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Hepatic ischemia/reperfusion injury (HIRI) is a major cause of liver dysfunction and even

liver failure after liver transplantation and hepatectomy. One of the critical mechanisms

that lead to HIRI is an acidic microenvironment, which develops due to the accumulation

of high acid-like substances such as lactic acid and ketone bodies. Previous studies have

shown that the adoptive transfer of induced regulatory T cells (iTregs) attenuates HIRI;

however, little is known about the function of Tregs in the acidic microenvironment of a

HIRI model. In the present study, we examined the effect of acidic microenvironment

on Tregs in vitro and in vivo. Here, we report that microenvironment acidification

and dysfunction of the liver is induced during HIRI in humans and mice and that an

acidic microenvironment can inhibit the generation and function of CD4+CD25+Foxp3+

iTregs via the PI3K/Akt/mTOR signaling pathway. By contrast, the reversal of the acidic

microenvironment restored Foxp3 expression and iTreg function. In addition, the results

of cell culture in vitro indicated that the proton pump inhibitor omeprazole improves

decreased iTreg differentiation caused by the acidic microenvironment, suggesting the

potential clinical use of proton pump inhibitors as immunoregulatory therapy in the

treatment of HIRI. Furthermore, our findings demonstrate that buffering the acidic

microenvironment to attenuate HIRI in mice has an inseparable relationship with Tregs.

Thus, an acidic microenvironment is a key regulator in HIRI, involved in modulating the

generation and function of Tregs.
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INTRODUCTION

Hepatic ischemia/reperfusion injury (HIRI) refers to a clinical
phenomenon wherein tissue damage is aggravated and even
irreversible after the liver restores blood flow on the basis
of ischemia. HIRI is an inevitable pathophysiological process
during liver resection and liver transplantation, which directly
affects the prognosis of surgery. The mechanism of HIRI is
complex, especially in immune cells. In the early stage of HIRI
(within 2 h after reperfusion), Kupffer cells synthesize reactive
oxygen species (ROS) and pro-inflammatory factors such as
TNF-α and IL-1 via the TLR4/NF-κB pathways to activate
hepatic sinusoidal endothelial cells (1, 2). Subsequently, the
expression of intercellular adhesion molecule 1 and vascular cell
adhesion molecule one increases, causing the local accumulation
of neutrophils in the liver and the release of myeloperoxidase
(such as Cl−). In turn, these actions catalyze the formation of
strong oxidants such as HOCl by H2O2, aggravating endothelial
cells injury and eventually leading to persistent ischemic injury
to the liver (3). In addition, the direct induction of master cell
degranulation by ROS may also contribute to the progress of
HIRI (4). Recent studies have found that T cells are probably
the primary mediator of HIRI (5) and that the reduction or
elimination of CD4+ T cells can effectively reduce neutrophil
aggregation, inhibit neutrophil activation, and improve HIRI
(6). Furthermore, Kun et al. found that exosomes produced by
hUCB-MSCs alleviated HIRI via upregulating regulatory T cell
(Treg) differentiation and inhibiting Th17 cell differentiation (7).

Tregs are a subset of T cells that maintain the balance
of the body’s immune system. Changes in the ratio and
function of Tregs can cause many diseases such as autoimmune
diseases. They usually can be divided into two classes: natural
Tregs and inducible Tregs (iTregs). Natural Tregs are derived
from the thymus, also known as thymic Tregs. iTregs, also
recognized as peripheral Tregs in vivo, are formed by the
development and differentiation from naïve T cells in the
peripheral environment within TGF-β (8). Both classes have
the same CD4+CD25+CD127low phenotype and express the
transcription factor fork head box P3 (Foxp3), a characteristic
marker. Various studies in vivo or in vitro have shown that both
classes can exert immunosuppressive effects by inhibiting the
activation of immune cells such as T cells, B cells, natural killer
cells, and dendritic cells (9). Furthermore, recent studies have
demonstrated that the adoptive transfer of iTregs can alleviate
HIRI in mice (10). Due to the shortage of thymic Tregs and the
similar effect of iTregs, we focused on iTregs in our research.

In mammals, the pH values of blood and tissue are usually
maintained within a narrow range around 7.4. However, some
diseased areas, such as inflammation loci, cancer nests, and
infarct areas, have shown to be acidified. The pH values of
the interstitial fluid of tumors and abscesses can decrease
lower than 6.0, averaging 0.2–0.6 units less than the mean
extracellular pH of normal tissues (11). In various cancers,
acidification of the tumor microenvironment stimulates tumor

cell aggression and malignant progression through remodeling

of the extracellular matrix (ECM), promotion of angiogenesis,
and dedifferentiation of cancer cells, resulting in increased

invasiveness and metastasis (12). A recent study on lung cancer
reported that prolonged exposure to an acidic environment
induces a sustained invasive phenotype through a mechanism
differing from that of reversible phenotype resulting from
transient exposure to acidic extracellular pH (13). In an in vitro
study, the growth of bone marrow stem cells from a patient with
pancytopenia was found to be inhibited by concentrations of
methylmalonic acid found in vivo (14). In addition, impaired
neutrophil and monocyte chemotaxis has been found in some
patients with methylmalonic aciduria (15). Furthermore, Menkin
demonstrated that the number of granulocytes in local exudates
decreased as the local pH decreased and found higher-than-
normal concentrations of lactic acid and hydrogen ion in
exudates from patients with diabetes (16).

Given that the acidic microenvironment is one of the
key mechanisms leading to HIRI, and the intriguing, but
not yet fully understood, relationship between Treg and
acidic microenvironment in HIRI, we designed a series of
experiments in vitro and in vivo to investigate the role of
acidic microenvironment in HIRI. Overall, we found that an
acidic microenvironment is a key regulator in HIRI, involved in
modulating the generation and function of Tregs. Importantly,
the buffering of the acidic microenvironment to attenuate HIRI
in mice was associated with restoration of Tregs function.

MATERIALS AND METHODS

Animals and Liver Partial
Ischemia/Reperfusion Injury Model
Male mice (C57BL/6), 8 weeks old, were purchased from the
Model Animal Research Center of Nanjing University. The
mouse model of partial HIRI was established as follows (17).
Mice were anesthetized with 3.5% chloral hydrate (0.1 ml/10 g)
and then the midline incision was performed. The middle and
left lateral portal vein and hepatic artery were clamped by
the non-invasive vascular clip for 60min to induce 70% of
the liver ischemia. After ischemia, reperfusion was initiated by
removing the clip. In addition to vascular clamping, the same
protocol was used in sham mice. For NaHCO3 treatment and
NaHCO3 + PC61 treatment groups, mice were injected with 5%
NaHCO3 solution (100 µl/10 g, pH 8.2, Sigma) through caudal
vein at the beginning of ischemia with or without PC61 (250
mg/mouse, intraperitoneal injection, Sigma) pretreatment for 3
days. Mice ischemic liver tissue and blood were collected at the
indicated time. The sample size (n) for each experimental group
is 6. Investigators were blinded to the group allocation when
assessing the outcome. All animals were treated according to the
guidelines for the use of experimental animals and approved by
the Institutional Animal Care and Research Advisory Committee
of Nanjing Medical University.

Patient Recruitment and pH Measurement
Twenty patients who underwent partial hepatectomy were
recruited from the Hepatobiliary Center of the First Affiliated
Hospital of Nanjing Medical University. These patients were
randomly grouped by hepatic portal occlusion within 20min or
more than 40min. Informed consent was signed before surgery

Frontiers in Immunology | www.frontiersin.org 2 January 2020 | Volume 10 | Article 2945

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gan et al. Acidic Microenvironment Regulates HIRI

and approved by the Ethics Committee of the First Affiliated
Hospital of Nanjing Medical University. Once the liver tissue was
excised, the pH measurement was performed using a pH meter
(pH5S, SanXin) immediately.

Serum Transaminase
The mouse blood was harvested via eyeballs at the indicated time
after reperfusion. After standing for 2 h at room temperature,
the serum was extracted by centrifugation at 7,000 rpm for
10min at 4◦C. The serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were detected by an automatic
biochemical analyzer to evaluate the degree of liver injury.

Naïve T Cells Isolation and Induction
Peripheral blood mononuclear cells (PBMCs) were prepared
from the heparinized venous blood of healthy adult volunteers
by Ficoll-Hypaque (Amersham Biosciences) density gradient
centrifugation. Human CD4+CD45RA+ naïve T cells were
sorted from PBMCs by using the CD4+ T cell isolation kit
(Miltenyi) and CD45RA microbeads (Miltenyi) through auto-
MACS (Miltenyi Biotec, Germany) in a two-step procedure
of magnetic beads sorting (purity >95%). Naïve T cells were
activated and induced to iTregs with anti-CD3/CD28 mAb-
coated Dynabeads (1 bead to 5 cells, Gibco) in the presence
of recombinant IL-2 (100 IU/ml, R&D) and TGF-β (1 ng/ml,
R&D) in lymphocyte serum-free medium (Corning) with 10%
fetal bovine serum (Sigma) for 72 h.

Cells Culture Under Different pH
Conditions
Media for cell culture at diverse pH values were prepared
as follows. To minimize the pH change degree during the
cell culture, 10mM HEPES [4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid] was added to lymphocyte serum-free
medium (pH 7.5 ± 0.2, Corning). After the addition of fetal
bovine serum to media, HCl and NaOH were used to adjust
the pH value from 6.5 to 8.5 using a pH meter. Naïve T
cells were divided into six groups when treated with varying
concentrations of omeprazole (Merck & Millipore): pH 7.5 + 10
µmol/L, pH 6.5 + 0 µmol/L, pH 6.5 + 10 µmol/L, pH 6.5 + 20
µmol/L, pH 6.5 + 40 µmol/L, and pH 6.5 + 80 µmol/L. In all
experiments, the pH 6.5/7.5 group represents cells first cultured
in a preconditioned medium (pH 6.5) and then were returned
to approximate physiological pH (7.5) for 24 h before the assay.
Samples analyzed per cell group, n = 8. Cells were cultured in
48-well plates (total volume 500 µl per well) at a density of
1 million/ml in the presence of 5% CO2 at 37

◦C.

In vitro Suppression Assay
Human naïve CD4+ T cells sorted from healthy adult
volunteers’ PBMCs by auto-MACS (Miltenyi Biotec, Germany)
were labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) (Invitrogen) and cultured in a 48-well bottom
plate with anti-CD3/CD28-conjugated beads at a cell-to-bead
ratio of 1:1. Serially diluted iTregs were co-cultured for 72 h,
and cellular proliferation by CFSE was examined through
flow cytometry.

Phospho-Specific Protein Microarray
We used a phospho-specific protein microarray (PEX100, Full
Moon BioSystems, USA) containing 1,318 antibodies against
584 phosphorylation sites of 432 proteins for phosphorylation
profiling. The antibody array experiment was performed by
Wayen Biotechnology (Shanghai, China) according to an
established protocol. The SureScan Dx Microarray Scanner was
used to scan for chip images, and the raw data were acquired
using GenePix Pro v6.0 software. The phosphorylation ratio of
each protein was calculated as follows: phosphorylation ratio =

phospho value/unphospho value.

Flow Cytometry
For extracellular staining, harvested cells were washed and
incubated in PBS containing 1% FBS containing the below
fluorochrome-conjugated antibodies in a flow tube. For
intracellular staining of cytokines, cells were stimulated
with phorbol 12-myristate 13-acetate (50 ng/ml, Biogems),
ionomycin calcium salt (1µg/ml, Biogems), and brefeldin A
(5µg/ml, Biogems) for 6 h. Then, cells were stained with surface
markers and further fixed/permeabilized (BioLegend) and
stained for intracellular protein. Human-specific monoclonal
antibodies used for flow cytometry included CD4 (PE/cy7),
CD25 (APC/cy7), Foxp3 (AF647), IL-10 (PE), TGF-β1 (AF488),
CD45RA (APC), Annexin V (Pacific blue), propidium iodide
(PI) purchased from BioLegend, and CD127 (FITC) purchased
from BD Pharmingen. Sample detection was performed by
MACSQuant Analyzer 10 (Miltenyi Biotec, Germany) and data
were analyzed with FlowJo software.

Quantitative Real-Time PCR
RNA was extracted from harvested cells using EasyPure RNA Kit
(Transgen Biotech) according to the manufacturer’s instructions.
cDNA was synthesized using TransScript First-Strand cDNA
Synthesis SuperMix (Transgen Biotech) and amplified by qRT-
PCR in an ABI prism system (Applied Biosystems, Foster City,
CA). Data were analyzed using the relative gene expression
method and were normalized with GAPDH Ct values in the
samples. The measurements of each sample were performed
in triplicate. Primer sequences used for PCR amplification are
as follows:

Foxp3, 5′-TCACCTACGCCACGCTCAT-3′

and 5′-AAGGCAAACATGCGTGTGAA-3′;
Bcl2, 5′-GGGAGGATTGTGGCCTTCTT-3′

and 5′-TCATCCACAGGGCGATGTT-3′;
Mcl1, 5′-GAGTTCTTCCATGTAGAGGACCTAGAA-3′

and 5′-TTATTAGATATGCCAAACCAGCTCCTA-3′;
Bax, 5′-TGTTTTCTGACGGCAACTTCA-3′

and 5′-CAGTTCCGGCACCTTGGT-3′;
Bad, 5′-CGAGTTTGTGGACTCCTTTAAGAAG-3′

and 5′-TCCCACCAGGACTGGAAGAC-3′;
Gapdh, 5′-CCATCTTCCAGGAGCGAGATC-3′;
and 5′-GCCTTCTCCATGGTGGTGAA-3′.

Western Blot Analysis
Protein was extracted from harvested cells and their
concentration was determined by the BCA assay (Pierce).
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Protein samples (30 µg) were resolved by SDS-PAGE and
transferred to a PVDFmembrane. The following antibodies were
used: PI3K p85 (Cell Signaling Technology, CST#4257), P-PI3K
p85/p55 (Tyr467/199) (Arigo, ARG66216), P-Akt (Ser473)
(CST#4060), Total mTOR (CST#2983), P-mTOR (Ser2448)
(CST#5536), P-mTOR (Thr2446) (Merck&Millipore, 09-345), P-
mTOR (Ser2481) (CST#2974), P-p70S6K (Thr389) (CST#9234),
P-4E-BP1 (Thr37/46) (CST#2855), ATP6V1H (v-ATPaseH)
(Proteintech, 26683-1-AP), and GAPDH (CST#5174). HRP-
conjugated goat anti-rabbit IgG (CST#7074) was used as the
secondary antibody.

Histopathology, Immunohistochemical
Staining, and Analysis
Liver tissue collected from ischemia/reperfusion injury in mice
was fixed with formalin and then embedded in paraffin. Samples
were sectioned at a thickness of 4µm and stained with
hematoxylin and eosin (HE) for histopathologic analysis by light
microscopy. An experienced pathologist evaluated the tissue
sections and the severity of liver damage was graded using Suzuki
score. The score consisted of three components (sinusoidal
congestion, hepatocyte necrosis, and ballooning degeneration),
which were graded from 0 to 4, as described by Suzuki et al.
Followed by dewaxing hydration, antigen retrieval, staining,
dehydration, mounting, and scanning, Image J software was
used to analyze immunohistochemical staining images. IHC-
anti-Foxp3 antibody was purchased from Abcam.

Statistical Analysis
All data were presented as the mean ± SD for at least three
independent experiments. Statistical analysis was performed by
the two-sided Student’s t test, ANOVA, or Kruskal–Wallis test
when it does not conform to the normal distribution using
GraphPad Prism7.0 software. Probability (p) values ≤ 0.05
were considered statistically significant. ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001.

RESULTS

Liver Microenvironment Acidification and
Dysfunction Were Induced During HIRI in
Humans and Mice
We established a mouse model of partial hepatic ischemia/
reperfusion and collected injured liver lobe specimens and blood
at 0, 6, 12, and 24 h after reperfusion. To evaluate the extent of
liver damage, we measured the pH value of the ischemic liver
lobe, detected increased serum ALT and AST, and performed
HE staining of liver tissue. The I/R group exhibited an injured
liver with a significantly lower pH after ischemia than the sham
group; after 6 h of reperfusion, this pH reached a minimum
and then gradually recovered (p < 0.001) (Figure 1A). Serum
ALT and AST increased in the I/R group within 24 h, reached
a peak at 6 h (8155.67 ± 1875.02 U/L and 6659.33 ± 1443.60
U/L, respectively) (p < 0.001), and then gradually recovered
(Figure 1B). The pathological results of HE staining in the
I/R 6-h group of mouse livers as evaluated by Suzuki score
were consistent with the pH results: the most serious injury

and most abnormal liver pH appeared at 6 h after reperfusion
(Figures 1C,E). We also tested the relationship between pH and
liver function in the clinic among 20 patients who underwent
partial hepatectomy surgery. These patients were grouped by
hepatic portal occlusion within 20min or more than 40min.
We measured the pH of the resected liver tissue immediately
after the liver tissue was excised. We found that the shorter
the hepatic portal occlusion time, the less the pH dropped
(Figure 1F). After the operation, we performed serological
examination on both groups of patients. In accordance with
the results in mice, both ALT and AST in the two groups
were increased and the liver was found to recover faster with
shorter hepatic portal occlusion time (Figure 1D). However, for
ethical reasons, the pH value of normal human livers could not
be determined.

Acidic Microenvironment Decreases the
Generation of CD4+CD25+Foxp3+iTregs
CD4+CD45RA+ naïve T cells isolated from human PBMCs
were co-cultured with IL-2, TGF-β, and anti-CD3/CD28 mAb-
coated Dynabeads for 9 days in media of different pH values
(6.5–8.5). Foxp3 expression of iTregs was detected by flow
cytometry on days 3, 6, and 9. Data showed that the induction
efficiency of iTregs in the pH 6.5 group was the lowest
and its Foxp3 expression was significantly lower than the
pH 7.5 group, especially on day 3. In addition, its induction
rate was only 45.48% ± 0.50%, which was about 25% lower
than that of the pH 7.5 group (p < 0.001) (Figures 2A,B).
Therefore, the pH 7.5 and pH 6.5 groups were selected for
further study.

Cell counts were performed on days 3, 6, and 9. The results
showed that the density of the pH 6.5 group was lower than
that of the pH 7.5 group, especially on days 6 and 9 (p <

0.001; p < 0.001) (Figure 3A). It is widely believed that an
acidic microenvironment is not suitable for cell culture. Thus,
to consider whether an acidic microenvironment induces the
apoptosis of Tregs, we examined the cell apoptosis of the two
groups on day 3. Additionally, changes in extracellular pH were
also detected during cell culture (Figure 3B). After 3 days of
culture, Annexin V–PI staining showed that the pH 6.5 group had
significantly greater percentages of early and late apoptotic cells
than the pH 7.5 group (p < 0.001), which may be one of reasons
for cell count decline (Figures 3E,F). Meanwhile, transcript levels
of pro-apoptotic and anti-apoptotic genes and Foxp3 in the two
groups were detected. The expression of pro-apoptotic genes Bax
and Bad was elevated in the pH 6.5 group; the expression of anti-
apoptosis geneMcl-1was more than four times that of the pH 7.5
group (p < 0.001) (Figure 3C). Furthermore, mRNA expression
of Foxp3 was significantly lower in the pH 6.5 group than in the
pH 7.5 group (p < 0.001) (Figure 3D).

Reversal of Acidic Microenvironment
Restores Foxp3 Expression and Regulatory
Function of iTregs
To investigate the effect of an acidic microenvironment on
the function of iTregs induced from naïve T cells, changes
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FIGURE 1 | HIRI causes microenvironment acidification and dysfunction of the liver in humans and mice. (A) pH value of injured liver lobe by time point after

reperfusion in mice. (B) Serum alanine aminotransferase (ALT) and aspartate transaminase (AST) levels in sham and I/R mouse groups. (C) Representative images of

mouse liver injury [hematoxylin and eosin (HE) staining, 200×] by light microscopy. (D) Serum ALT and AST levels of 20 patients undergoing partial hepatectomy

surgery by hepatic portal occlusion time after operation. (E) Suzuki scores evaluating liver biopsies by group, as performed by an experienced pathologist. (F) pH

value of excised liver tissue of 20 patients undergoing partial hepatectomy surgery by hepatic portal occlusion time. Data are presented as the means ± SD from three

independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 2 | Acidic microenvironment decreases CD4+CD25+Foxp3+ iTreg induction by proapoptosis. (A) Induction efficiency of CD4+CD45RA+ naïve T cells

cultured with IL-2 and TGF-β for 9 days at the indicated pH values. (B) Statistical analysis of induction efficiency. Data are presented as the means ± SD from three

independent experiments. NS, not significant. *p < 0.05; ***p < 0.001.

in cytokines of TGF-β and IL-10 secreted by iTregs from
different pH media were assessed by flow cytometry after 3
days of culture. Interestingly, TGF-β and IL-10 production, as
well as Foxp3 expression, was restored when cells first cultured
in a preconditioned medium (pH 6.5) were then returned to
approximate physiological pH (7.5) for 24 h before the assay,
indicating that the reversal of the acidic microenvironment helps
restore functions of iTregs at least under these experimental

settings (p < 0.001) (Figures 4A–C,F–H). This recovery

phenomenon was also manifested in the pro-apoptotic genes Bax

(p < 0.001) and Bad (p < 0.05) and the anti-apoptotic genes
Bcl-2 and Mcl-1 (p < 0.001), as well as the mRNA expression of

Foxp3 (p < 0.001) (Figures 3C,D). However, early apoptosis and

late apoptosis cell levels of the pH 6.5/7.5 group did not decline,

and even the early apoptosis level was higher than that of the
pH 6.5 group (p < 0.001) (Figures 3E,F). We presume that this

abnormal trend was caused by mechanical damage to the cells
during centrifugation when the medium was replaced.

In vitro suppression assays were performed on pH 6.5, pH
7.5, and pH 6.5/7.5 groups of iTregs to evaluate their inhibitory
function. From the results of the suppression assays, when the
ratio of iTregs to effector T cells was 1:8, the inhibition function
of the pH 6.5 group was significantly reduced, and the inhibition
rate was only half of that of pH 7.5 group (70.67 ± 1.53% and
30.60± 0.91%, respectively) (p < 0.001) (Figures 4D,E).

PI3K/Akt/mTOR Signaling Pathway Is
Involved in the Regulation of iTregs by an
Acidic Microenvironment
To better understand the effect of an acidic microenvironment on
the signaling pathways of iTreg induction, we used a phospho-
specific protein microarray containing 1,318 phosphoprotein
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FIGURE 3 | Acidic microenvironment downregulates the iTreg proliferation and Foxp3 expression and promotes apoptosis of iTregs. (A) Cell density of the pH 6.5 and

pH 7.5 groups by time point. (B) Changes in extracellular pH during cell culture. (C) Expression of pro-apoptotic genes (Bax and Bad) and anti-apoptosis genes (Bcl-2

and Mcl-1) measured by qRT-PCR at the transcriptional level after 3 days of culture. (D) mRNA expression of Foxp3 in iTregs measured by qRT-PCR at the indicated

pH values after 3 days of culture. (E) Cell apoptosis after Annexin V/PI staining at the indicated pH values. (F) Statistical analysis of cell apoptosis by pH group. Data

are presented as the means ± SD from three independent experiments. NS, not significant. *p < 0.05; **p < 0.01; ***p < 0.001.

antibodies to characterize the difference in phosphorylation
patterns between pH 7.5 and pH 6.5 cells (Figure 5A). The pH
6.5 group exhibited 136 phosphorylation sites that significantly
changed (57 phosphorylation sites significantly increased and
79 phosphorylation sites decreased compared to the pH 7.5
group) (fold change pH 6.5 vs. pH 7.5 ≥ 1.6) (Figure 5B).
We performed a Kyoto Encyclopedia of Genes and Genomics
analysis to determine enrichment pathways in iTregs induced by
acidic pH (Figure 5C). The results of this analysis indicated that
the PI3K/Akt/mTOR pathway was activated in iTregs of the pH
6.5 group. Previous studies have shown that the activation of the

PI3K/Akt/mTOR signaling pathway leads to a decline in Foxp3
expression (18). Phosphorylation of the Ser2448 site is usually
recognized as a marker for mTOR activation (19). However,
the microarray results showed that no significant difference in
phosphorylation was found between the two groups at the mTOR
Ser2448 and Ser2481 sites. By contrast, phosphorylation at the
Thr2446 site in the pH 7.5 group was more obvious than that in
the pH 6.5 group (Figure 5D).

We then confirmed our microarray results usingWestern blot
analysis (Figure 6C). The results of the Western blot confirmed

the results of three phosphorylation sites (Ser2448, Ser2481,
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FIGURE 4 | Reversal of acidic microenvironment restores Foxp3 expression and iTreg function. (A) The proportion of CD4+CD25+Foxp3+ iTregs cultured with IL-2

and TGF-β for 3 days. (B,C) The proportion of CD4+ IL-10+ and CD4+ TGF-β+ T cells cultured with IL-2 and TGF-β for 3 days and stimulated with phorbol

12-myristate 13-acetate, brefeldin A, and ionomycin for 6 h before the assay. (D) Statistical analysis of the suppression assay in vitro. (E) iTregs induced in media of

varying pH values for 3 days were co-cultured with carboxyfluorescein succinimidyl ester-stained human naïve CD4+ T cells (responders) at the indicated ratio. After

72 h of activation with anti-CD3/CD28-conjugated beads, responder cell proliferation was assessed by flow cytometry. (F–H) Statistical analysis of related results of

flow cytometry. Data are presented as the means ± SD from three independent experiments. ***p < 0.001.
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FIGURE 5 | Differential expression of phospho-specific protein between cells in the pH 7.5 and pH 6.5 groups. (A) Original images of phosphorylated protein chips by

SureScan Dx Microarray Scanner from two groups. (B) Phosphorylation sites (582) of all (432) screened proteins based on a phospho-specific protein microarray

analysis. (C) KEGG enrichment analysis of proteins in the phospho-specific protein microarray according to cellular component, biological process, and molecular

function. (D) Heat map representing the fold change in the expression of different phosphorylated sites of proteins in the PI3K/Akt/mTOR signaling pathway (fold

change Phos/Unphos ≥ 1.6).

Thr2446) of mTOR and total mTOR. To further validate this

pathway, we performed Western blot analysis on both upstream

and downstream signaling proteins of mTOR. Compared with

the pH 7.5 group, the expression of P-PI3K p85/p55 and P-Akt

phosphorylation proteins was increased in the pH 6.5 group, as

was the expression of P-p70S6K and P-4E-BP1. By restoring the

medium pH of the pH 6.5 group to approximate physiological
pH (7.5), the results of the Western blot in the pH 6.5/7.5 group
were similar to those in the pH 7.5 group. This similarity indicates

that the reversal of the acidic microenvironment can restore the
phenotype and function of iTregs, as supported by evidence in
the signaling pathway (Figure 6C).

Omeprazole Reverses Decrease of iTreg
Differentiation Caused by an Acidic
Microenvironment
After naïve T cells were treated for 72 h with varying
concentrations of omeprazole in the medium of pH 6.5, the
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FIGURE 6 | Omeprazole reverses the decreased iTreg differentiation caused by acidic pH. (A) Induction efficiency of CD4+CD45RA+ naïve T cells cultured with

varying concentrations of omeprazole for 3 days at the indicated pH values. (B) Statistical analysis of induction efficiency of different groups. (C) Cells of different

groups were harvested and subjected to SDS-PAGE and Western blot with the indicated antibodies. Data are presented as the means ± SD from three independent

experiments. NS, not significant. **p < 0.01; ***p < 0.001.

induction efficiency of CD4+CD25+Foxp3+iTregs decreased in
a dose-dependent manner compared with that of the control
group (pH 6.5 + 0 µmol/L) (p < 0.05). When the concentration
of omeprazole reached 80 µmol/L, the ratio of iTregs was only
56.0 ± 1.76%, which probably resulted from the toxicity of
the omeprazole solvent dimethyl sulfoxide (Figure 6A). When

the concentration of omeprazole was 10 µmol/L, the induction

efficiency of iTregs was higher than that of the control group (pH
6.5 + 0 µmol/L) (p < 0.001) but lower than that of the pH 7.5
group (87.1% ± 1.39%) (p < 0.001) (Figure 6B). Subsequently,
the pH 7.5, pH 6.5, pH 7.5 + 10 µmol/L, pH 6.5 + 10 µmol/L,
and pH 6.5/7.5 groups were prepared for Western blot analysis.
Data suggested that omeprazole treatment partially inhibited
the PI3K/Akt/mTOR signaling pathway, characterized by the
decreased expression of P-PI3K (p85/p55), P-Akt, P-p70S6K,
and P-4E-BP1 and increased P-mTOR (Thr2446) expression

(Figure 6C). However, the pH 7.5+ 10µmol/L group showed no
significant differences compared to the physiologic pH 7.5 group.

Because omeprazole are prodrugs activated by protonation
at low pH, their effect on lymphocytes should be selectively
triggered by an acidic environment (20). In addition, V-ATPases
(membrane proton pumps) were also detected by Western
blot. The results showed that the pH 6.5 group had greater
V-ATPase expression than the pH 7.5 group, and this expression
significantly decreased after treatment with omeprazole.

Buffering of the Acidic Microenvironment
Increases Treg Infiltration and Alleviates
Liver Injury in a HIRI Mouse Model
Similar to the previously established partial hepatic
ischemia/reperfusion mice model, injured liver lobe tissue
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and blood of NaHCO3 treatment mice group was collected at
6 h, 12 h, and 24 h after reperfusion. In addition to measuring the
pH of damaged liver lobe tissue and detecting serum ALT and
AST, we also performed HE and immunohistochemical staining
(Foxp3) on the liver tissue to assess the degree of damage and
the extent of Treg infiltration. Consistent with the previous
experimental results, the pH of injured liver lobe tissue in the
I/R group reached its minimum at 6 h after reperfusion and
then increased at 24 h after reperfusion (p < 0.001); however,
the level of pH value was lower than NaHCO3 treatment mice
group across the study duration (p < 0.001) (Figure 7E). The
degree of liver damage of the treatment group was improved
compared with the I/R group (p < 0.05) (Figures 7A–C). The
immunohistochemical results of Foxp3 in the mouse liver
showed that Treg infiltration was significantly increased in the
treated group (p < 0.001), reaching its maximum at 6 h after
reperfusion and then gradually decreasing (Figures 7D,F). Our
experimental results indicate that the reversal of the acidic
microenvironment in the HIRI mouse model can increase Treg
infiltration and alleviate liver injury.

Reversal of Acidic Microenvironment
Attenuating HIRI in Mice Is Associated
With Tregs
All above studies showed that the reversal of the acidic
microenvironment can alleviate HIRI in mice. To further clarify
the role of Tregs in buffering of the acidic microenvironment
to reduce HIRI, PC61 (CD25 antibody) was used in mice. PC61
can effectively inhibit the function of Tregs. From the results of
ALT and AST, as well as HE and immunohistochemical staining
(Foxp3) (Figure 8), this reversal effect was abolished in mice with
PC61 treatment. This finding suggests that Tregs play a role in the
reversal of the acidic microenvironment to alleviate HIRI.

DISCUSSION

It is evident from the above review that the pH of the extracellular
milieu has a direct influence on immune cells function. To
investigate the effects of different pH values on iTregs induction,
we performed a series of experiments in vitro and vivo and
found that an acidic microenvironment in HIRI can inhibit the
generation and function of CD4+CD25+Foxp3+ iTregs via the
PI3K/Akt/mTOR signaling pathway. By contrast, the reversal
of the acidic microenvironment restored Foxp3 expression and
iTreg function.

During partial hepatectomy or liver transplantation, HIRI can
cause acute liver injury, affecting the recovery of distant organs
after surgery and even leading to patient death (21). In recent
years, studies have found that T cells are the primary mediators
of HIRI (22). CD4+ T cells are an important regulator of hepatic
neutrophil recruitment during HIRI via the release of IL-17 (23).
IL-17 is also released by RORγt+CD3+ T cells and is involved
in HIRI by recruiting neutrophil and Kupffer cell activation (24).
In addition, the reduction or elimination of CD4+ natural killer
T cells can effectively inhibit the aggregation and activation of
natural killer T cells and neutrophils, thereby reducing HIRI (25).

Tregs are T cells with immunosuppressive function and
are extremely important for maintaining immune system
homeostasis in the body. Tregs are closely associated with a
variety of diseases such as malignant tumors (26), autoimmune
diseases (27), infectious diseases (28), and transplant rejection
(29). In our previous studies, pretreatment with iTregs
ameliorated HIRI and decreased IFN-γ and IL-17 in the liver
after reperfusion. Recently, Zheng et al. found that exosomes
produced by bone marrow–derived dendritic cells alleviate HIRI
via regulating the balance between Tregs and Th17 cells (30).

The importance of acid–base homeostasis in maintaining
normal cellular responses and physiological activity has been
recognized for a long time (31). When the extracellular pH
decreases, many cellular responses are diminished, including
cytoplasmic- and membrane-associated enzyme activities, ion
transport activity, protein and DNA synthesis, and cAMP and
calcium levels (32). Studies that have been conducted tend to
focus on the influence of pH on lymphocytes in the tumor
microenvironment. Interestingly, extracellular acidosis can lead
to stimulation as well as suppression of immune cell activity. For
example, an acidic microenvironment stimulates the expression
of nitric oxide synthase in macrophages (33) and the activity
of neutrophils (34) but suppresses cytotoxic lymphocytes and
natural killer cells (35). Thus, the effect of the extracellular acidic
microenvironment on lymphocytes may be different. Similar
to the research of Calcinotto et al., whose study showed that
extracellular microenvironment acidification (pH, 6.0–6.5) has a
negative effect on the function of human andmammalian tumor-
infiltrating T cells, resulting in a decrease in its anti-tumor ability
(36), our data also demonstrated that acidic microenvironment
in HIRI downregulates the iTreg function and Foxp3 expression
and promotes apoptosis of iTregs.

Previous evidence has suggested that an acidic
microenvironment activates the PI3K/AkT signaling pathway
and significantly enhances Akt phosphorylation (37). Most cell
growth and metabolism are associated with the PI3K/Akt/mTOR
signaling pathway (38). In particular, the mTOR pathway
plays a central role in the development of various diseases.
In the current study, we found that acidic microenvironment
inhibits the phosphorylation of the mTOR Thr2446 site during
induction. Although basic science research on this Thr2446 site
is rare, it is generally considered to be a phosphorylation site
associated with negative regulation of mTOR activity, acting as
an opposing role against the Ser2448 site. Both phosphorylation
sites may act as a switch to control the positive and negative
signals regulating protein translation (39). However, we have no
way to interfere with the phosphorylation of the mTOR Thr2446
site due to the lack of specific phosphorylation inhibitors.
Fortunately, by restoring the pH of the medium, we observed
that the mTOR Thr2446 site was re-phosphorylated, which
also indicates that an acidic microenvironment can specifically
inhibit phosphorylation at this site. Therefore, we believe that
the PI3K/Akt/mTOR signaling pathway is involved in the
regulation of iTregs by an acidic microenvironment and that
the mTOR threonine 2,446 phosphorylation site may be a novel
phosphorylation site for mTOR activation, which is associated
with Foxp3 induction.
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FIGURE 7 | Buffering of acidic microenvironment increases Treg infiltration and alleviates liver injury in HIRI mouse model. (A,B) Serum ALT and aspartate

transaminase (AST) levels in the I/R, NaHCO3 treatment, and sham mouse groups by time points. (C) Representative light microscopy images of mouse liver injury (HE

staining, 200×) in the I/R, NaHCO3 treatment, and sham groups by time point. (D) Representative light microscopy images of mice liver immunohistochemical staining

in the I/R, NaHCO3 treatment, and sham groups (brown: positive cells, anti-Foxp3, 400×) by time point. (E) pH values of injured liver lobe after reperfusion in I/R,

NaHCO3 treatment, and sham mouse groups by time point. (F) Statistical analysis of Foxp3+ cell relative ratio of I/R, NaHCO3 treatment, and sham mouse groups in

immunohistochemical staining. (G) Suzuki scores evaluating liver biopsies from different groups, as performed by an experienced pathologist. Data are presented as

the means ± SD from three independent experiments. NS, not significant. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 8 | Reversal of acidic microenvironment attenuates HIRI in mice via Treg function. (A,B) Serum ALT and aspartate transaminase (AST) levels of mice in sham,

I/R, NaHCO3 treatment, and NaHCO3 + PC61 treatment groups after reperfusion for 6 h. (C) Representative images of mouse liver injury (HE staining, 200×;

immunohistochemical staining, 400×) in sham, I/R, NaHCO3 treatment, and NaHCO3 + PC61 treatment groups by light microscopy after reperfusion for 6 h. (D)

Suzuki scores evaluating liver biopsies from different groups, as performed by an experienced pathologist. (E) Statistical analysis of Foxp3+ cells relative ratio of sham,

I/R, NaHCO3 treatment, and NaHCO3 + PC61 treatment groups in immunohistochemical staining. Data are presented as the means ± SD from three independent

experiments. NS, not significant. **p < 0.01; ***p < 0.001.
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To our knowledge, this study is the first to confirm
the presence of V-ATPases in iTregs. V-ATPases are
primarily located on the membrane of internal acidic
vesicles and plasma membranes and play an important
role in regulating the transmembrane pH gradient (40–
42). Our study demonstrated that iTregs express more
V-ATPases under an acidic microenvironment and the proton
pump inhibitor omeprazole can reduce this expression.
In addition, omeprazole can inhibit the activation of the
PI3K/Akt/mTOR signaling pathway under acidic conditions,
and it appears that the inhibition of the PI3K/Akt/mTOR
signaling pathway is mediated through V-ATPases. According
to our cell culture results, omeprazole can also improve
the decreased iTreg differentiation caused by the acidic
microenvironment, indicating its potential clinical use in the
treatment of HIRI.

Although we found that the proton pump inhibitor
omeprazole can increase the induction efficiency of
iTreg in acidic microenvironment and inhibit the
PI3K/Akt/mTOR signaling pathway and V-ATPase expression,
further research is needed. In addition, we have not
attempted to directly apply omeprazole to HIRI mice
model to observe whether it can change the liver acidic
microenvironment and alleviate HIRI, which is also needed to be
further studied.

Finally, we conclude that an acidic microenvironment is a
key regulator in HIRI, involved in modulating the generation
and function of Tregs. An acidic microenvironment can

inhibit the generation and function of CD4+CD25+Foxp3+

iTregs via activating the PI3K/Akt/mTOR signaling pathway

and reversing the acidic microenvironment to restore Foxp3
expression and iTreg function. In addition, this decreased iTregs
differentiation caused by the acidic microenvironment can be
partially improved by the proton pump inhibitor omeprazole.
Furthermore, buffering the acidic microenvironment to

attenuate HIRI in mice has an inseparable relationship
with Tregs.
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