TSLP protects against liver I/R injury via activation of the
PI3K/Akt pathway
Shilai Li, … , Patricia Loughran, Timothy R. Billiar
JCI Insight. 2019;4(22):e129013. https://doi.org/10.1172/jci.insight.129013.
Research Article

Hepatology

Thymic stromal lymphopoietin (TSLP) is a cytokine mainly released by epithelial cells that plays important roles in
inflammation, autoimmune disease, and cancer. While TSLP is expressed in the liver at high levels, the role of TSLP in
liver ischemia/reperfusion (I/R) injury remains unknown. Experiments were carried out to determine the role of TSLP in
liver I/R injury. Wild-type (WT) and TSLP receptor–knockout (TSLPR–/–) mice were subjected to liver partial warm I/R
injury. Liver injury was assessed by measuring serum alanine aminotransferase (ALT) level, necrotic areas by liver
histology, hepatocyte death, and local hepatic inflammatory responses. Signal pathways were explored in vivo and in
vitro to identify possible mechanisms for TSLP in I/R injury. TSLP and TSLPR protein expression increased during liver
I/R in vivo and following hepatocyte hypoxia/reoxygenation in vitro. Deletion of TSLPR or neutralization of TSLP with antiTSLP antibody exacerbated liver injury in terms of serum ALT levels as well as necrotic areas in liver histology.
Administration of exogenous recombinant mouse TSLP to WT mice significantly reduced liver damage compared with
controls, but failed to prevent I/R injury in TSLPR –/– mice. TSLP induced autophagy in hepatocytes during liver I/R injury.
Mechanistically, Akt was activated in WT mice during liver I/R injury. The opposite results were observed in TSLPR–/–
mice. In addition, TSLP could directly induce Akt activation in hepatocytes […]

Find the latest version:
https://jci.me/129013/pdf

RESEARCH ARTICLE

TSLP protects against liver I/R injury via
activation of the PI3K/Akt pathway
Shilai Li,1,2 Zhongjie Yi,1,3 Meihong Deng,1 Melanie J. Scott,1 Chenxuan Yang,1,4 Wenbo Li,1,5
Zhao Lei,1,3 Nicole M. Santerre,1 Patricia Loughran,1,6 and Timothy R. Billiar1
Department of Surgery, University of Pittsburgh, Pittsburgh, Pennsylvania, USA. 2Department of Emergency, The First

1

Affiliated Hospital of Guangxi Medical University, Nanning, China. 3Department of Hepatobiliary Surgery, The Third
Xiangya Hospital, Central South University, Changsha, China. 4School of Medicine, Tsinghua University, Beijing, China.
Department of Plastic Surgery, The Second Xiangya Hospital, Central South University, Changsha, China. 6Center for

5

Biologic Imaging, University of Pittsburgh, Pennsylvania, USA.

Thymic stromal lymphopoietin (TSLP) is a cytokine mainly released by epithelial cells that plays
important roles in inflammation, autoimmune disease, and cancer. While TSLP is expressed in the
liver at high levels, the role of TSLP in liver ischemia/reperfusion (I/R) injury remains unknown.
Experiments were carried out to determine the role of TSLP in liver I/R injury. Wild-type (WT)
and TSLP receptor–knockout (TSLPR–/–) mice were subjected to liver partial warm I/R injury. Liver
injury was assessed by measuring serum alanine aminotransferase (ALT) level, necrotic areas by
liver histology, hepatocyte death, and local hepatic inflammatory responses. Signal pathways
were explored in vivo and in vitro to identify possible mechanisms for TSLP in I/R injury. TSLP and
TSLPR protein expression increased during liver I/R in vivo and following hepatocyte hypoxia/
reoxygenation in vitro. Deletion of TSLPR or neutralization of TSLP with anti-TSLP antibody
exacerbated liver injury in terms of serum ALT levels as well as necrotic areas in liver histology.
Administration of exogenous recombinant mouse TSLP to WT mice significantly reduced liver
damage compared with controls, but failed to prevent I/R injury in TSLPR–/– mice. TSLP induced
autophagy in hepatocytes during liver I/R injury. Mechanistically, Akt was activated in WT mice
during liver I/R injury. The opposite results were observed in TSLPR–/– mice. In addition, TSLP
could directly induce Akt activation in hepatocytes independent of nonparenchymal cells in vitro.
Furthermore, the Akt agonist, insulin-like growth factor-1 (IGF-1), prevented I/R injury in TSLPR–/–
mice and an Akt inhibitor, LY294002, blocked the protective effects of TSLP in WT mice subjected
to I/R. Our data indicate that TSLP protects against liver I/R injury via activation of the PI3K/Akt
pathway. Through this pathway, TSLP induces autophagy in hepatocytes. Thus, TSLP is a potent
inhibitor of stress-induced hepatocyte necrosis.
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Liver ischemia/reperfusion (I/R) injury occurs in many clinical scenarios, including liver transplantation, trauma, hemorrhagic shock, and liver resections (1). While techniques for safer liver surgery have
improved surgical outcomes, liver I/R injury is still the major cause of postoperative liver dysfunction
and failure, especially in liver transplantation (2). Despite efforts to understand the mechanisms responsible for liver I/R injury, we have only a partial understanding of the molecular and cellular events that
regulate liver injury following I/R. Oxidative stress is thought to initiate injury during the ischemic
phase and also initiate a sterile inflammatory response that manifests following reperfusion, which contributes to further liver injury. The combined effects of oxidative stress and excessive inflammation lead
to hepatocyte necrosis and apoptosis (3).
Thymic stromal lymphopoietin (TSLP) is a member of the IL-2 cytokine family, and a distant paralog
of IL-7 (4). It is mainly released by epithelial cells, and it can also be produced by fibroblasts, smooth muscle cells, and immune cells under mechanical injury and in inflammatory conditions (5). TSLP is known
to be highly expressed in heart, liver, and prostate. The low-affinity TSLP receptor (TSLPR) and IL-7
receptor α chain combine to form a high-affinity TSLP heterodimeric receptor complex (6). TSLPR mainly
distributes on immune cells including lymphocytes, dendritic cells (DCs), and monocytes. Previous studies
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have suggested that TSLP is involved in immune disorders including allergic inflammation (7), infection
(8), cancer (9), and autoimmunity (10). Recent studies suggest that TSLP is involved in innate and adaptive
immune responses (5, 11). While it is known that liver cells including hepatocytes can produce TSLP, it
remains unknown if TSLP is involved in liver I/R injury.
In this study, we evaluated the hypothesis that TSLP is involved in the pathogenesis of liver I/R injury.
Wild-type (WT) mice and TSLP receptor–knockout (TSLPR–/–) mice were subjected to liver I/R injury.
Both TSLP and TSLPR were rapidly upregulated by ischemia in the liver and hypoxia in hepatocytes, and
TSLPR–/– mice exhibited much worse liver damage after I/R compared with WT mice. Furthermore, TLSP
protected against liver I/R injury and hypoxic cell death via activation of the PI3K/Akt pathway and the
activation of autophagy in hepatocytes. Thus, exogenously administered TSLP might be useful to prevent
injury after liver I/R.

Results
TSLP and TSLPR protein expression increased after liver I/R injury in vivo and hypoxia/reoxygenation in vitro. To
determine whether liver TSLP or TSLPR levels change after liver I/R, we subjected WT mice to partial
liver ischemia followed by reperfusion. TSLP and TSLPR proteins were expressed at low levels at baseline
but were induced substantially during liver I/R. Liver TSLP levels were markedly elevated above baseline
by 1 hour of ischemia and before reperfusion. TSLP levels remained elevated throughout the 24-hour
observation time period. Increases in TSLPR levels were observed within 1 hour; however, reperfusion
induced further increases that remained through the 24 hours of observation (Figure 1A). Interestingly,
deletion of TSLPR resulted in higher levels of TSLP in the liver at baseline, as measured by Western blot
or ELISA. While TSLP levels increased in the livers of WT mice, levels remained even higher in the livers
of TSLPR–/– mice at 6 hours after the initiation of I/R (Figure 1B).
To further evaluate the origins of the elevated TSLP and TSLPR expression, we mimicked I/R in vitro
by subjecting cultured hepatocytes and nonparenchymal cells to hypoxia for 10 hours (1% oxygen) followed
by reoxygenation every 2 hours for an additional 12 hours (0, 2, 4, 6, 8, 10, and 12 hours). TSLP and
TSLPR protein expression increased substantially in hepatocytes and nonparenchymal cells, as assessed by
Western blot; however, the relative increase was much greater in hepatocytes (Figure 1, C and D). TSLP
levels also increased in the supernatants of cultured hepatocytes at 12 hours after H/R (Figure 1E). The elevations of TSLP and TSLPR expression in vivo and in vitro in liver cells with ischemia suggest the possible
involvement of TSLP during liver I/R injury.
TSLP signaling protects against liver I/R injury. To determine the role of TSLP in liver I/R injury we
subjected WT and TSLPR–/– mice to liver I/R injury and assessed liver injury by measuring serum alanine
aminotransferase (ALT) levels at 0, 1, 3, 6, and 24 hours after 1 hour of ischemia. As shown in Figure 2A,
TSLPR–/– mice exhibited higher ALT levels starting at 1 hour after reperfusion, which persisted to 6 hours.
By 24 hours ALT levels had dropped to similar levels in both WT and TSLPR–/– mice. Morphological
indexes (hematoxylin and eosin [H&E] staining) were assessed at 6 hours after reperfusion and confirmed
that the necrotic areas of the ischemic hepatic lobes were significantly greater in TSLPR–/– mice when compared with WT mice (Figure 2B). These results indicate that TSLPR deficiency exacerbates liver I/R injury.
To confirm the protective effects of TSLP in liver I/R injury, we next neutralized TSLP with anti-TSLP
antibody in WT mice during I/R. WT mice subjected to liver I/R injury were treated with anti-TSLP antibody
or IgG immediately after reperfusion (100 μg/mouse, intraperitoneally [i.p.]). Liver damage was markedly
exacerbated in the anti-TSLP antibody group when compared with the IgG group, as assessed by serum ALT
levels and necrotic areas measured by histology (Figure 2, C and D). Considering that TSLPR deficiency and
neutralizing TSLP exacerbated liver I/R injury, we concluded that TSLP protects against liver I/R injury.
To determine if exogenous TSLP could protect from I/R injury, we subjected WT and TSLPR–/– mice
to liver I/R and treated the mice with mouse recombinant TSLP (rTSLP) or phosphate-buffered saline
(PBS) immediately after reperfusion (2 μg/mouse, i.p.). WT mice treated with rTSLP showed dramatically
attenuated serum ALT levels and liver necrosis after liver I/R when compared with the mice treated with
PBS (Figure 2, E and F). In contrast, TSLPR–/– mice treated with rTSLP showed serum ALT levels and
necrotic areas after liver I/R similar to those of mice treated with PBS (Figure 2, G and H). Taken together,
these data demonstrate that TSLP protects against liver I/R injury via its receptor TSLPR.
TSLP induces autophagy in vivo and in vitro. Cell death is the end result of liver I/R injury, and can propagate injury through the activation of inflammatory pathways. Activation of autophagy can prevent cell
insight.jci.org   https://doi.org/10.1172/jci.insight.129013
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Figure 1. TSLP and TSLPR protein expression increase after liver I/R injury in vivo and H/R in vitro. (A) TSLP and TSLPR protein expression in liver
from WT mice in sham surgery (Sham) or ischemia/reperfusion (I/R; ischemia for 1 hour, reperfusion for 0, 1, 3, 6, 12, or 24 hours) groups were assessed
with Western blot. GAPDH served as a loading control. (B) TSLP protein expression of WT and TSLPR–/– mice was assessed in liver (by Western blot) and
serum (by ELISA, right) after liver I/R injury (I: 1 hour; R: 6 hours). All data are shown as the mean ± SEM. n = 5 in sham groups, n = 6 in liver I/R groups.
NS, no significance. (C and D) TSLP and TSLPR protein expression in primary WT hepatocytes (C) and nonparenchymal cells (D) subjected to hypoxia
for 10 hours (1% oxygen) and then reoxygenation for different time points (0, 2, 4, 6, 8, 10, and 12 hours) (H/R). (E) Primary WT hepatocytes (HC) and
nonparenchymal cells (NPC) were cultured either in normal oxygen (control group) or in hypoxia for 10 hours (1% oxygen) and then reoxygenation for 8
hours (H/R group). TSLP protein levels in supernatant were assessed with Western blot. For Western blot results, figures are representative of data from
multiple mice per experimental group or 3 independent in vitro experiments. ELISA data were assessed by unpaired, 2-tailed Student’s t test (B).

death during ischemia (12, 13) and we and others have demonstrated that autophagy protects from liver
I/R injury (12–14). To determine if TSLP regulates protective autophagy during I/R we assessed autophagy markers after liver I/R injury. LC3 and Beclin-1 protein levels increased, while P62 levels decreased
during I/R in WT mice. These changes were not observed in TSLPR–/– mice (Figure 3A). During autophagy, autophagosomes can form from new autophagosome formation and/or blockade of autophagosome
degradation. To assess these possibilities, we cultured WT and TSLPR–/– hepatocytes with or without bafilomycin A1, which inhibits autophagolysosomal fusion and degradation, and then subjected the cultured
hepatocytes to normoxia or hypoxia/reoxygenation (H/R). LC3 levels increased in WT hepatocytes after
both normoxia and H/R conditions when compared with TSLPR–/– hepatocytes after bafilomycin A1 treatment (Figure 3B). We also transfected GFP-LC3 into hepatocytes and quantified the accumulation of
GFP-LC3 puncta by confocal microscopy. Consistent with the previous results, the number of GFP-LC3
puncta in WT hepatocytes was greater than that observed in TSLPR–/– hepatocytes under either normoxia
or H/R conditions after bafilomycin A1 treatment (Figure 3C). Taken together, these data indicate that
TSLP can induce and regulate autophagosome formation in hepatocytes.
Hepatoprotective effects of TSLP in liver I/R injury are not mediated by regulating cytokine levels. The most
important functions of TSLP are to induce Th2 responses, regulate Th1/Th2 cell ratios, and promote the
differentiation of Th17 cells (5). A number of cytokines are involved in liver I/R injury (3, 15). To ascertain
whether the hepatoprotective effects of TSLP in liver I/R injury are mediated by regulating inflammatory
cytokine production, we assessed IL-6 and TNF-α expression in the ischemic hepatic lobe and plasma at
1, 3, and 6 hours of reperfusion. The relative mRNA levels of IL-6 and TNF-α were markedly elevated at
3 hours; however, no significant difference was observed between the 2 genotypes (Figure 4, A and C). In
plasma, the IL-6 levels were highest at 6 hours after reperfusion, but again there were no significant differences between the 2 genotypes (Figure 4B). Plasma TNF-α levels were not detectable at any reperfusion
time point (data not shown). In addition, there were no significant differences between the 2 genotypes
for other cytokines representative of Th1, Th2, and Th17 immune responses after 6 hours of reperfusion
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.129013DS1). Thus, the differences in the degree of liver injury between WT and TSLPR–/– mice
were not associated with higher inflammatory cytokine levels in the absence of TSLP signaling.
TSLP activates the PI3K/Akt pathway in liver I/R injury. Having determined that TSLP protects against
liver I/R injury, we next explored the mechanisms underlying the modulation of cellular functions by TSLP.
insight.jci.org   https://doi.org/10.1172/jci.insight.129013
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Figure 2. TSLP signaling protects against liver I/R injury. (A) Serum ALT levels of WT and TSLPR–/– mice after sham surgery or liver I/R injury (I: 1 hour;
R: 0, 1, 3, 6, or 24 hours). **P < 0.01, ***P < 0.001. n = 5 in sham groups, n = 5 in liver I/R groups (I: 1 hour; R: 0, 1, or 24 hours), n = 6 in liver I/R groups (I:
1 hour; R: 3 or 6 hours). (B) Representative H&E staining images (×20) and necrotic areas of ischemic liver lobes of WT and TSLPR–/– mice at 6 hours after
reperfusion or sham controls. Dotted lines indicate measured areas of necrosis, quantified in the bar graph. **P < 0.01. n = 5 in sham groups, n = 6 in liver
I/R groups. (C) Serum ALT levels of WT mice after liver I/R injury with IgG or anti-TSLP antibody treatment (100 μg/mouse, i.p. immediately after reperfusion). *P < 0.05. (D) Representative H&E staining images (×20) and necrotic areas of ischemic liver lobes of WT mice at 6 hours after reperfusion with IgG
or anti-TSLP antibody treatment. Dotted lines indicate measured areas of necrosis, quantified in the bar graph. *P < 0.05. In C and D, n = 7 in IgG group, n =
6 in anti-TSLP group. (E) Serum ALT levels of WT mice after liver I/R injury with PBS or mouse recombinant TSLP protein (rTSLP) treatment (2 μg/mouse,
i.p. immediately after reperfusion). *P < 0.05. (F) Representative H&E staining images (×20) and necrotic areas of ischemic liver lobes of WT mice at 6
hours after reperfusion with PBS or rTSLP protein treatment. Dotted lines indicate measured areas of necrosis, quantified in the bar graph. *P < 0.05. In E
and F, n = 10 in PBS group, n = 7 in rTSLP group. (G) Serum ALT levels of TSLPR–/– mice after liver I/R injury with PBS or rTSLP treatment (2 μg/mouse, i.p.
immediately after reperfusion). (H) Representative H&E staining images (×20) and necrotic areas of ischemic liver lobes of TSLPR–/– mice at 6 hours after
reperfusion with PBS or rTSLP protein treatment. Dotted lines indicate measured areas of necrosis, quantified in the bar graph. In G and H, n = 6 in PBS
group, n = 5 in rTSLP group. All data are shown as the mean ± SEM. P values by unpaired, 2-tailed Student’s t test (A–H). NS, no significance.
insight.jci.org   https://doi.org/10.1172/jci.insight.129013
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Figure 3. TSLP induces autophagy in vivo and in vitro. (A) Western blot showing the levels of LC3, Beclin-1, and P62 in liver of WT and TSLPR–/– mice after
liver I/R injury (I: 1 hour; R: 6 hours). n = 5 in sham groups, n = 6 in liver I/R groups. (B) Western blot showing the levels of LC3 in whole-cell lysates from
WT and TSLPR–/– hepatocytes subjected to normoxia or H/R (H: 10 hours; R: 8 hours) with/without bafilomycin A1 (50 nM). Volume of LC3 II bands measured by ImageJ software and represented in bar graph relative to GAPDH loading control. Images are representative of data from at least 3 independent
in vitro experiments. **P < 0.01, *P < 0.05. (C) Confocal microscopy images of WT and TSLPR–/– hepatocytes overexpressing GFP-LC3 (green) and Hoechst
nuclear stain (blue) and subjected to normoxia or H/R (H: 10 hours; R: 8 hours) and with/without 60-minute bafilomycin A1 (50 nM) treatment (original
magnification, ×40). GFP-LC3 puncta were counted per cell and are represented in the bar graph. *P < 0.05. All data are shown as the mean ± SEM. P values by unpaired, 2-tailed Student’s t test (B and C). For Western blot results, figures are representative of data from multiple mice per experimental group
or 3 independent in vitro experiments. NS, no significance.

Several studies have indicated that TSLP can induce Akt phosphorylation and influence apoptosis, proliferation, growth, and survival (16–19). Akt activation has been shown to be a potential therapeutic
target in liver I/R injury (20). Consistent with previous studies (20), we found that WT mice exhibited
higher liver phosphorylated Akt levels starting at 1 hour after reperfusion that persisted to 6 hours. By 24
hours phosphorylated Akt levels had dropped to similar levels in both WT and TSLPR–/– mice (Figure
5A). The changes in liver phosphorylated Akt levels over time were consistent with the differences in
serum ALT levels between groups described above. In order to ascertain the relationship between TSLP
and Akt in liver I/R injury, we assessed Akt in the liver before and after I/R. Phosphorylated Akt levels
were lower in WT mice treated with anti-TSLP antibody when compared with IgG after I/R (Figure
5B). However, phosphorylated Akt levels increased in WT mice with rTSLP treatment when compared
insight.jci.org   https://doi.org/10.1172/jci.insight.129013
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Figure 4. Hepatoprotective effects of TSLP in liver I/R injury are not mediated by regulating cytokine levels. (A) Relative
mRNA levels of IL-6 were assessed by qRT-PCR in liver tissues from WT mice and TSLPR–/– mice in sham or I/R (I: 1 hour; R:
1, 3, or 6 hours) groups. (B) Plasma IL-6 levels of WT and TSLPR–/– mice after sham surgery or liver I/R injury (I: 1 hour; R: 1,
3, or 6 hours). n = 5 in sham groups, n = 5 in liver I/R groups (I: 1 hour; R: 1 hour), n = 6 in liver I/R groups (I: 1 hour; R: 1, 3, or
6 hours). (C) Relative mRNA levels of TNF-α were assessed by qRT-PCR in liver tissues from WT mice and TSLPR–/– mice in
sham or I/R (I: 1 hour; R: 1, 3, or 6 hours) groups. In A and C, GAPDH served as a control. Results are expressed as the relative
fold increase from 3 experiments compared with control. All data are shown as the mean ± SEM. P values by unpaired,
2-tailed Student’s t test (A–C). NS, no significance.

with PBS (Figure 5C). In TSLPR–/– mice, phosphorylated Akt remained at low levels even with rTSLP
administration (Figure 5C). Taken together, these data indicate that TSLP can transiently activate the
PI3K/Akt pathway during liver I/R.
TSLP induces Akt phosphorylation in vitro. Hepatocytes and nonparenchymal cells cultured alone or
together were subjected to H/R (hypoxia, 10 hours; reoxygenation, 8 hours). Phosphorylated Akt levels
increased in WT cells when compared with TSLPR–/– following H/R (Figure 6A). In order to determine
whether TSLP can directly activate Akt, cultured hepatocytes and nonparenchymal cells were exposed to
rTSLP. Consistent with the results in vivo, TSLP induced Akt activation directly in vitro at TSLP doses as
low as 10 ng/mL (Figure 6B). rTSLP-induced (100 ng/mL) Akt activation peaked at 2 hours (Figure 6C).
To assess the roles of TSLPR in nonparenchymal cells and hepatocytes, we measured the levels of total
and phosphorylated Akt in primary WT or TSLPR–/– hepatocytes and hepatocytes cocultured with nonparenchymal cells that were treated with rTSLP (100 ng/mL) for 2 hours. Akt activation increased in WT
hepatocytes with or without nonparenchymal cells. This was not observed when TSLPR–/– hepatocytes
were used in the cultures (Figure 6D). These data indicate that TSLP can induce Akt via the TSLPR in
hepatocytes independently of nonparenchymal cells.
TSLP protects against liver I/R injury via the PI3K/Akt pathway. In order to elucidate whether Akt pathway
activation is necessary for TSLP to protect against liver I/R injury, an Akt agonist, insulin-like growth factor-1 (IGF-1) or Akt inhibitor, LY294002, was administered during liver I/R. As expected, IGF-1 induced
Akt activation and protected against liver damage after liver I/R (21, 22). To determine if Akt activation
insight.jci.org   https://doi.org/10.1172/jci.insight.129013
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Figure 5. TSLP activates the PI3K/Akt pathway in liver I/R injury. (A) Western blot showing the levels of total and
phosphorylated Akt in liver of WT and TSLPR–/– mice after liver I/R injury. (B and C) Western blots showing the levels of
total and phosphorylated Akt in liver of WT and TSLPR–/– mice after liver I/R injury with different treatments: IgG (100
μg/mouse), anti-TSLP (100 μg/mouse), PBS, and rTSLP (2 μg/mouse) were administered i.p. immediately after reperfusion. Each lane represents a separate animal. The blots shown are representative of 3 experiments with similar results.

was protective in the absence of TSLPR, TSLPR–/– mice received 2 injections of IGF-1 (100 μg/kg/dose)
subcutaneously: one immediately before the surgical procedure and another immediately after reperfusion.
The activation of Akt in the liver was confirmed at 6 hours (Figure 7A). IGF-1 ameliorated liver injury in
TSLPR–/– mice after liver I/R, as assessed by serum ALT levels and necrosis by histology (Figure 7, B and
C). Having determined that rTSLP treatment could protect against liver I/R injury in WT mice, we tested
whether inhibiting Akt activation would prevent the protective effects of rTSLP treatment. Akt inhibition
with Ly294002 has been shown to exacerbate liver damage during liver I/R injury (23). WT mice were
given LY294002 (0.5 mg/kg) plus PBS or LY294002 in addition to rTSLP treatment (2 μg/mouse) i.p. 30
minutes before surgery and immediately after reperfusion. Phosphorylated Akt levels decreased remarkably
with LY294002 with either PBS or rTSLP, indicating that Akt activation was inhibited (Figure 7D). Liver
damage was similar between the LY294002 plus PBS and LY294002 plus rTSLP groups, as assessed by
serum ALT levels and necrosis by histology (Figure 7, E and F). These results demonstrate that the protective effect of TSLP is lost when Akt activation is inhibited. Furthermore, LC3 I/II protein levels increased
obviously in the livers of WT mice undergoing I/R after rTSLP treatment. However, these changes were
not observed when Akt activation was inhibited by LY294002 (Figure 7G). Taken together, these findings
support the conclusion that TSLP protects against liver I/R injury via the activation of the PI3K/Akt
pathway.

Discussion
TSLP is a cytokine mainly released by epithelial cells that plays important roles in inflammation, autoimmune disease, and cancer (5, 7–10). However, its role in I/R injury was largely unknown. Here, we provide
strong evidence that TSLP and its receptor are rapidly upregulated by ischemia in the liver. Acting through
its receptor, TSLP protects hepatocytes from necrotic death by activating Akt and promoting autophagy.
Thus, we identify TSLP as a potent survival factor for hepatocytes. These findings raise the possibility that
TSLP could be used to prevent hepatocellular death induced by ischemic insults.
Previous studies have revealed that TSLP is a key molecule for initiating allergic inflammation such
as atopic dermatitis and asthma through DCs and mast cells by triggering inflammatory Th2 responses
characterized by high TNF-α and little IL-10 production (5). Recent studies confirmed that TSLP promotes
survival of malignant cells and angiogenesis in ischemic stroke (19, 24). Our study is the first to our knowledge to document the role of TSLP in sterile inflammation induced by I/R. More specifically, our study
links TSLP to the activation of the PI3K/Akt pathway through its canonical receptor in the protection of
hepatocytes from ischemic injury.
TSLP protein expression is abundant in liver, and especially in hepatocytes. In a previous study, TSLP
secreted by hepatocytes and keratinocytes of HCV-infected patients with cryoglobulinemic vasculitis contributed to the pathogenesis of vasculitis (25). Mechanical injury, the proinflammatory milieu, and proteases, such as trypsin and papain, were found to cause TSLP production and release from the epithelial
insight.jci.org   https://doi.org/10.1172/jci.insight.129013
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Figure 6. TSLP induces Akt phosphorylation in vitro. (A) Western blot showing the levels of total and phosphorylated Akt
in primary WT and TSLPR–/– hepatocytes (HC) or nonparenchymal cells (NPC) subjected to control or hypoxia for 10 hours
(1% oxygen) and then reoxygenation for 8 hours (H/R). For coculture group, HC and NPC were cultured together and then
subjected to control or H/R. (B) Western blot showing the levels of total and phosphorylated Akt in primary WT HC after
receiving different doses of rTSLP (10 ng/mL, 50 ng/mL, 100 ng/mL, and 500 ng/mL) treatment for 2 hours. (C) Western
blot showing the levels of total and phosphorylated Akt in primary WT HC after receiving rTSLP (100 ng/mL) treatment at
different time points (10 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, and 24 hours). (D) Western blot showing
the levels of total and phosphorylated Akt in primary WT or TSLPR–/– HC and HC cocultured with NPC after receiving rTSLP
(100 ng/mL) treatment for 2 hours. The blots shown are representative of 3 experiments with similar results.

compartments (5, 26). During liver I/R injury, there are 2 phases: the ischemic phase, which is characterized by oxidative stress and hepatocyte ischemic stress and adaptation; and the subsequent reperfusion
phase, which is characterized by cell death and inflammation. In the present study, we observed that TSLP
and TSLPR protein expression increased markedly during the ischemic phase of liver I/R injury. While
little TSLP is released systemically, it is clear based on the use of a TSLP-neutralizing antibody that TSLP
can act in an autocrine or paracrine manner to trigger signaling in ischemic hepatocytes. It is possible that
most of the TSLP released by hepatocytes is taken up through interaction with TSLPR locally. How ischemia leads to an upregulation of hepatocyte TSLP and TSLPR levels is unknown.
TSLP is known to exacerbate tissue injury in many infectious diseases by activating DC-primed naive
T cells to produce proallergic cytokines (IL-4, IL-5, IL-13, TNF-α) while downregulating IL-10 and IFN-γ
(27). In a halothane-induced liver injury (HILI) mouse model, TSLP and IL-4 mediate the pathogenesis of
liver injury. The severity of HILI was reduced in mice deficient in either TSLPR or IL-4 and was accompanied by decreases in serum levels of eotaxins and hepatic eosinophilia (28). Another study revealed that
hepatocyte-derived TSLP conditions DCs to drive Th17 differentiation. Furthermore, blockade of TSLP
released by HCV-infected hepatocytes may suppress the induction/maintenance of hepatic Th17 responses
and halt the progression of chronic liver disease to fibrosis and liver failure (29). The protective effects of
TSLP in our model may relate to the acute nature of the I/R insult and the presence or absence of other inflammatory mediators in the microenvironment. In addition, our data point to the impact of TSLP
directly acting on hepatocytes as opposed to the activation of cytokine release by other cells.
The best-characterized function of TSLP is to induce Th2 responses defined by high amounts of IL-4, IL-5,
IL-13, and TNF-α, but not IL-10 or IFN-γ (5, 27). In allergic inflammation, Th2 responses initiate and exacerbate tissue injury (30). However, in liver I/R injury, previous studies have shown that Th2 responses can protect
against liver damage (31, 32). To determine whether the hepatoprotective effect of TSLP in liver I/R injury
is related to Th2 cytokines, we assessed inflammatory cytokine expression in the ischemic liver. According to
our data, there were no significant differences between WT mice and TSLPR–/– mice in Th1, Th2, and Th17
responses, supporting the idea that TSLP effects in I/R are not through the upregulation of type 2 cytokines.
The PI3K/Akt signaling pathway regulates diverse cellular functions including metabolism, growth, proliferation, survival, transcription, and protein synthesis (33). Many studies have demonstrated that the PI3K/Akt
signaling pathway plays an important role in liver I/R injury by inhibiting proapoptotic signals, inflammation,
and mitochondria-produced ROS, while at the same time promoting antiapoptotic effects, cell growth, and
vasoregulation. Akt is thought to be a potential therapeutic target for liver I/R injury (20, 34). Our previous
study revealed that carbon monoxide activates NF-κB via ROS generation and Akt pathways to protect against
death of hepatocytes (35). Another study confirmed that ischemic preconditioning of the murine liver protects
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Figure 7. TSLP protects against liver I/R injury via PI3K/Akt pathway. (A) Western blot showing the levels of total and phosphorylated Akt in liver of
TSLPR–/– mice after liver I/R injury (I: 1 hour; R: 6 hours) with PBS or Akt agonist insulin-like growth factor-1 (IGF-1) (2 doses, 100 μg/kg/dose, subcutaneous injection, one dose starting immediately before surgical procedure, another dose starting immediately after reperfusion) treatment. (B) Serum ALT
levels of TSLPR–/– mice after liver I/R injury with PBS or IGF-1 treatment. ***P < 0.001. (C) Representative H&E staining images (×20) and necrotic areas of
ischemic liver lobes of TSLPR–/– mice at 6 hours after reperfusion with PBS or IGF-1 treatment. Dotted lines indicate measured areas of necrosis, quantified
in the bar graph. **P < 0.01. In A–C, n = 8 in PBS group, n = 5 in IGF-1 group. (D) Western blot showing the levels of total and phosphorylated Akt in liver of
WT mice after liver I/R injury with PBS or LY294002 plus PBS or LY294002 plus rTSLP treatment (LY294002 [0.5 mg/kg] was administered i.p. 30 minutes
before surgery; PBS and rTSLP [2 μg/mouse] were administered i.p. immediately after reperfusion). (E) Serum ALT levels of WT mice after liver I/R injury
with LY294002 plus PBS or LY294002 plus rTSLP treatment. (F) Representative H&E staining images (×20) and necrotic areas of ischemic liver lobes of WT
mice at 6 hours after reperfusion with LY294002 plus PBS or LY294002 plus rTSLP treatment. Dotted lines indicate measured areas of necrosis, quantified
in on the bar graph. In D–F, n = 6 per group. (G) Western blot showing the levels of total Akt, phosphorylated Akt, and LC3 in liver of WT mice after liver I/R
injury with PBS or LY294002 plus PBS or rTSLP treatment. The Western blots shown are representative of 3 experiments with similar results. All data are
shown as the mean ± SEM. P values by unpaired, 2-tailed Student’s t test (B, C, E, and F). NS, no significance.

through the Akt kinase pathway (36). TSLP has been confirmed to stimulate normal and malignant B lymphopoietic proliferation by activating Akt signaling cascades (16, 19). Consistent with these previous studies (20),
Akt was phosphorylated and activated in WT mice after liver I/R injury. Thus, TSLP appears to support Akt
signaling and administration of exogenous TSLP can further activate Akt to provide even greater protection.
Taken together, our results confirm that TSLP protects against liver I/R injury via the PI3K/Akt pathway.
As demonstrated, autophagy can maintain cell homeostasis and ensures cell survival under stressful conditions via regulating the degradation of damaged cytoplasm and mitochondria (37). Many studies show that
autophagy plays a pivotal role in maintaining mitochondrial function and cell survival after liver I/R injury
(38). Our data indicated that TSLP upregulates autophagy during liver I/R to protect against liver damage.
This result is different from the function of TSLP in chronic inflammatory disease, where TSLP was observed
to reduce autophagy and serve as a fundamental contributor to chronic obstructive pulmonary disease (COPD)
(39). The explanation for the difference may relate to the acute nature of I/R injury versus the slower induction
of type 2 immune responses needed for many of the more delayed effects of TSLP in chronic disease models.
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In conclusion, the present study reveals that TSLP protects against liver I/R injury via activation of
the PI3K/Akt pathway and by inducing autophagy. Because exogenous TSLP prevented I/R-induced liver injury through these pathways even in WT mice, it is possible that TLSP could be used to prevent
ischemia-induced liver damage. In addition, these findings broaden our understanding of the functions of
TSLP in acute sterile inflammation induced by I/R injury. Furthermore, we also found that liver injury was
higher at 6 hours after acetaminophen (400 mg/kg) administration in TSLPR–/– mice (Supplemental Figure
2), suggesting that the protective effects of TSLP signaling in the liver may extend to other models of injury.

Methods
Animals. TSLPR–/– (on a C57BL/6J background) mice were a gift from Richard Locksley (UCSF, San
Francisco, California, USA) and were bred in our facility. C57BL/6J WT mice were purchased from Jackson Laboratory. All mice used in the study were male and 8–12 weeks old.
Reagents. Western blot antibodies: TSLP (catalog PA5-20321) and TSLPR (catalog PA5-20380) antibodies
were from Invitrogen; GAPDH (catalog ab8245) and β-actin (catalog ab8226) antibodies were from Abcam;
Autophagy Antibody Sampler Kit (LC3 antibody, Beclin-1 antibody, P62 antibody; 4445), phospho-Akt antibody (S473) (catalog 9271), and Akt antibody (catalog 9272) were from Cell Signaling Technology. Mouse
TSLP Quantikine ELISA Kit (catalog MTLP00) was from R&D Systems. The reagents for animal treatment
and cell culture were as follows: rat IgG (azide free) (catalog 6-001-F), anti-TSLP antibody (catalog MAB555),
mouse rTSLP (catalog 555-TS-101), and recombinant mouse IGF-1 (catalog 791-MG-050) were from R&D
Systems. LY294002 (catalog L9908) and bafilomycin A1 (catalog 19-148) were from Sigma-Aldrich.
Mouse liver I/R injury model and animal treatment. A nonlethal model of segmental (70%) hepatic warm
I/R was used as described previously (40). Briefly, all structures in the portal triad (hepatic artery, portal
vein, bile duct) to the left and median liver lobes were occluded with a microvascular clamp for 60 minutes
and reperfusion was initiated by clamp removal. The temperature of the mice during ischemia was maintained at 33°C using a warming incubator chamber. Sham animals underwent anesthesia, laparotomy, and
exposure of the portal triad without hepatic ischemia. Animals were sacrificed at 6 hours after reperfusion
to obtain serum and liver samples. IgG, anti-TSLP antibody (100 μg/mouse), PBS, and mouse rTSLP (2
μg/mouse) were administered i.p. immediately after reperfusion. IGF-1 was administered subcutaneously
(100 μg/kg/dose) 1 minute before the surgical procedure and immediately after reperfusion. LY294002 (0.5
mg/kg, i.p.) was administered 30 minutes before surgery.
Serum sample assays. Serum TSLP concentrations were assessed by Mouse TSLP Quantikine ELISA
Kit following the manufacturer’s instructions. ALT levels were determined by the DRI-CHEM 4000 Chemistry Analyzer System (Heska).
Histological analysis. Mice were euthanized after designated treatment. The right upper lung lobe and
the left lateral lobe of the liver were perfused with PBS and fixed in 2% paraformaldehyde (PFA). Tissues
were then placed in 2% PFA for an additional 2 hours and then switched to 30% sucrose in distilled water
for 24 hours. The tissue was then slowly frozen in liquid nitrogen–cooled 2-methylbutane according to a
standardized protocol for cryopreservation. Cryostat sections of the tissues (6 μm) were stained with H&E
to evaluate histopathologic cumulative changes among treatment groups. Images of 5 randomly selected
fields were acquired using an Olympus Provis light microscope with ×20 magnification. Necrotic areas
were analyzed by ImageJ software (NIH).
Hepatocyte and nonparenchymal cell isolation and culture. Hepatocytes were isolated as described previously (41). Mice were perfused by an in situ collagenase (type VI, Worthington) technique. Hepatocytes
were separated from nonparenchymal cells and purity exceeded 99% by light microscopy. The viability was
greater than 95% as measured by trypan blue exclusion. Hepatocytes were cultured as described previously (41). Nonparenchymal cells were isolated and cultured as described previously (12). Nonparenchymal
cells were subjected to differential centrifugation and purified without hepatocytes as determined by light
microscopy. Hepatocytes (150,000 cells/mL) and nonparenchymal cells (750,000 cells/mL) were plated on
gelatin-coated culture plates or coverslips coated with collagen I (BD Pharmingen) in Williams medium
E with 10% calf serum, 15 mM HEPES, 1 μM insulin, 2 mM L-glutamine, penicillin (100 U/mL), and
streptomycin (100 U/mL). Cells were allowed to attach to plates overnight, and the culture medium was
replaced with fresh medium before the cells were treated for experiments.
Comparative PCR analysis. The median lobe of the liver was frozen in liquid nitrogen and stored at –80°C
for comparative PCR analysis. Total RNA was extracted with the RNeasy mini extraction kit (Qiagen)
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according to the manufacturer’s instructions. From 1 μg of RNA and with oligo-dT primers (Qiagen) and
Omniscript reverse transcriptase (Qiagen), complementary DNA (cDNA) was generated and used for realtime PCR analysis. SYBR Green PCR master mix (PE Applied Biosystems) was used to prepare the PCR
reaction mixes. Two-step, real-time reverse transcription PCR (RT-PCR) was performed with forward and
reverse primer pairs prevalidated and specific for IL-4, IL-5, IL-6, IL-12, IL-13, IL-17A, TNF-α, and IFN-γ
(Qiagen). All samples were assayed in duplicate, and normalized to β-actin or GAPDH mRNA abundance.
Western blot. For in vitro experiments, hepatocytes were washed with cold PBS, collected in lysis buffer
(Cell Signaling Technology), sonicated, and centrifuged (16,000 g for 15 minutes), after which the supernatant
was collected. For in vivo experiments, snap-frozen liver (ischemia lobe) was homogenized in lysis buffer and
centrifuged (16,000 g for 15 minutes), after which the supernatant was collected. Protein concentrations were
determined with the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Loading buffer was
added to the samples, which were then resolved by 10% or 15% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). Samples were then transferred to a polyvinylidene difluoride membrane at 250
mA for 2 hours. The membrane was blocked in 5% milk for 1 hour and then incubated with primary antibody
in 1% milk overnight. Membranes were washed in Tris-buffered saline–Tween 20 (TBS-T) for 10 minutes,
incubated with horseradish peroxidase–conjugated (HRP-conjugated) secondary antibody for 1 hour, and then
washed for 1 hour in TBS-T, before being developed for chemiluminescence (Thermo Fisher Scientific). The
chemiluminescent signals were acquired and quantified with the ChemiDoc MP Imaging System (Bio-Rad).
Autophagic flux. Autophagic flux was performed and measured as described previously (12). Primary
hepatocytes were cultured under hypoxic conditions (1% oxygen for 10 hours) following reoxygenation (normoxic conditions for 8 hours) with bafilomycin A1 (50 nM) treatment for 1 hour during reoxygenation. LC3
I/II conversion was detected in whole-cell lysates by Western blot. Another culture of primary hepatocytes
was transfected with GFP-LC3 adenovirus before hypoxia. Cells transfected with GFP-LC3 were imaged with
a Zeiss LSM510 laser-scanning confocal microscope. GFP-LC3 puncta were counted for 30 cells/treatment.
Statistics. All data are shown as mean ± standard error of the mean (SEM). Data analysis was performed using GraphPad Prism software. Comparisons between 2 experimental groups were performed by
2-tailed Student’s t test. A statistically significant difference was considered when P < 0.05.
Study approval. Animal protocols were approved by the Animal Care and Use Committee of the University of Pittsburgh, and the experiments were performed in adherence to the NIH Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011).
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