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SLEEP AND INFLAMMATORY MARKERS

OBSTRUCTIVE SLEEP APNEA (OSA) HAS A PREVALENCE 
OF APPROXIMATELY 2% TO 3% IN THE PEDIATRIC 
POPULATION AND IS CHARACTERIZED BY PERIODS OF 
partial or complete upper-airway obstruction during sleep, despite 
continuing respiratory effort.1,2 Patients with OSA have repetitive 
episodes of hypoxia followed by reoxygenation3 and have 
increased circulating reactive oxygen species,3 proinflammatory 
cytokines, including tumor necrosis factor (TNF)-α; interleukin 
(IL)-1, IL-6, and IL-84-7; and c-reactive protein (CRP),8,9 a 
powerful marker and predictor of cardiovascular risk.10-12 
Because inflammation is a mechanism for atherosclerosis and 
other cardiovascular diseases, these findings suggest that OSA, 
and its associated intermittent hypercapnic hypoxia (IHH), may 
cause cardiovascular complications by activating inflammatory 
pathways.8,13

To evaluate the mechanisms and characteristics of sequelae of 
OSA during early development, our laboratory has developed a 
piglet model of IHH. The use of a piglet model is relevant to the 
human condition because of the many anatomic and physiologic 
similarities between piglets and the human infant.10 Importantly, 
the maturation of respiratory control is equivalent to that of 
human infants at birth, so that the period up to 30 days of age in 
a piglet equates to the first 6 months of development in a human 
infant. 11 IHH treatment is used to mimic OSA because apneas are 

associated not only with periodic decreases in oxygen (hypoxia), 
but also with simultaneous increases in arterial carbon dioxide 
(hypercapnia).2 Therefore, the study of inflammatory changes in 
response to this IHH treatment on piglets is an excellent model 
for examining the mechanisms for inflammatory changes in OSA 
in young children.

The aim of the present study was to determine the effect of 
acute (IHH) treatment on IL-6, TNF-α, and CRP levels in a piglet 
model of OSA.

METHODS

Piglet Model of IHH

The experimental procedure and study environment of our 
piglet model has been described previously.12 Briefly, large white 
cross with durah breed male piglets (n = 16) were transported 
from a commercial piggery on day 3.5 ± 2.3 after birth. The piglets 
weighed 2.1 ± 0.9 kg on arrival. Ethical approval was obtained 
from the University of Sydney Animal Ethics Committee.

Surgery for Insertion of Catheter

Aseptic surgery was undertaken under general anaesthetic on 
day 8.6 ± 4.5 when piglets weighed 2.6 ± 0.8 kg. Anesthesia was 
induced by using a face mask delivering isofluorane (1%-3% 
halothane with 30%-50% nitrous oxide). Catheters were placed 
in the left femoral artery and vein, tunnelled subcutaneously 
to exit in the ipsilateral flank, and protected in the pockets of 
jackets that were worn from the time of the surgery. Analgesia 
commenced intraoperatively with paracetamol rectal suppository 
(Panadol, GlaxoSmithKline, Auckland), 52.5 mg of cephalexin 
antibiotic (Trilexine 150 suspension, Virbac Pty Limited, 
Australia), and 1 mg of meloxicam (Metacam, antiinflammatory 
injection, Boehringer Ingelheim Pty Limited, Australia). Catheter 
lines were flushed daily with heparin to keep them patent. IHH 
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treatment commenced a minimum of 48 hours (1 full day’s rest 
with analgesics) after surgery to allow for recovery.

IHH Treatment

On the day of the study, piglets were assigned to either control 
(n = 8) or treatment (n = 8) groups. Piglets were exposed to two 
90-minute treatment sessions, separated by 90 minutes of rest. A 
rest period was included in the experimental protocol because it 
has been established that the decline in ventilatory response with 
sustained hypoxia may require up to 1 hour for complete reversal.13 
Therefore, the experimental protocol was established with the aim 
of mimicking brief repeated exposures to hypercapnic hypoxia, 
similar to the clinical situation of OSA. 

IHH treatment consisted of 6 minutes of hypercapnic hypoxia 
(8% O2, 7% CO2/N2) alternating with 6 minutes of air, over 90 
minutes’ duration. Piglets in the control group breathed fresh air 
for the duration of the experiment in the same study environment. 
Piglets were placed in a vinyl hammock within a temperature-
controlled sealed chamber to maintain their head position, relative 
to the respiratory-monitoring devices. Gases were delivered 
via a breathing mask using a gas-tight 3-way tap attached to 
reservoir bags containing air or the premixed IHH gas. After 
the study, all animals were killed painlessly with an overdose of 
pentobarbitone.

Blood Gases

Blood samples, to assess and confirm the relative O2 and CO2 
saturation reached during hypoxia treatment, were taken at 8 
timepoints: (1) before IHH session 1, (2) during the first 6-minute 
hypercapnic-hypoxia cycle, (3) during the last 6-minute hyper-
capnic-hypoxia cycle, and (4) after IHH session 1.  

Blood-sample collection was repeated in Session 2. Blood-gas 
tensions, pH, and hemoglobin were measured in an automated 
blood-gas analyzer (Model 520, ABL, Radiometer, Copenhagen, 
Denmark). All values were corrected to the rectal temperature of 
the animal.

Blood Collection

Over the duration of the experiment, 2-mL blood samples (1 
mL plasma, 1 mL serum) were collected before and after each 
IHH session for the measurement of inflammatory markers. 

Blood samples were spun immediately in a routine bench-
top centrifuge for 5 minutes and plasma/serum samples were 
aliquotted into a fresh tube and stored at -20ºC until analysis.

IL-6, TNF-α, and CRP Assays

All piglet blood samples were analyzed using commercially 
available enzyme-linked immunosorbent assay kits: IL-6 and 
TNF-α(R&D Systems, Minneapolis, Minn) and CRP (Phase 
Range Porcine CRP Assay Kit, Tridelta, Ireland) following the 
instructions supplied with the kits. All samples were measured 
in duplicate at the same time. IL-6, TNF-α and CRP measures 
were read using a plate reader (MultiscanEX, LabSystem, 
PathTach Company, Australia). According to the manufacturers, 
the minimum detection limits for IL-6, TNF-α, and CRP are 10 
pg/mL, 3.7 pg/mL and 20 ng/mL, respectively. The coefficients 

of variance for IL-6, TNF-α, and CRP were 2.9%, 4.9%, and 8% 
for intraassay precision and 8.5%, 8.9%, and 10% for interassay 
precision. 

Statistical Analysis

All analyses were conducted using the SPSS statistical package 
(SPSS for Windows, V11.5.1, LEAD Chicago, Ill). Independent 
samples t-tests were used for analyzing normally distributed data 
and Mann Whitney U for data that were not normally distributed 
data. We used mixed modelling to examine the effects of time 
and group (control or treatment) on inflammatory marker levels. 
Mixed models were used to minimize the effects of missing data 
points and to take into account the longitudinal nature of the data. 
All P values reported are 2-tailed with statistical significance set 
at < 0.05.

RESULTS

Piglet Characteristics

A total of 16 male piglets completed this study. On the day of 
the study, the treatment (n = 8) and control (n = 8) groups were 
not different in age (treatment = 15.4 ± 4.1 days; control = 11.3 ± 
5.1 days; P = 0.1) or weight (treatment = 2.9 ± 0.9 kg; control = 
2.6 ± 0.8 kg; P = 0.58).

Blood-Gas Measurements on the Day of Treatment

The PaO2 and PaCO2 levels achieved during the exposure to the 
inspired hypercapnic hypoxic gas mix during this study were 53.8 
± 21.5 mm Hg and 54.4 ± 4.0 mm Hg, respectively.

Inflammatory Measures 

There was a significant rise in IL-6 levels in the treatment group 
after the first session of IHH (P = 0.005), which fell gradually 
thereafter. Although still elevated prior to the second session, 
this was not statistically significant (P = 0.066), and the second 
session produced no further elevation in IL-6 levels (P = 0.484). 
In both control and treatment groups, TNF-α concentrations 
increased after session 1 and then decreased gradually over 
the rest period and the second IHH session. CRP levels in both 
control and treatment groups showed no significant differences 
during the study. Inflammatory measures are shown in Table 1 
and Figure 1.

Mixed Models

Using mixed models, we found a significant difference in IL-6 
and TNF-α levels between the different time points (P = 0.03 and 
0.001, respectively) and a significant group difference for TNF-α 
(P = 0.005).

DISCUSSION

This is the first study we are aware of to apply IHH stimuli to 
an animal model to study the acute effects on proinflammatory 
cytokine production. We found an increase in IL-6 levels 
following an initial IHH exposure but no further change following 
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a subsequent exposure. TNF-α and CRP showed no significant 
differences in the control and treatment groups, although TNF-
α did increase after IHH treatment in both groups. These results 
suggest that acute hypoxia causes a transient increase in circulating 
IL-6. Recurring episodes of such hypoxia may result in persisting 
increases in IL-6 levels, with implications for the cardiovascular 
sequelae of OSA, especially in children.

IL-6 is a pleiotropic cytokine that is commonly produced at 
local tissue sites and released into the circulation in almost all 
situations of homeostatic perturbation, including trauma and 
acute infections.14 Results from the present study indicate a 7-fold 
increase in IL-6 levels after 90 minutes of IHH treatment. Bowen et 
al found that IL-6 production by placental trophoblast, normal, and 
preeclamptic cells increased significantly after 48 hours hypoxia 
ex vivo.15 Klausen et al found human serum concentrations of IL-
6 increased steadily 9-fold over baseline during 4 days at altitude, 
whereas Hartmann et al found a 20-fold increase in IL-6 under the 

same conditions.16,17 In adults with OSA, plasma IL-6 levels have 
been shown to increase significantly after an obstructive sleep 
apnea (SaO2 < 85%).18 These findings suggest that both acute and 
chronic hypoxia contribute to an increase in proinflammatory 
cytokine production. To date, there have been no equivalent 
human studies conducted during early development.

A mechanism by which IL-6 may be produced in hypoxic 
conditions is the upregulation of transcription factors NF-κB 
and NF-IL6.19-22 Findings from in vivo studies indicate that acute 
hypoxia-induced expression of IL-6 is primarily dependent on the 
upregulation of NF-κB19 or NF-IL6.21,22 Matsuaka et al suggested 
that NF-κB and NF-IL-6 synergistically activate the expression 
of IL-6.20 Adults with OSA show markedly elevated monocyte 
and neutrophil NF-κB activity, which is reversed after continuous 
positive airway pressure treatment for OSA.23,24

Results from our study indicate that elevated IL-6 levels after 
an initial hypoxic treatment were refractory to a repeated hypoxic 

Table 1—IL-6, TNF-α, and CRP Levels at Baseline and After IHH Treatment Sessions 1 and 2 

Timepoint IL-6, pg/mL TNF-α, pg/mL CRP, μg/mL 
 Control Treatment P Value Control Treatment P Value Control Treatment P Value

Baseline 1 172.8 197.2 0.917 41.5 149.9 0.021* 151.3 121.8 0.620
 (47.5-1518.3) (35.0-2236.7)  (13.8-149.9) (31.6-251.6)  (3.5-222.8) (28.3-191.9)

Hypoxia 1 320.2 2891.1 0.019* 1089.6 570.9 0.208 178.0 144.5 0.655
 (30.2-1437.8) (406.6-3331.1)  (592.9-2026.9) (84.6-1889.3)  (41.2-232.1) (70.2-207.0)

Baseline 2 72.9 1355.6 0.252 647.4 551.6 0.418 165.2 147.4 0.563
 (23.8-6360.0) (27.5-4714.4)  (349.4-1455.3) (52.6-1741.7)  (4.9-226.5) (39.4-191.5)

Hypoxia 2 1177.23 393.3 0.522 489.1 525.3 0.908 209.8 156.8 0.482
 (61.1-4454.4) (4.7-1503.8)  (385.8-1180.3) (166.6-1676.7)  (22.5-240.5) (75.0-200.5)

Data are presented as median (range), and P values were derived using Mann Whitney U. IL, interleukin; TNF, tumor necrosis factor; C-reactive 
protein; IHH, intermittent hypercapnic hypoxia. 
*P < 0.05.
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Figure 1—IL-6 and TNF-α levels during IHH treatment. In Figure 1a, interleukin (IL)-6 levels increased significantly in the treatment group 
after the first session of intermittent hypercapnic hypoxia (IHH) treatment, which gradually fell thereafter. The second IHH session produced no 
further elevation in IL-6 levels. In Figure 1b, TNF-αlevels increased in both control and treatment groups after the IHH Session 1 and continued 
to decrease gradually over the rest period and the second IHH session. The lines represent the median values for the groups. ■ Controls (n=8); 
○ Treatment (n = 8). 
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stimulus within 90 minutes of the first, possibly suggesting an 
adaptation of the organism to hypoxic conditions.25 Meffert et 
al found repetitive administration of recombinant IL-2 induced 
significantly lower IL-6 serum peaks, when compared with the 
initial administration.26 Adaptive responses to stimuli have also 
been shown in TNF-α, where additional lipopolysaccharide 
injections administered within 3 days gave peak measures of 15% 
of the concentration detected after the first injection.27 

The refractory nature of IL-6 may also be attributed to its 
short half-life. After production, the kinetics of IL-6 clearance is 
biphasic. Initially, IL-6 has a rapid disappearance corresponding 
to a half-life of 3 minutes and a second slow one corresponding 
to a half life of about 55 minutes.28 Previous studies have found 
IL-6 increases at 2 hours and peaks at 24 hours after stimulation 
with lipopolysaccharide in whole blood, consistent with in vivo 
studies by Ertel et al.29-31 Blood samples in our study (taken after 
90 minutes of hypoxia treatment) may not have been taken at 
the peaks of IL-6 production. Elucidating the full time course of 
this phenomenon would require the study of additional samples, 
including later time points.

After hypoxic treatment, there was an elevation in TNF-
α in both control and treatment groups, suggesting that the 
inflammatory changes were precipitated by a stimulus other 
than IHH. The most likely cause is a stress response relating to 
the study environment. This may relate more to the increase in 
sympathetic activity associated with OSA.32-34 Various forms of 
psychologic stress are associated with increased IL-6 levels,35,36 
although the relationship between IL-6 and environmental stress 
is not clear. Restraint stress alone is capable of inducing increased 
TNF-α levels.37 It may be that stimuli elicit different responses in 
different environments.

CRP, an acute phase reactant, is a marker of systemic 
inflammation and a strong predictor of cardiovascular risk.38 
Mean half lives of serum CRP have been reported at between 19 
and 21 hours and peak at about 48 hours, before decreasing.16,39 
Hepatic production of CRP is regulated by cytokines, particularly 
IL-6, even in high-altitude hypoxic conditions. The results herein 
are consistent with previous observations that increases in IL-6 
precede increases in CRP.38,40 Ehl et al suggest that a period of 10 
hours must elapse between the initiation of CRP synthesis and the 
time until CRP levels become measurable in the serum. In this 
context, our finding that hypoxia treatment causes IL-6 changes, 
but no changes in CRP, suggests that there may not have been 
sufficient time for measurable changes to occur.

We studied cytokine responses to a very acute period of IHH. 
The period of IHH was only for 90 minutes, and our results 
suggest that we have detected only early cytokine changes. 
Nonetheless, some clinical studies have examined the response 
to single apneas.18 Previous studies conducted in humans injected 
with lipopolysaccharide found that circulating TNF-α levels had 
increased by 60 minutes with maximal levels at 90 minutes.41 This 
is also evidenced in both unstimulated and lipopolysaccharide-
stimulated human PBMC; TNF-α protein levels increase 
immediately after the start of cultivation, reaching maximal 
levels at 4 hours42  and 72 hours.43 For CRP, Kenma et al found 
that circulating levels increased following lipopolysaccharide 
injection, with maximal levels detected 22 hours after injection.41 
Based on results from these studies, we are confident that 90 
minutes is sufficient time to allow for measurable TNF-α levels, 
but, consistent with our results, change in CRP would be expected 

to follow a longer time course. In future studies it would be 
interesting to preform lipopolysaccharide injections in piglets to 
further elucidate the dynamics of cytokine secretion.

There is some evidence suggesting that surgical intervention 
affects circadian rhythms and thus sleep, both of which can lead 
to cytokine increases.44 Kakela et al found that even relatively 
minor surgery delays the onset of nocturnal melatonin secretion 
postoperatively.44 However, Nishumura et al reported no 
changes in melatonin levels after invasive surgery.45 In addition 
to the effects of inflammation and stress, it is possible that the 
associated dysregulation of circadian rhythms may have affected 
cytokine levels in this study; however, further studies are needed 
to examine this.

A potential limitation of the study is the relatively small sample 
size. Using the results we obtained in this study, power calculations 
show that we would need 50 to 80 piglets in each group to detect a 
25% increase from baseline in TNF-α and CRP. The power of the 
study to detect a significant difference at the .05 level in IL-6 after 
90 minutes of IHH was calculated to be 93%. It would be important 
to further validate findings in a larger number of piglet.

Another limitation of the study may be the relatively short 
recovery time after surgery (minimum 48 hours). However, we 
have previously reported in this piglet model that physiologic 
parameters, including respiratory and heart rate and blood 
pressure, return to baseline 24 hours after surgery46 and a study 
by Dimofte et al found an almost full recovery in TNF-α and IL-6 
levels 24 hours after major abdominal operations.47

The period of rest between hypoxic episodes was equivalent 
to the intervals that would normally occur between bouts of rapid 
eye movement sleep and not between separate sleep periods. We 
may not see the refractory period in IL-6 production on second 
exposure to hypoxia if there was a rest period of 1 day.

In conclusion, the present study is the first model involving 
neonatal animals demonstrating that even acute hypoxia, as occurs 
in human OSA, causes increases in IL-6. In chronic intermittent 
hypoxia, the resultant increase in IL-6 and possibly other 
proinflammatory mediators may potentially lead to an increased 
risk of cardiovascular disease in later life. Determination of 
the effects of chronicity and severity of IHH on inflammatory 
measures would require further studies. 
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