org/10.1073/pnas.1619713114
https://doi.org/10.1073/pnas.1619713114
https://doi.org/10.1073/pnas.1619713114
https://doi.org/10.1152/ajpregu.00221.2012
https://doi.org/10.1152/ajpregu.00221.2012
https://doi.org/10.1152/ajpregu.00221.2012
https://doi.org/10.1152/ajpregu.00221.2012
https://doi.org/10.1152/ajpregu.00221.2012
https://doi.org/10.1007/s10753-020-01255-4
https://doi.org/10.1007/s10753-020-01255-4
https://doi.org/10.1007/s10753-020-01255-4
https://doi.org/10.1007/s10753-020-01255-4
https://doi.org/10.1007/s10753-020-01255-4
https://doi.org/10.1016/j.jamcollsurg.2019.12.029
https://doi.org/10.1016/j.jamcollsurg.2019.12.029
https://doi.org/10.1016/j.jamcollsurg.2019.12.029
https://doi.org/10.1016/j.jamcollsurg.2019.12.029
mailto:kazunet@med.teikyo-u.ac.jp

