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A CUTE cellular rejection is a type of organ dysfunction 
initiated by cell-mediated immunity in lung-transplant 

recipients.1 During acute cellular rejection, T cells are involved 
in the modulation of antigen-specific responses, whereas 
macrophages mediate the actual effector function; CD68+ 
macrophages, which constitute the most abundant subtype, 
play a particularly important role.2,3 Imbalance between pro-
inflammatory (interleukin-1β, tumor necrosis factor-α, and 
interferon-γ) and antiinflammatory (interleukin-4 and inter-
leukin-10) cytokines modulates the immune response to acute 
cellular rejection.4 The former cytokines are related to rejec-
tion, whereas the latter are involved in immune tolerance.5

Ischemia–reperfusion injury is considered a part of the 
innate immune response mediated through Toll-like receptor-
mediated signaling pathways, which induces a persistent phase 
of antigen processing and presentation.6 A subsequent severe 
immune response causes acute cellular rejection by inducing 
abnormal expression of major histocompatibility complex and 
by up-regulating local cytokines. Inhibition of lung ischemia–
reperfusion injury may alleviate acute cellular rejection.

Therapeutic hypercapnia refers to the use of inhalational 
carbon dioxide or reduction of ventilation to achieve a desired 
level of hypercapnic acidosis.7 Hypercapnia may alleviate 
lung injury caused by ischemia–reperfusion,8 endotoxins,9 
mechanical ventilation,10 adult respiratory distress syn-
drome (ARDS),11 and chronic pulmonary hypertension.12 

Our previous studies showed that hypercapnia may inhibit 
ischemia–reperfusion injury in the brain13 and liver14 and 
reduce the inflammatory response after one-lung ventilation 
in lobectomy patients.7

Hypercapnia inhibits cell-mediated immune responses by 
decreasing leukocyte subpopulation counts and by reducing 
release of proinflammatory cytokines.15 A carbon dioxide–
induced acidic microenvironment regulates a variety of cell 
functions, including production of adenosine triphosphate, 
cell proliferation, and apoptosis.16,17 Our previous research 
confirmed that hypercapnia mediates the immunoregulation 
of T cells by indirectly inhibiting chemotactic factors and 
adhesion molecules and by directly suppressing CD28 and 
CD2 during lung ischemia–reperfusion injury.18 Therefore, 
we hypothesized that hypercapnia has a therapeutic effect 

What We Already Know about This Topic

• “Permissive hypercapnia” accompanying low tidal volume 
ventilation is accepted clinical practice. However, “therapeutic 
hypercapnia,” in which carbon dioxide is primarily elevated, is 
a laboratory intervention with mixed impact.

What This Article Tells Us That Is New

• Randomized exposure to 8% inspired carbon dioxide resulted 
in preserved lung function, less lung injury, and lower indices 
of cellular rejection 7 days after lung allograft (different strains) 
transplantation in a rat model.
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ABSTRACT

Background: Hypercapnia alleviates pulmonary ischemia–reperfusion injury, regulates T lymphocytes, and inhibits immune 
reaction. This study aimed to evaluate the effect of hypercapnia on acute cellular rejection in a rat lung transplantation model.
Methods: Recipient rats in sham-operated (Wistar), isograft (Wistar to Wistar), and allograft (Sprague–Dawley to Wistar) 
groups were ventilated with 50% oxygen, whereas rats in the hypercapnia (Sprague–Dawley to Wistar) group were admin-
istered 50% oxygen and 8% carbon dioxide for 90 min during reperfusion (n = 8). Recipients were euthanized 7 days after 
transplantation.
Results: The hypercapnia group showed a higher oxygenation index (413 ± 78 vs. 223 ± 24), lower wet weight-to-dry weight 
ratio (4.23 ± 0.54 vs. 7.04 ± 0.80), lower rejection scores (2 ± 1 vs. 4 ± 1), and lower apoptosis index (31 ± 6 vs. 57 ± 4) as com-
pared with the allograft group. The hypercapnia group showed lower CD8 (17 ± 4 vs. 31 ± 3) and CD68 (24 ± 3 vs. 43 ± 2), 
lower CD8+ T cells (12 ± 2 vs. 35 ± 6), and higher CD4/CD8 ratio (2.2 ± 0.6 vs. 1.1 ± 0.4) compared to the allograft group. 
Tumor necrosis factor-α (208 ± 40 vs. 292 ± 49), interleukin-2 (30.6 ± 6.7 vs. 52.7 ± 8.3), and interferon-γ (28.1 ± 4.9 vs. 
62.7 ± 10.1) levels in the hypercapnia group were lower than those in allograft group. CD4, CD4+ T cells, and interleukin-10 
levels were similar between groups.
Conclusions: Hypercapnia ameliorated acute cellular rejection in a rat lung transplantation model. (Anesthesiology  
2018; 128:130-9)
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against acute cellular rejection and thus investigated related 
mechanisms in a rat model of lung transplantation.

Materials and Methods

Experimental Animals
Pathogen-free male Sprague–Dawley and Wistar rats weigh-
ing 200 to 250 g were purchased from Harbin Medical 
University (Harbin, Heilongjiang, China). All animal exper-
iments were approved by the Institutional Animal Care and 
Use Committee at the Harbin Medical University. All proce-
dures conformed to the Guide for the Care and Use of Labo-
ratory Animals (Institute of Laboratory Animal Resources, 
Washington, D.C., 7th edition, 1996).

Experimental Setting
The study included four groups: sham-operated (Wistar), 
isograft (Wistar to Wistar), allograft (Sprague–Dawley to 
Wistar), and hypercapnia (Sprague–Dawley to Wistar). In 
total, 16 Sprague–Dawley rats were randomly assigned to 
two blocks of eight animals each, and 40 Wistar rats were 
assigned to five blocks of eight animals each, using a random 
number list generated by SPSS (version 18.0; SPSS, Inc., 
USA). Each block of Sprague–Dawley rats was randomly 
assigned to allograft and hypercapnia groups as donors. 
Among Wistar rats, one block was randomly assigned to the 
sham-operated group, two blocks were assigned to the iso-
graft group as both donors and recipients, and the remaining 
two blocks were assigned to the allograft and hypercapnia 
groups as recipients.

Orthotopic left-lung transplantation was performed 
using the cuff technique as previously described.19 Donor 
rats were anesthetized with an intraperitoneal injection of 
sodium pentobarbital (30 mg/kg; Shuogang Biotechnologi-
cal Company, China), intubated through a tracheostomy 
and ventilated with 50% oxygen (balance nitrogen) and a 
tidal volume (VT) of 8 to 10 ml/kg at a rate of 40 to 60 
breaths/min. Arterial blood gas (ABG) analysis was allowed 
to equilibrate over a 10-min period. Subsequently, heparin 
(1,000 U/kg; Nanjing Biopharmaceutical Company, China) 
was injected intravenously, and a median thoracotomy was 
performed. The donor left lung was flushed with 20 ml of 
low-K+ polybutadienyl lithium solution (prepared by Har-
bin Medical University) at 4°C at a perfusion pressure of 
20 cm H2O. The left lung was clipped and stored at 4°C in 
the perfusion solution for 2 h.

The recipient rats were anesthetized with sodium pento-
barbital (30 mg/kg, intraperitoneal injection) and vecuronium 
bromide (0.1 mg/kg, intravenous; Xianju Biopharmaceuti-
cal Company, China). These animals were intubated with 
a 14-gauge catheter and ventilated using the following set-
tings: VT = 8 to 10 ml/kg, rate = 40 to 60 breaths/min, frac-
tion of inspired oxygen = 50%, and positive end-expiratory 
pressure (PEEP) = 2 cm H2O. After a left thoracotomy, the 
left pulmonary arteries, veins, and bronchi were conjugated 
between donors and recipients, respectively. After initiation 

of reperfusion, isograft and allograft groups received 50% O2 
(balance nitrogen) titrated to maintain arterial carbon diox-
ide tension (PaCO2) at 35 to 45 mmHg. Hypercapnia group 
received 50% O2 and 8% CO2 (balance nitrogen) to main-
tain PaCO2 within the range of 80 to 100 mmHg. This distinct 
ventilation regime for different groups was administered for 
90 min. Oxygen and carbon dioxide concentration was mon-
itored with a T8 Mindray monitor (Mindray Biotechnology, 
China). Rats in the sham-operated group were administered 
50% O2 (balance nitrogen) for 90 min and underwent a 
dummy surgical operation, which included thoracotomy, 
separation of hila, and closure of thorax.

The thorax was then closed with a chest drainage tube in 
situ after 90 min of reperfusion. Postoperative analgesia was 
achieved by incision closure using 2 ml of 0.5% ropivacaine 
(AstraZeneca AB, Sweden). All groups were ventilated with 
50% O2 (balance nitrogen) until restoration of spontane-
ous respiration. After recovery from anesthesia, the tracheal 
catheter and the chest drainage tube were removed. The rats 
were housed in the Animal Care Center in pathogen-free air 
conditions. Free access to clear rodent chow and water was 
allowed. No immunosuppressive therapy was administered 
during the duration of the experiment.

On postoperative day 7, chest x-rays of recipient rats were 
obtained under sedation with isoflurane (Abbott, United 
Kingdom). Then the animals were anesthetized with sodium 
pentobarbital (30 mg/kg) and ventilated with 50% O2 (bal-
ance nitrogen; VT = 8 to 10 ml/kg at a rate of 40 to 60 breaths/
min). After 10 min of stable status, a thoracotomy and ABG 
analysis were performed. Flow cytometry and enzyme-linked 
immunosorbent assay were then performed using a femo-
ral artery blood sample. The recipients were euthanized by 
exsanguination. The ratio of wet weight-to-dry weight of the 
upper lobe of the graft was measured after desiccation at 80°C 
for 1 week. The middle section was assessed with hematoxylin 
and eosin staining and terminal dexynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end-labeling stain-
ing. Immunohistochemical staining for CD4, CD8, and 
CD68 was performed on a section of the inferior lobe of the 
lung. Additionally, the right lung, liver, heart, and brain tis-
sues were collected for hematoxylin and eosin staining. All 
study parameters were evaluated by experts in their respective 
fields who were blinded to the group identity.

Radiographic Evaluation
The x-rays were graded according to the aeration scores 
described elsewhere (range = 0 [opaque] to 6 [normal 
appearance]).20

Apoptosis Assay
Lung parenchymal cell apoptosis was assessed by TdT-medi-
ated dUTP nick end-labeling staining assay using the in 
situ cell death detection kit (Roche Diagnostics, Germany) 
according to the manufacturer’s instructions. Cells with 
brownish yellow nuclear staining were considered positive. 

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/128/1/130/381912/20180100_0-00025.pdf by guest on 13 M
arch 2024



Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 128:130-9 132 Tan et al.

Hypercapnia Alleviates Acute Cellular Rejection in Lung

Apoptosis index was calculated as the number of positive 
cells per 100 cells.

Hematoxylin and Eosin Staining and Rejection Scores
The tissues were fixed in paraformaldehyde and embedded in 
paraffin; 5-μm-thick sections were prepared and stained with 
hematoxylin and eosin. Graft rejection was scored according 
to the clinical International Working Formulation.21

Immunohistochemistry
Immunohistochemical staining for CD4, CD8, and CD68 
was performed according to the manufacturer’s instructions 
(Abcam, United Kingdom) and evaluated by the percentage 
of positive staining. Cells with brown granules on the surface 
were defined as positive cells.

Flow Cytometry
Blood samples were double-stained with fluorescein phyco-
erythrin-CD4 or phycoerythrin-CD8 in combination with 
isothiocyanate-CD3 monoclonal antibodies (Invitrogen, 
USA) and analyzed by flow cytometry.

Enzyme-linked Immunosorbent Assay
Serum concentrations of tumor necrosis factor-α, interleu-
kin-2, interleukin-10, and interferon-γ were detected by a 
commercial kit, as specified by the manufacturer (R&D Sys-
tems, USA).

Statistical Analysis
Sample size was based on our previously reported studies 
related to attenuation of lung graft injury22,23 and a study 
by Hirayama et al.21 on protection of acute lung graft rejec-
tion, which employed similar outcome measures. There were 
no missing or lost data or data that were excluded from the 
analysis.

The data are presented as means ± SD. Statistical analy-
ses were performed with SPSS (version 18.0). Multigroup 
comparisons were performed with one-way ANOVA fol-
lowed by the Student–Newman–Keuls test. Results of ABG 
analysis (including the PaO2/FIO2, PaCO2, and pH levels) 
were assessed by two-way repeated measures ANOVA with 
time (three levels: baseline, at 90 min, and at 7 days after 
reperfusion) as a within-subject factor and group (four lev-
els: sham-operated, isograft, allograft, and hypercapnia) as a 
between-subject factor. For multigroup comparisons for the 
values (PaO2/FIO2, PaCO2, and pH) at different time points 
(baseline, at 90 min, and at 7 days after reperfusion), we used 
the Student–Newman–Keuls post hoc test. Furthermore, in 
each group, we used the Student–Newman–Keuls post hoc 
test to perform repeated comparisons for the values of PaO2/
FIO2, PaCO2, and pH at the time points of 90 min (or 7 days) 
after reperfusion against the baseline. Overall, significant 
differences with respect to time, group, and the interaction 
between time and group were determined by a two-tailed P 
value less than 0.05.

Results
There were no significant between-group differences with 
respect to PaO2/FIO2, PaCO2, and pH at baseline (fig. 1, A–C). 
The PaO2/FIO2 in the hypercapnia group was significantly 
higher than that in the allograft group during reperfusion 
at 90 min (449 ± 59 vs. 302 ± 47) and on day 7 (413 ± 78 vs. 
223 ± 24; both P < 0.0001). After 90 min of reperfusion, 
the PaCO2 was obviously higher (92 ± 6 vs. 41 ± 5), whereas 
pH was markedly lower (7.11 ± 0.07 vs. 7.37 ± 0.05) in the 
hypercapnia group as compared to that in the allograft group 
(both P < 0.0001). However, this pattern was not observed 
on day 7 after transplantation. The wet weight-to-dry 
weight ratio in the hypercapnia group was lower than that 
in the allograft group (4.23 ± 0.54 vs. 7.04 ± 0.80, P = 0.002; 
table 1).

Lung grafts from the sham-operated, isograft, and hyper-
capnia groups demonstrated good ventilation similar to that 
in the contralateral native (right) lung. In contrast, the graft in 
the allograft group exhibited impaired ventilation (fig. 1D). 
Aeration score in the hypercapnia group was similar to that in 
the isograft group (3 ± 1 vs. 4 ± 1, P = 0.705; fig. 1E).

With respect to cell apoptosis, the number of apoptosis-
positive cells in the pulmonary parenchyma was markedly 
reduced in the sham-operated, isograft, and hypercapnia 
groups. However, a greater number of positive cells were 
observed in the allograft group (fig. 2A). The sham-operated 
(12 ± 3 vs. 57 ± 4, P < 0.0001), hypercapnia (31 ± 6 vs. 57 ± 4, 
P = 0.008), and isograft (27 ± 5 vs. 57 ± 4, P = 0.001) groups 
exhibited a markedly lower apoptosis index compared to the 
allograft group (fig. 2B).

In the grafts, CD4 staining was rarely distributed in all of 
the examined specimens from the four groups (fig. 3A). The 
sham-operated and isograft groups exhibited slight CD8 and 
CD68 staining. However, CD8 and CD68 staining were 
more frequently expressed in the allograft group but weakly 
expressed in the hypercapnia group (fig. 3, B and C). There 
were no significant differences with respect to CD4 stain-
ing between the four groups (fig. 3A). The CD8 and CD68 
staining in the sham-operated (8 ± 2 vs. 31 ± 3 and 11 ± 1 vs. 
43 ± 2, both P < 0.0001), hypercapnia (17 ± 4 vs. 31 ± 3, P = 
0.018, and 24 ± 3 vs. 43 ± 2, P = 0.012), and isograft (12 ± 3 
vs. 31 ± 3 and 20 ± 2 vs. 43 ± 2, both P < 0.0001) groups were 
lower than that in the allograft group (fig. 3, B and C).

In peripheral blood samples, no significant differences 
were observed with respect to the CD4+ T cell percentage 
in the sham-operated (28 ± 5 vs. 31 ± 6, P = 0.237), isograft 
(30 ± 5 vs. 31 ± 6, P = 0.644), and hypercapnia (30 ± 5 vs. 
31 ± 6, P = 0.611) groups as compared to that in the allograft 
group (fig. 4A). The percentage of CD8+ T cells was elevated 
in the allograft group but significantly decreased in the 
sham-operated (35 ± 6 vs. 11 ± 3), isograft (35 ± 6 vs. 15 ± 4), 
and hypercapnia (35 ± 6 vs. 12 ± 2) groups (P < 0.0001 for 
all; fig. 4B). Furthermore, the ratio of CD4+/CD8+ T cells in 
the hypercapnia group was higher than that in the allograft 
group (2.2 ± 0.6 vs. 1.1 ± 0.4, P = 0.020; fig. 4C).
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The lung grafts in the sham-operated and isograft groups 
exhibited a relatively normal histology with no apparent 
morphologic changes (fig.  5A). The grafts in the allograft 
group exhibited severe edema in the alveolar septa and 
spaces, extensive leukocyte infiltration, intraalveolar hemor-
rhage, and thickening and breaking of alveolar walls. In the 
hypercapnia group, grafts exhibited a relatively intact alveo-
lar structure, less extensive leukocyte infiltration, and thin 
and intact alveolar walls. Rejection scores in the hypercap-
nia groups were significantly lower than that in the allograft 
group (2 ± 1 vs. 4 ± 1, P = 0.021; fig. 5B).

Serum concentrations of tumor necrosis factor-α, inter-
leukin-2, and interferon-γ in the sham-operated (21 ± 4 vs. 
292 ± 49, 2.1 ± 0.9 vs. 52.7 ± 8.3, and 4.8 ± 1.9 vs. 62.7 ± 10.1, 

P < 0.0001 for all), hypercapnia (208 ± 40 vs. 292 ± 49, 
30.6 ± 6.7 vs. 52.7 ± 8.3, and 28.1 ± 4.9 vs. 62.7 ± 10.1; 
P = 0.029, P = 0.015, P < 0.0001, respectively), and iso-
graft (219 ± 35 vs. 292 ± 49, 28.8 ± 7.3 vs. 52.7 ± 8.3, and 
22.7 ± 6.3 vs. 62.7 ± 10.1, P = 0.035, P = 0.008, P < 0.0001, 
respectively) groups were lower than those in the allograft 
group (table  1). Hypercapnia (20.4 ± 6.8 vs. 17.9 ± 7.1,  
P = 0.093) and isograft (15.8 ± 3.7 vs. 17.9 ± 7.1, P = 0.244) 
groups exhibited similar interleukin-10 levels compared to 
the allograft group.

No severe injury to critical organs was detected in the 
sham-operated and isograft groups (fig. 6). In the allograft 
group, the native (right) lung showed local monocytic infil-
tration and wider alveolar septa; the liver revealed cellular 

Table 1. Wet Weight-to-Dry Weight Ratio and Serum Levels of Inflammatory Cytokines

Groups
Wet Weight-to-Dry 

Weight Ratio
Tumor Necrosis 
Factor-α, pg/ml

Interleukin-2,  
pg/ml

Interleukin-10,  
pg/ml

Interferon-γ,  
pg/ml

Sham 2.40 ± 0.43* 21 ± 4* 2.1 ± 0.9* 2.9 ± 0.7* 4.8 ± 1.9*
Isograft 3.43 ± 0.50* 219 ± 35* 28.8 ± 7.3* 15.8 ± 3.7 22.7 ± 6.3*
Allograft 7.04 ± 0.80 292 ± 49 52.7 ± 8.3 17.9 ± 7.1 62.7 ± 10.1
Hypercapnia 4.23 ± 0.54* 208 ± 40* 30.6 ± 6.7* 20.4 ± 6.8 28.1 ± 4.9*

Differences of wet weight-to-dry weight ratio (or levels of inflammatory cytokines) among groups were analyzed by using one-way ANOVA followed by the 
Student–Newman–Keuls post hoc test.
*P < 0.05 versus allograft group.

Fig. 1. Hypercapnia therapy protected pulmonary function. Arterial blood gas analysis at baseline, after reperfusion of 90 min, 
and on day 7. PaO2/FIO2 (A), PaCO2 (B), and pH (C) in sham-operated, isograft, allograft, and hypercapnia groups. Representative 
x-ray of lung grafts (D) and aeration scores (E) in sham-operated, isograft, allograft, and hypercapnia groups. “Cuff-links” sign 
was apparent in the grafts (arrows in D). For A–C, we performed a two-way repeated measures ANOVA with time as a within-
subject factor and group as a between-subject factor. We used the Student–Newman–Keuls post hoc test to perform multigroup 
comparisons for the values (PaO2/FIO2, PaCO2, and pH) at different time points (baseline, at 90 min, and 7 days after reperfusion); 
moreover, in each group, we used the Student–Newman–Keuls post hoc test to perform repeated comparisons for the values 
(PaO2/FIO2, PaCO2, and pH) at the time points of 90 min (or 7 days) after reperfusion against the baseline. For E, multigroup com-
parisons were performed with one-way ANOVA followed by the Student–Newman–Keuls test. #P < 0.05 versus allograft group. 
*P < 0.05 versus baseline. L = left; R = right.
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Fig. 2. Hypercapnia therapy decreased apoptosis in the lung grafts. Representative lung graft TdT-mediated dUTP nick end la-
beling staining (200×; A) and apoptosis index (B) in sham-operated, isograft, allograft, and hypercapnia groups. Apoptosis of the 
cell was represented by brown-yellow staining in the nuclei (arrows in A). Differences in apoptosis indices among groups were 
analyzed by one-way ANOVA followed by the Student–Newman–Keuls post hoc test. #P < 0.05 versus allograft group.

Fig. 3. Hypercapnia therapy alleviated the infiltration of T lymphocytes and macrophages in the lung grafts. Representative 
lung graft immunohistochemistry and statistical charts of immunohistochemical staining for CD4 (A), CD8 (B), and CD68 (C) in 
sham-operated, isograft, allograft, and hypercapnia groups (200×). The presence of brown granules in the cytoplasm indicated a 
positive stain (arrows in A–C). Differences of CD4, CD8, and CD68 among groups were analyzed using one-way ANOVA followed 
by the Student–Newman–Keuls post hoc test. #P < 0.05 versus allograft group.
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Fig. 4. Hypercapnia therapy alleviated the accumulation of T lymphocytes in the peripheral blood. Representative fluorescence-
activated cell sorting scatterplots and statistical charts of CD4+ T cells (A), CD8+ T cells (B), and CD4+/CD8+ T cell ratio (C) in 
sham-operated, isograft, allograft, and hypercapnia groups. Difference of T cell subsets and CD4+/CD8+ T cell ratio among 
groups were analyzed by using one-way ANOVA followed by the Student–Newman–Keuls post hoc test. #P < 0.05 versus al-
lograft group.

Fig. 5. Hypercapnia decreased rejection scores in the lung grafts. Hematoxylin and eosin staining of representative lung graft 
(100×; A) and rejection scores (B) in sham-operated, isograft, allograft, and hypercapnia groups. Difference of rejection scores 
among groups were analyzed by using one-way ANOVA followed by the Student–Newman–Keuls post hoc test. #P < 0.05 versus 
allograft group.
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edema, congestion, and vacuolar degeneration; and cardiac 
muscle displayed irregularities and congestion. Hypercapnia 
therapy partly alleviated these morphologic changes. No 
obvious injuries in the brain were observed in any of the 
groups.

discussion
Hypercapnia augments physiologic functioning in allograft 
recipients as it increases hemoglobin concentration and ele-
vates arterial oxygen content.24 Deliberate elevation of PaCO2 
protects against pulmonary ischemia–reperfusion injury, and 
thus, the use of hypercapnia may have a theoretical rationale 
in the prevention and treatment of acute cellular rejection. 
In our study, the hypercapnia group showed higher PaO2/FIO2 
and aeration scores and lower wet weight-to-dry weight ratio 
and apoptosis as compared to that in the allograft group, 
which indicates that hypercapnia can enhance the oxygen-
carrying capacity and improve lung graft function. More-
over, hypercapnia reduced perivascular and peribronchial 
monocytic infiltration, alleviated destruction of alveolar wall 

structure, and ultimately lowered pulmonary parenchyma 
damage and rejection scores.

Preliminary experiments demonstrated that inspired car-
bon dioxide fraction ranging from 0 to 15% during reper-
fusion increased PaO2/FIO2 and reduced wet weight-to-dry 
weight ratio in a dose-dependent manner. However, the 
magnitude of decrease in wet weight-to-dry weight dimin-
ished at inspired carbon dioxide of more than 8%. More-
over, exposure of recipients to 12 to 15% CO2 (PaCO2 120 
to 140 mmHg) led to hemodynamic instability marked by 
decreased mean arterial pressure. Protective effects of hyper-
capnia may be offset by potential adverse effects at higher 
levels of inspired carbon dioxide, thus giving rise to an “effect 
ceiling.”25 Inhalation of 8% CO2 at a PaCO2 in the range 80 
to 100 mmHg was safe and effective. We selected carbon 
dioxide inhalation for 90 min during reperfusion based on 
a fundamental study by Laffey et al.8 on the effect of hyper-
capnia in reducing pulmonary ischemia–reperfusion injury. 
Moreover, considering the benefit of long-term survival after 
transplantation, we selected a relevant short reperfusion to 

Fig. 6. Hypercapnia decreased multiple organ injuries. Hematoxylin- and eosin-stained sections of right lung, liver, heart, and 
brain in sham-operated, isograft, allograft, and hypercapnia groups (100×) are shown.
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minimize ventilator-induced lung injury. A rapid decrease in 
PaCO2 from 100 mmHg (reperfusion endpoint) to 58 mmHg 
(well spontaneous breath) was observed within 30 min. 
Another 60 min were required to lower the PaCO2 values to 
the normal level. The actual duration of hypercapnia was 
approximately 3 h in the present study.

Apoptosis after lung transplantation results in the loss 
of lung function. Our recent studies showed that reperfu-
sion with blood recirculation leads to a rapid elevation in 
pH, which modulates apoptosis.26 In the present study, pH 
decreased after reperfusion in the hypercapnia group, which 
exhibited a lower apoptosis index. Hypercapnia can up-reg-
ulate some antiapoptotic proteins, such as Bcl-2 and Bcl-
xL, and reduce lung apoptosis to protect from pulmonary 
reperfusion injury.27,28 Hypercapnia inhibits the “apoptosis 
burst” after early reperfusion and may subsequently prevent 
initiation of apoptotic cascade for several days after lung 
transplantation.

T cell–regulated inflammatory response participates in 
mechanisms of acute rejection, including T cell apoptosis 
and anergy-induced immune tolerance. Carbon dioxide 
insufflation depresses the functioning of peritoneal macro-
phages, neutrophils, and T lymphocytes and causes systemic 
immune disturbances.29,30 Such local immune depression 
persists for at least 7 days.31 In our study, the hypercapnia 
group had lower CD8 and CD68 staining in grafts, which 
suggests that reduction in CD8+ T cells and CD68+ macro-
phages may alleviate the immune response. Activated CD4+ 
T cells release cytokines that promote proliferation and mat-
uration of CD8+ T cells, whereas CD8+ T cell–dependent 
cytotoxicity directly kills target cells. In our study, hypercap-
nia reduced CD8 in grafts and CD8+ T cell counts in periph-
eral blood, which indicates that hypercapnia suppresses the 
infiltration and accumulation of CD8+ T cells.

Between-group differences with respect to CD4 stain-
ing in grafts and CD4+ T cell counts in peripheral blood 
were not statistically significant. This may indicate that 
CD8+ T cells predominated over CD4+ T cells in pulmo-
nary acute cellular rejection in our experiment. However, 
this was assessed only at a single time point (postoperative 
day 7), which is a limitation. The results may have been 
different if we had selected more determination points, 
such as at 2 weeks or 1 month after transplantation. A 
lower CD4/CD8 ratio has been associated with a higher 
possibility of lung allograft rejection in the first year after 
transplantation.32 The CD4/CD8 ratio increased in the 
hypercapnia group, which suggests that hypercapnia may 
modulate T lymphocyte responses and help decrease the 
chances of acute cellular rejection. Insufflation of carbon 
dioxide for 30 min in rat laparoscopy models suppressed 
immune response secondary to a decrease in lymphocyte 
and macrophage counts and tumor necrosis factor-α level 
at 1 h after intervention.33 Our results support these find-
ings in a rat model of acute lung rejection over a longer 
period (7 days).

Cytokines participate in acute rejection or tolerance. 
Upon activation of CD4+ T cells, numerous cytokines are 
released by subsets of helper T cells (Th): Th1 and Th2. 
Further, strong expression of Th1 cytokines tumor necro-
sis factor-α, interleukin-2, and interferon-γ and mild sup-
pression of Th2-cytokines interleukin-4, interleukin-6, 
and interleukin-10 are associated with early rejection.34 
Several studies have shown that Th1 cytokines play a more 
dominant role than Th2 cytokines in the cellular immune 
response during acute rejection of lung and other solid 
organs,34–36 which was also supported by our findings. Our 
results showed that hypercapnia significantly reduced plasma 
concentrations of interleukin-2, tumor necrosis factor-α, 
and interferon-γ. Hypercapnia decreased the levels of CD4+ 
T cell–derived cytokines without having any influence on 
the CD4+ T cell counts, which indicates reduced CD4+ T 
cell activity. Although elevated levels of interleukin-10 may 
induce immune tolerance to lung transplants,37 this phe-
nomenon was not observed in the present study.

Acute cellular rejection represents a systemic inflamma-
tory state that induces multisystem injuries. Hypercapnia 
was shown to reduce pulmonary and systemic injury after 
lung ischemia–reperfusion through attenuation of the lev-
els of systemic cytokines and free radicals.8 In our study, 
hematoxylin and eosin-stained sections of right lung, liver, 
and heart tissues in the hypercapnia group showed allevia-
tion of injury. Increased expression of potassium–adenosine 
triphosphate channels is involved in mediating the protec-
tive effect of hypercapnia against secondary visceral organ 
dysfunction.38 We did not observe any signs of brain tissue 
damage in all the study groups; this is ostensibly due to the 
protective effect of endothelial cells comprising the blood–
brain barrier, which may have prevented the entry of acti-
vated Th1 cells into brain tissue.39

Lung-protective ventilation (with low VT and high PEEP) 
improves survival in patients with ARDS.40 A recent study 
by Hummler et al.41 showed that the therapeutic effect of 
hypercapnia induced by protective ventilation (VT 4.5 ml/
kg and PEEP 7 cm H2O) was superior to that of hypercap-
nia alone (VT 7.5 ml/kg, PEEP 7 cm H2O and inhalation of 
4% CO2) in a rabbit model of ARDS. However, ventilation 
settings used for hypercapnia alone in their study are still in 
the lung-protective ventilation category. In our experiment, 
ventilation settings (VT = 8 to 10 ml/kg, PEEP = 2 cm H2O) 
were not protective in all groups. This implies that the pro-
tective effect observed in the hypercapnia group occurred 
in the context of ordinary ventilation model, which served 
to distinguish and elicit the protective effect of hypercapnia 
alone and excluded the effect of low VT-induced decreased 
ventilator-induced lung injury.

Several considerations about future clinical application of 
hypercapnia are noteworthy. First, we did not administer any 
other immunomodulating agents in the present study, and 
we aimed to explore the sole protective effect of hypercapnia 
in a severe acute cellular rejection setting. This is inconsistent 
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with clinical rejection treatment, because antirejection medi-
cation constitutes an integral component of modern trans-
plant programs. We presume that hypercapnia may have an 
additive and independent immunomodulatory effect when 
used together with other immunosuppressor agents. Second, 
the immunosuppressive effect of severe and sustained hyper-
capnia impairs the host response to bacterial invasion and 
increases lung infection. Protective strategies of minimizing 
the duration and dose of inhaled carbon dioxide in conjunc-
tion with early effective antibiotic therapy may confer an 
advantage.42,43 Of note, infections resulting from short car-
bon dioxide inhalation have not yet been documented. Third, 
hypercapnia increases pulmonary artery pressure (Ppa) and 
right-heart strain. This seems to be a paradox in hypercapnia 
treatment for acute cellular rejection in recipients who have 
developed right heart dysfunction. Laffey et al.25,44 investi-
gated Ppa after short inhalation of 5% or 25% CO2 in ani-
mal models. They reported a maximum Ppa of less than 24 
mmHg and gentle elevation of Ppa by 2 mmHg, which does 
not qualify the criteria for pulmonary hypertension (mean 
Ppa ≥ 25 mmHg at rest).45 These data may provide a valuable 
reference for future clinical hypercapnia application. In addi-
tion, alleviation of acute cellular rejection protects against 
immune-mediated microvascular endothelial cell injury, 
decreases the severity of vasculitis, and inhibits pulmonary 
arterial fibrous stenosis,46 which may help maintain normal 
pulmonary vascular pressure after hypercapnia treatment. 
Safety remains a key factor for a possible transposition from 
an animal study to a clinical one. Luckily, hypercapnia did 
not induce complications as mentioned in all groups, such as 
obvious lung infection (evidenced by rat x-rays) and high Ppa 
(inferring from Laffey et al.’s data). However, complications 
should be closely observed in further clinical transformation, 
with an intent to institute aggressive prevention strategies.

In summary, hypercapnia effectively protects lung func-
tion and ameliorates acute cellular rejection and injury to 
other critical organs after lung transplantation in a rat model 
by inhibiting the activation and accumulation of T cells and 
macrophages, suppressing release of proinflammatory cyto-
kines, and inhibiting apoptosis. This provides a theoretical 
basis for the development of novel strategies against acute 
cellular rejection after lung transplantation.
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