J Physiol 593.3 (2015) pp 739-753 739

Protection of intestinal injury during heat stroke in mice
by interleukin-6 pretreatment

Neil A. Phillips!, Steven S. Welc!, Shannon M. Wallet?, Michelle A. King' and Thomas L. Clanton'
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Key points

e Heat stroke afflicts thousands of humans each year, worldwide.

e The immune system responds to hyperthermia exposure resulting in heat stroke by producing
an array of immunological proteins, such as interleukin-6 (IL-6). However, the physiological
functions of IL-6 and other cytokines in hyperthermia are poorly understood.

e We hypothesized that IL-6 plays a protective role in conditions of heat stroke. To test this, we
gave small IL-6 supplements to mice prior to exposing them to hot environments sufficient to
induce conditions of heat stroke.

e Pretreatment with IL-6 resulted in improved ability to withstand heat exposure in anaesthetized
mice, it protected the intestine from injury, reducing the permeability of the intestinal barrier,
and it attenuated the release of other cytokines involved in inflammation.

o The results support the hypothesis that IL-6 is a ‘physiological stress hormone’ that plays an
important role in survival during acute life-threatening conditions such as heat stroke.

Abstract The role of interleukin-6 (IL-6) in hyperthermia and heat stroke is poorly understood.
Plasma IL-6 is elevated following hyperthermia in animals and humans, and IL-6 knockout mice
are more intolerant of severe hyperthermia. We evaluated the effect of IL-6 supplementation on
organ injury following severe hyperthermia exposure in anaesthetized mice. Two hours prior
to hyperthermia, mice were treated with 0.6 pg intraperitoneal IL-6, or identical volumes of
saline in controls. Mice were anaesthetized, gavaged with FITC—dextran for measures of gastro-
intestinal permeability, and exposed to incremental (0.5°C every 30 min) increases in temperature.
Heating stopped when maximum core temperature (T¢) of 42.4°C was attained ( Tt may). The mice
recovered at room temperature (=22°C) for 30 or 120 min, at which time plasma and tissues
were collected. IL-6-treated mice, on average, required ~25 min longer to attain T, .. Injury
and swelling of the villi in the duodenum was present in untreated mice after 30 min of recovery.
These changes were blocked by IL-6 treatment. IL-6 also reduced gastrointestinal permeability,
assayed by the accumulation of FITC—dextran in plasma. Plasma cytokines were also attenuated
in IL-6-treated animals, including significant reductions in TNFe, MCP-1 (CXCL2), RANTES
(CCL5) and KC (CCL5). The results demonstrate that IL-6 has a protective influence on the pattern
of physiological responses to severe hyperthermia, suggesting that early endogenous expression
of IL-6 may provide a protection from the development of organ damage and inflammation.
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Abbreviations FD4, 4 kD FITC-dextran for permeability measurements; FDR, false discovery rate due to multiple
sampling; G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte macrophage colony stimulating factor;
HS, heat stroke; IFNy, interferon-gamma; IL-10, interleukin-10; IL-12(p70), interleukin-10-p70, the active heterodimer
of IL-12; IL-13, interleukin 13; IL-15, interleukin 15; IL-17, interleukin 17; IL-2, interleukin-2; IL-4, interleukin-4; IL-5,
interleukin-5; IL-6, interleukin-6; IL-7, interleukin-7; IL-9, interleukin 9; IP-10, interferon gamma inducing protein 10,
same as CXCL10; JAK/STAT3, an IL-6 receptor signalling complex containing ‘Janus kinase” and ‘signal transducer and
activator of transcription-3’; KC, keratinocyte-derived cytokine, same as CXCL1; MCP-1, monocyte chemoattractant
protein-1, same as CCl2; MIP-1o, macrophage inflammatory protein-1 alpha, same as CCL3; RANTES, regulation on
activation normal T cell expressed and secreted, same as CCL5; T, core temperature; T max, maximum core temperature
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achieved during hyperthermia; Te,y, environmental temperature; TNFe, tumour necrosis factor alpha.

Introduction

Heat stroke (HS) afflicts thousands of people every year,
across all walks of life. It has a mortality of 5-50%,
depending on the population being studied, but there
are also long term complications (Dematte et al. 1998;
Bouchama & Knochel, 2002; Davido et al. 2006; Argaud
et al. 2007). During exposure to high environmental
temperatures that can result in HS, one of the earliest and
most robust cytokines seen in the circulation in mammals
is interleukin-6 (IL-6) (Robins et al. 1995; Bouchama
et al. 2005b; Welc et al. 2013a). IL-6 has been found to
have many different functions that fall under categories of
both pro- and anti-inflammatory activity, wound healing,
cell survival signalling and metabolic control, and has
been shown to have a number of functional roles in acute
and chronic illnesses. For example, it is the chief hormone
regulating the release of acute phase proteins from the
liver, which is critical for surviving invasion of pathogens
or in responding to injury or physical stress (Heinrich
et al. 1990; Heath et al. 1993; Nemeth et al. 2004). In
models of acute, life-threatening illnesses, removing
the entire IL-6 response by knockout or antibody
treatment causes markedly increased mortality rates.
These conditions include sepsis (Barton & Jackson, 1993;
Leon et al. 1998; Wang et al. 2001), acute pancreatitis
(Cuzzocrea et al. 2002), liver failure (Cressman et al. 1996)
and HS (Leon, 2007). In further support of a role for IL-6
as a protective hormone, supplementation in the early
stages of haemorrhagic shock results in increased survival
(Alten et al. 2008), prevention of circulatory collapse
(Alten et al. 2008), reductions in lung injury (Moran et al.
2009) and decreased liver injury (Moran et al. 2008). One
of the mechanisms by which IL-6 may function in these
acute settings is as a mediator of pre- or post-conditioning
through activation of the receptor-mediated JAK/STAT3
signalling pathway, a powerful mechanism promoting cell
survival (Dawn et al. 2004; Matsumoto et al. 2006; Sakata
etal 2012).

Based on the observations above, we hypothesized
that IL-6 production normally emerging early in the
response to hyperthermia is part of a stress-induced cyto-
kine response (Welc et al. 2013a) and plays a protective
preconditioning role, promoting organism survival. To
explore the influences of early IL-6 signalling in the
outcomes of HS, in early experiments we tested if
IL-6 pretreatment had an effect on the ability to resist
elevations in core temperature (7.) in response to a
preprogrammed elevation in environmental temperature
(Teny). Surprisingly, we found that in anaesthetized
animals treated with IL-6, T. did not increase as fast as
in untreated animals. We then wished to test whether IL-6
pretreatment affected the onset of organ injury or the
timing of the immune system responses to hyperthermia.
However, to compare animals with the same total heat
exposure, we redesigned the experiment so that the core
temperature profile in both treated and untreated mice
remained the same. Results demonstrate that in response
to exposure to the same T profile resulting in conditions of
HS, IL-6 pretreatment has potent protective influences on
the organism, reducing intestinal barrier dysfunction and
injury and attenuating the circulating cytokine responses
that are characteristic of extreme hyperthermia exposures.

Methods
Mice and IL-6 supplementation

All animal protocols were approved by the University of
Florida Institutional Animal Care and Use Committee.
Male, wild-type C57BL/6 mice (119 total) were obtained
from Jackson Laboratories (Bar Harbor, ME, USA) and
housed at the University of Florida on a 12/12 h light—dark
cycle with the dark cycle between 19.00 and 07.00 h
until the day of the experiment. The temperature and
humidity of the rooms was maintained at 19-23°C and
approximately 40-60% relative humidity. Animals were
brought from the animal facility to the laboratory the
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afternoon before the experiment in a new cage in order
to adapt to the laboratory and to recover from the stress
of transport. They were maintained on the same 12/12 h
light—dark cycle at 19-23°C and 40—-60% relative humidity
in the laboratory. Experiments were performed the next
day, during daytime hours with experiments beginning
between at 07.00 and 12.00 h. The ages of the mice
ranged between 8 and 16 weeks; weights are reported
for individual groups in the Results. The animals were
provided food and water ad libitum prior to anaesthesia.
The mice were weighed and anaesthetized by 1.p. injection
with 50 mg kg~! pentobarbital (Nembutal) diluted in
sterile saline (10%). Pentobarbital supplements of 0.05 ml
were given throughout the study, as needed. As no surgery
was performed on the animals throughout the protocols,
thelevel of anaesthesia was keptatalowlevel, just sufficient
to eliminate toe withdrawal reflexes. Mice receiving IL-6
supplementation were administered 0.6 ©g recombinant
mouse IL-6 in 100 wl sterile saline by 1.P. injection, without
anaesthesia, 2 h prior to initiation of the HS protocols.
The dosage of IL-6 was based on the pharmacokinetic
experiments of L.p. IL-6 injections in mice (Peters et al.
1996). These studies predicted thata 0.6 pg 1.p. dose would
result in a peak plasma dose of ~200-300 pg ml~! by 1 h
and this level would be maintained for approximately 4 h.
The plasma target of 200-300 pg ml~! was based on known
concentrations of plasma IL-6 during the early recovery
period after passive heat stroke in unanaesthetized mice
(Leon et al. 2006). Sham control mice received an identical
L.P. injection of 100 ul sterile saline.

HS protocols

Two different HS protocols were implemented. In the
first, referred to as the ‘Ti,, clamp’ the animals were
placed supine in a modified plexiglass mouse cage
with a plexiglass lid that could be quickly removed for
anaesthesia supplementation without greatly affecting the
mouse’s temperature exposure (Fig. 1A). A custom-made
servo heating system, consisting of a high capacity
variable blower and a heat exchange element made
of copper pipe, was used to manipulate the T.,, of
the cage. Baffles on both ends of the cage ensured a
laminar flow and a uniform temperature distribution.
The sides of the cage were insulated and the trans-
parent top was double-paned. T.,, was regulated by a
servo-controlled, proportional, integral and differential
controller (Digisense, Cole-Parmer, Vernon Hills, IL,
USA). Rectal temperature was monitored using a 2 mm
rectal thermistor (YSIL, Yellow Springs, OH, USA). The
anaesthetized mice were brought to a steady state T. of
36°C using the temperature controller and then were
started on a programmed temperature profile in which
Teny was first brought to 39.5°C, over 30 min, and then
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elevated 0.5°C every 30 min until T, attained a maximum
value of 42.4°C (T max), @ temperature corresponding to
moderate HS in unanaesthetized mice (Leon et al. 2005).
After reaching T, ax, the animals were removed from the
chamber and allowed to recover at room temperature for
30 min, reaching approximately 35-36°C. All experiments
were matched with anaesthetized sham controls in which
T, was maintained at 37°C (night-time active T, for mice
(Leon et al. 2005)) during equivalent periods.

A second anaesthetized HS model was developed
to measure variables such as intestinal permeability,
intestinal injury and cytokine expression, all of which
are time-dependent. As will be shown in detail in
the Results, IL-6 pretreatment had drastic effects on the
length of time that it took a given animal to reach the
targeted T, max, When exposed to the same T, profile.
Therefore, we developed a second method that clamped
T, to a preset, programmed time course, thus fixing the
time—temperature profile during hyperthermia for all mice
(Fig. 1C). We called this second approach the ‘T, clamp’
method. Briefly, the environmental cage was removed
and the animals were placed under a long wavelength
ceramic infrared lamp with radiant energy emitted at
4-14 pum wavelength. The heating protocol was identical
to the T, clamp method in terms of the incremental
changes in temperature that were controlled at each stage.
This resulted in a relatively constant thermal load of
~110°C min, calculated as time X (rectal temp. — 40.4°C)
(Hubbard et al. 1977). After acquiring T; max at =200 min,
the animals were allowed to recover for either 30 min or
2 h, with the controller T; set point maintained at 36°C
(Fig. 1C). Results were compared against sham controls
that were studied over the same durations of anaesthesia
and monitoring.

Measurement of intestinal permeability and blood
sampling

For gastrointestinal permeability measurements, just after
induction of anaesthesia, a 4 kD FITC—dextran (FD4)
solution (20.8 mM) was gently gavaged into the lower
oesophagus at a dose of 10 ul g~' bodyweight. This
method was originally based on the approach of Lambert
et al. (2002) in rats and was adapted for mice by Oliver
et al. (2012). The animals were held upright for ~10 s
and then placed in the temperature controlling system
in the supine position. At the end of the study, the
mice were given a strong supplemental dose of pento-
barbital, and a 0.5-1 ml blood sample was obtained
under anaesthesia by transthoracic stick into a 1 ml,
EDTA-loaded syringe. The animals were then killed
by thoracotomy and removal of the heart from the
great vessels, under anaesthesia. The plasma sample was
immediately spun down in a refrigerated centrifuge and
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plasma pipetted off from the buffy coat. The samples were
aliquoted and frozen at —80 °C until FITC concentrations
within the plasma samples were measured using standard
spectrofluorometry and calibrated to FITC standards.
Fresh plasma from naive control animals was used as a
negative blank control. Aliquots of plasma were frozen for
multiplex cytokine measurements.

Histological analyses of intestinal samples

The entire intestines were removed immediately following
blood withdrawal. The small intestines were then rinsed
and the mesentery removed so that they could be
straightened, limiting mechanical stress on the tissue.
The entire intestine was then placed in 4% formalin for
fixation. At a later time, 1 cm transverse sections of the
duodenum (immediately following the pyloric sphincter),
the jejunum (half way between the pyloric sphincter and
ileocaecal junction) and the ileum (immediately pre-
ceding the ileocaecal junction) were cut out and used
for histological assessment. Tissues were then processed
by the University of Florida Molecular Pathology Core
Lab, for paraffin embedding, cutting 4 pm thin sections,
mounting on slides and staining with haematoxylin—eosin
(H&E). To analyse villus injury in an unbiased way, the
slides were blindly scored for injury by two independent
readers using methods as described previously (Novosad
et al. 2013). These methods are based on the original
approach of Chiu et al. (1970) and range from 0 to 5,
with 0 = normal mucosal villi, 1 = subepithelial space
at the villus tips, 2 = extension of the subepithelial space
with moderate lifting, 3 = massive epithelial lifting down
the sides of the villi, some tips denuded, 4 = denuded
villi, dilated capillaries and 5 = disintegration of the
lamina propria. In addition, villus height and width were

A B Ceramic
l IR Lamp
J——
> ?[\{
2 {1 <
Rectal PID Servo Controller|
Thermistor XXX set
Monitor &Y
PID Servo Controller
) XXCE) set Power out
Thermistor inJ

Power out

Figure 1. Experimental set-up
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measured using calibrated microscope image analysis, also
as previously described (Novosad et al. 2013). Specifically,
every fourth villus was graded and measured until a total
of 10 villus measurements and injury grades were made
for each section of intestine in each animal.

Cytokine measurements

Plasma cytokines and chemokines were qualitatively
and quantitatively evaluated, utilizing the MILLI-
PLEX XMAP Mouse Cytokine/Chemokine-Premixed
22-Plex Assays (Millipore, Billerica, MA, USA). The
soluble mediators, granulocyte colony stimulating factor
(G-CSF), granulocyte macrophage colony stimulating
factor (GM-CSF), interferon-gamma (IFN-y), interleukin
10 (IL-10), IL-12 (p70), IL-13, IL-15, IL-17, IL-la,
IL-18, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, interferon
gamma inducing protein 10 (IP-10), keratinocyte-derived
cytokine (KC), monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-1 alpha
(MIP-1&), RANTES (regulation on activation normal
T cell expressed and secreted) and tumour necrosis
factor alpha (TNF-«), were probed for according to the
manufacturer’s protocols. Detailed methods for multiplex
sample preparation and analysis for our laboratory were
previously reported (Welc ef al. 2012). Concentrations
(pg ml™') were determined using a standard curve,
five-parameter logistics and Milliplex analyst (Viagene,
Tampa, FL, USA).

Statistics

The treatments within each model were randomized
such that control animals and experimental animals

& Tmax=424°C

Recovery
34

50

100 150 200

Time (min)

250 300 350

A, environmental temperature clamp (Teny clamp) apparatus for inducing HS in anaesthetized mice. This was used
to measure the ability to resist rising Teny. B, core temperature clamp (7. clamp) apparatus, used to force T to a
set temperature profile. C, a typical T profile of an HS experiment using apparatus in B vs. a typical tracing of a

sham control mouse.
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were interspersed. Only animals that survived the entire
anaesthesia, heating and recovery protocol were used for
data analysis (50—63% survival rate of the anaesthetized
animals through the entire protocol). For non-skewed
data, central tendency and variance were expressed as
means £ SEM or SD as appropriate; skewed data were
expressed as medians +25-75% quartiles (only the bottom
25% were graphed for clarity). No outliers were removed.
For comparisons of parametric data (intestinal histology),
a two-way ANOVA was performed with heat and IL-6 as
the factors of interest with significant differences between
groups tested with least squares contrasts (SAS JMP
software). Multi-group comparisons for non-parametric
data used Kruskal-Wallis ANOVA followed by the post
hoc Steel-Dwas test for comparison of all groups (SAS
JMP). For fold changes in multiplex cytokine/chemokine
measurements, significant differences were determined by
the sign test; bias due to multiple sampling for the sign test
was estimated using the Benjamini—-Hochberg procedure
for calculation of the maximum false discovery rate (FDR)
(Benjamini & Hochberg, 1995).

Results
Response to changing environmental temperature

Using the ‘T, clamp’ method, animals that were
pretreated with IL-6 withstood longer periods of
environmental heat exposure before reaching the target
core temperature of42.4°C (Fig. 2). Specifically, it required
~35% longer for the IL-6-treated animals to complete the
entire protocol prior to the recovery period. Furthermore,
on average, IL-6-treated mice withstood core temperatures

P =0.01
150 T T
P <0.05 T
A
5 T -
E 100 - T -
g ==
5 50+ o =
a i I
- S
Sham  |L-6 Sham IL-6
Time >40°C Total Heating time

+ recovery

Figure 2. Using the ‘Teny clamp’ method the duration that
animals could withstand core temperature elevations above
40°C and the duration of the total heating and recovery
period were significantly elevated in IL-6-treated animals
Values are means + SEM. Significance was determined by a
two-sample t-test. Results are only from animals that survived the
protocol: 60% in untreated HS, 63% in IL-6-treated HS.
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above 40°C for 41% longer than sham-treated mice,
before reaching their target T. .. Therefore, IL-6 pre-
treatment resulted in delayed rise in T, in response to a
fixed pattern of elevation in Ten. The peak T.,, at the
Te.max end point was 41.0 & 0.1°C for control animals and
was not significantly different from IL-6-treated animals,
41.4 4+ 0.4°C (P=0.1). There were no differences in body
weights between groups in this experiment: 25.8 £ 1.8 vs.
24.2 £2.0 g (mean+SD) in HS vs. HS + IL-6, respectively.

Intestinal barrier function

The ‘T, clamp’ method was used for these and all
remaining experiments, ensuring that the time elapsed
from the beginning of heat exposure to T, m.x was fixed at
~200 min and thus keeping the thermal load and time
elapsed for diffusion of FD4 from intestine to plasma
constant. As shown in Fig. 3, 30 min after T¢ m,y, although
there were apparent elevations in plasma FD4 in both
untreated and IL-6-treated mice exposed to HS, only
the IL-6-treated mice reached statistical significance at
this time point. However, at 120 min after T ., there
were significant elevations in plasma FD4 in untreated
control HS mice, while plasma FD4 levels in IL-6-treated

<0.05
<0.05 | <0.03 |
20 - Sy l
- T L
;,.:;L 150 < ns. e,
i —
s 10 4
€
(7]
<
-
0
Heat stroke  — - + + - - + +
IL-6 Tx - + - + - + - +
L [ : ]
' 30 min post 120 min post
Tc,max Tc,max

Figure 3. Effects of HS on the permeability of the intestine to
high molecular weight FD4 gavaged into the gastrointestinal
lumen

The perpendicular brackets on the ends of the lines below the

P values are directly over the corresponding groups that were found
to be signficantly different by post hoc comparisons. Measurements
were taken at 30 and 120 min after T max. All experiments used the
Tc clamp method. Shaded bars: IL-6 treatment. Values are

means + SEM, n = 5-7 per group. Signficance levels were from
non-parametric tests following Kruskal-Wallis ANOVA (Steel-Dwass).
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HS mice had returned to baseline levels. There were no
statistical differences in body weight between any of the
groups. For animals killed at the 30 min time window:
untreated controls, 29.0 + 3.2 g; IL-6-treated controls,
27.2 &+ 3.5 g; untreated HS, 29.6 £ 1.1 g; IL-6-treated HS,
27.1 & 2.6 g. For animals killed at the 120 min window:
untreated controls, 28.3 + 1.2 g; IL-6-treated controls,
27.6 £ 1.2 g; untreated HS, 29.2 + 2.9 g; IL-6-treated HS,
276+1.2g.

Intestinal injury and morphology

Most of the histological evidence of altered villus structure
and injury was identified in the duodenum, with minor
changes in the jejunum. As shown in representative
images in Fig. 4, in untreated HS mice 30 min after T¢ jay,
intestinal villi in the duodenum exhibited marked damage,
with loss of the integrity of the epithelial lining, apparent
swelling and villus shortening (Fig. 4B). In contrast, in
IL-6-treated HS mice, although villus morphology was
changed, the villi were relatively protected from injury
(Fig. 4C). The changes in morphology in this group were
largely due to shortened villus lengths. As shown in Fig. 5,
at 30 min after T, .y, the sham-treated HS mice exhibited
approximately a 2-fold elevation in the average villi injury
scores in the duodenum, which was statistically higher

D Sham control 120 min post E
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B Heat Stroke, 30 min post

R ©

Heat Stroke, 120 min post F
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than that observed in the IL-6-treated HS mice (Fig. 5A).
This injury was largely resolved by 120 min after T max
(Fig. 5D). At that time point, the differences in the extent
of injury between IL-6 and sham-treated HS animals
were abrogated. Villus height was reduced in response
to HS at both 30 and 120 min time points in duodenum
and jejunum, and there were no effects of IL-6 treatment
in either region (Fig. 5D and E). Finally, villus width,
an indicator of swelling or contraction, was significantly
elevated at 30 min after T, . in control HS mice in the
duodenum, but not in IL-6-treated HS mice (Fig. 5C),
whereby at 120 min villus width had returned to roughly
baseline levels or below in both experimental groups
(Fig. 5D).

Circulating cytokines

HS significantly altered the circulating cytokine profile.
Because of the complexity of the responses at the
two time points, two different quantitative analyses
were performed. Initially, a non-parametric test
(Kruskal-Wallis ANOVA) and post hoc analyses were
used to compare absolute concentration levels of specific
cytokines measured within each time period between
IL-6-treated and the sham HS mice (Fig. 6). The
particular groups of cytokines represented in Fig. 6 are

Heat Stroke + IL-6, 120 min post

Figure 4. Typical H&E stained sections of duodenal region of the intestine

A and D, sham control animals at 30 and 120 min time points equivalent to HS durations. B, HS animals after
30 min of recovery. Arrow highlights typical area of swelling and epithelial disorganization. E, typical intestine
from HS mice after 120 min of recovery. Note the shortened villi and the continued epithelial lifting from the
lamina propria. C, duodenum from HS animals treated with IL-6 after 30 min of recovery. Note the more intact
villi but with some residual epithelial lifting from the lamina propria. £, intestine of HS plus IL-6 treatment showing
shortened villi but without clear evidence of continuing injury. For individual images, contrast, brightness and

colour were adjusted within PowerPoint.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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only those that were significantly different at the overall
ANOVA level. At 30 min after T, max, cytokines that are
directly or indirectly involved in innate immunity, (IL-6,
IL-10, TNFw«, IL-12(P70)) were significantly elevated
by HS. In addition, several chemokines, including KC
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(CXCL1),IP-10 (CXCL10) and MCP-1 (CCL2), were also
significantly elevated.

Interestingly, pretreatment of HS animals with IL-6
resulted in a general reduction in the expression of
many cytokines, although direct comparisons between
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Figure 5. Effects of HS and IL-6 treatment on intestinal injury and villus dimensions
HS with IL-6 treatment (dotted fill), HS with no IL-6 (grey fill), sham-timed control (open). A and D, injury scores;

B and E, villus height; and C and F, villus width. Values are means + SEM; n = 5-7 animals per group. Significance
levels represent least squares contrasts following two-way ANOVA.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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IL-6-treated and untreated groups in HS were not often
statistically different. In most cases, however, the HS
responses in the IL-6 group were also not statistically
different from control. These include TNFq, IL-10,
IL-12(P70), KC (CXCL1) and IP-10(CXCX10). At 120 min
after T mayx, IL-6, IL-10, MCP-1, KC and IP-10 were still
significantly elevated compared to control mice. There
was a general trend for IL-6 pretreatment to induce global
upregulation of cytokines and chemokines at 120 min
after Tt may but this only reached statistical significance for
IP-10 (Fig. 6L).

To reduce the effects of control group variance, a
second analytical approach was used to look exclusively
at the influence of IL-6 treatment on fold changes of
expression from the average cytokine measurements in
the corresponding untreated HS conditions (Fig. 7).
Only specific cytokines that showed statistically significant
treatment effects in Fig. 6 were included in this simpler
analysis. Thirty minutes after T¢ ., 1L-6, TNFa, KC,
MCP-1 and RANTES were all significantly reduced by
pretreatment with IL-6, while at 120 min after T .y
no statistically significant effects of IL-6 treatment were
observed for any cytokine (data not shown). All of these
P values fell within an FDR of <0.15, meaning that it
is highly unlikely that our conclusions are biased due to
multiple sampling of cytokines (Benjamini & Hochberg,
1995).

Discussion

Exogenous IL-6 administration, given prior to HS, resulted
inadelay in the rise of core temperature during exposure to
increasing environmental temperatures. This suggests that
IL-6 is having either a direct or an indirect global impact

3 5 =g o
© C 0o a0 [
= Z Xx 0Ox 28
- C 20 g©
1.0
()
(2]
c
©
=
o
£ %1 1
L
c
8 <0.01
? <0.03
=
<0.01
0.0 <0.002 <0.001

Figure 7. Secondary analyses of cytokine responses to IL-6
treatment during HS

Values are medians—(bottom 25% quartile) calculated as a fold
change of IL-6-treated HS over the mean value in untreated HS. P
values are from a Wilcoxon test. The maximum FDR for all of these
samples was < 0.15.
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on the physiology of heat exchange in severe hyperthermia.
In addition, IL-6 prevented well-known outcomes of
severe heat exposure; specifically, it decreased injury to the
duodenum and reduced the loss of intestinal permeability
(Hall et al. 2001; Oliver et al. 2012). The global cyto-
kine response to hyperthermia was also significantly
dampened following HS, an effect that influenced the
expression of nearly every cytokine or chemokine that was
responsive to heat. Overall, the data are consistent with the
concept that the early emergence of circulating IL-6 during
conditions of severe hyperthermia exposure may function
as a stress response hormone that works via multiple
mechanisms to reduce organ injury and elevate chances for
survival.

Possible mechanisms of altered responses to
environmental temperature

As mice in this study were anaesthetized, they would
be unable to regulate temperature around a set point
(Refinetti & Carlisle, 1988). Therefore, any effect of
IL-6 treatment on the ability to resist elevations in core
temperature is not likely to involve inhibition of the
influence of pyrogens on set point control, particularly
because IL-6 is itself known as a pyrogen (LeMay et al.
1990). It appears more likely that the effects of IL-6
involve support of some aspect of cardiovascular function,
thus delaying the rapid rise in core temperature that
occurs at the end stages of HS, where cardiovascular
collapse results in an inability to dissipate heat (Hall et al.
2001). There are precedents for this effect on the cardio-
vascular system. For example, in severe haemorrhagic
shock, IL-6 supplementation prevents circulatory collapse
during reperfusion and reduces mortality 5-fold (Alten
et al. 2008). Although the mechanisms are not entirely
clear, the effect is STAT3-dependent. It is well known
that IL-6, via JAK/STAT3 signalling, can have a potent
preconditioning effect on the heart, protecting it from
ischaemia-reperfusion injury (Dawn et al. 2004; Smart
et al. 2006; Boengler et al. 2008). Secondly, attenuation
of hyperthermia-induced cytokines such as TNFa could
protect vascular control or cardiac function in HS
(Meldrum, 1998). Thirdly, IL-6 plays a very important
role in activating the acute phase response of the liver
(Heinrich et al. 1990; Heath et al. 1993; Conley et al. 2005;
Tiberio et al. 2006). Pretreatment of IL-6 could therefore
provide an umbrella of protection for the cardiovascular
system, via activation and release of proteins that reduce
oxidant stress, inhibit protease activity, remove reactive
metals from circulation and reduce vascular leakage, thus
protecting multiple organ systems in life threatening
illness (Heinrich et al. 1990; Nemeth et al. 2004; Conley
et al. 2005).
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Possible mechanisms for IL-6 protection of the
intestine

There are two main mechanisms for intestinal injury
in HS. Hyperthermia alone is a potent cause of gastro-
intestinal epithelial cell injury (Dokladny et al. 2006;
Novosad et al. 2013), but whole body hyperthermia also
leads to a reduction in splanchnic blood flow, resulting
in intestinal ischaemia (Hall et al. 1999). In many acute
settings, IL-6 has been shown to be protective of the
intestinal epithelium in ischaemia. For example, IL-6
treatment inhibits intestinal epithelial apoptosis, causes
cell proliferation, lengthening of the villi and promotion
of intestinal cell recovery following ischaemia-reperfusion
injury (Jin et al. 2008). In transplant studies, IL-6 infusions
2 h before transplant have also been shown to pre-
vent intestinal ischaemia-reperfusion injury (Kimizuka
et al. 2004). Similar protective roles on the liver
have been identified following ischaemia-reperfusion
or haemorrhage (Camargo et al. 1997; Arikan et al
2006). In conditions of compromised intestinal barriers,
IL-6 protects the colonic barrier by stimulation of
keratin isoform expression, which contributes to cyto-
skeletal elements important in maintaining barrier
integrity (Wang et al. 2007). IL-6 infusion in humans
to ~35 pg ml™! also results in acute elevations in
splanchnic blood flow (Lyngso et al. 2002), which might
be a mechanism for IL-6-induced protection from the
intestinal ischaemia associated with HS.

Damage to the villi along the intestinal lining initiates a
programmed wound healing response that includes villus
contraction, followed by sloughing off of the villus tip and
proliferation and migration of new epithelium, a complex
process called ‘restitution’ (Blikslager et al. 2007; Derikx
et al. 2008). These events are well underway within 30 min
of an ischaemic injury (Derikx et al. 2008). A loss of villus
length was evident in this study 30 min after reaching
Temax (Fig. 5B). Interestingly, although no significant
evidence of injury was present in the IL-6-treated mice at
this time, the average villus length was already shortened
to the same extent as in the untreated mice, and remained
shortened through 120 min of recovery (Fig. 5E). This
may mean that IL-6 either did not prevent the physical
contraction of the villus structure or that IL-6 pre-
treatment accelerated the process of restitution. However,
the role of IL-6 in restitution of the villus structure after
injury is not yet understood and there are reports that it
does and does not play a significant role in this process
(Jin et al. 2008; Grivennikov et al. 2009; Pickert et al.
2009) For example, it is known that STAT3 signalling, the
most important downstream mediator of IL-6 receptor
signalling, is important in the restitution and healing
process (Jin et al. 2008), but the direct involvement of
IL-6 versus other STAT3-activating cytokines such as
IL-22 or IL-10 is still not clear. It may be that the most
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important influence of IL-6 is simply the inhibition of
apoptosis, which is a relatively well-established influence
of IL-6 signalling in the gastrointestinal tract and other
organ systems (Jin et al. 2008; Grivennikov et al. 2009).
Finally, the reduction in intestinal permeability
observed in IL-6 pretreated animals may have arisen from
the effect of IL-6 on reducing the circulating levels of
inflammatory cytokines such as TNFa (Fig. 6G). TNFa
has a potent impact on permeability to large molecular
weight molecules in the small intestine by opening the
cytoskeletal components of the epithelial tight junctions
(Turner, 2000; Marchiando et al. 2010). In fact, although
TNF« actions are generally considered to relate to local
inflammation in the mucosal lining, infusion of TNF«
into the bloodstream is often used as a model of intestinal
barrier dysfunction (Marchiando et al. 2010). The exact
role of TNFw in heat stroke progression is not entirely
known. Much of the TNF« signal may be dampened by a
large upregulation of soluble receptors for TNF« in heat
stroke (Bouchama et al. 2005a; Blaha et al. 2009), which
probably play a protective role (Van Zee et al. 1992). Recent
studies in TNF receptor II knockouts suggest that TNFo«
plays a complex role in thermoregulation and has indirect
influences on the acute phase response (Leon et al. 2013)

Possible mechanisms for IL-6 reduction of
inflammatory cytokines

The generalized reduction in circulating cytokine
expression observed in the first 30 min of recovery
may reflect the well-known anti-inflammatory actions
of IL-6 on the expression of other inflammatory and
anti-inflammatory cytokines (Tilg et al. 1994; Xing
et al. 1998; Starkie et al. 2003; Steensberg et al. 2003).
However, it is difficult to conceive that this would
be an across-the-board effect, observed in essentially
all cytokines within the set that were up-regulated by
heat (see Fig. 6). A more likely scenario is that the
response reflects secondary influence from protection of
the intestinal barrier. That is, by preventing endotoxin or
other pro-inflammatory mediators (Chang et al. 2012)
from being released from the intestinal lumen, there
would understandably be less overall stimulation of the
innate immune response during HS via a reduction in the
activation of toll like receptors (TLRs) on inflammatory
cells and other tissues. However, an alternative mechanism
could reflect the overall effect of IL-6 preconditioning
on cell survival or the effect of the acute phase protein
response on reduction of organ injury. Both of these
effects of IL-6 would presumably reduce the net release
of damage-associated molecular patterns, which can also
activate cytokine production through TLR activation in
HS (Kawai & Akira, 2010; Dehbi et al. 2012).

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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The effects of pretreatment with IL-6 appeared to
influence soluble mediator expression in the early but
not the later stages of recovery. At the 120 min window
of recovery, the cytokines in general were unaffected by
IL-6 pretreatment, and in some cases the effect showed a
trend toward rebound of cytokine expression or possibly
overexpression. Exactly what this means in terms of the
processes of recovery from HS, ongoing injury and the
mechanisms of tissue repair is unclear, but a critical
feature of protection may involve the timing of early IL-6
signalling.

Critique of the experimental approach

Our use of anaesthetized animals rather than conscious
animals for these studies was based on our need to perform
gavage in the mice prior to study. Our early experience in
conscious animals, submitted to hyperthermia conditions
resulting in HS, made it clear that the responses of mice
are very sensitive to psychological stress. Gavage in awake
animals is very stressful and therefore we avoided gavaging
until after the animals were anaesthetized. Secondly,
conscious animals generally exhibit differing time courses
of response to elevated T.,, (Leon et al. 2006) and this
presents some problems with respect to interpretation of
permeability measurements and the timing of expression
of soluble cytokines and other mediators. By clamping
the T, profile to a set time, we had complete control
of the hyperthermia stimulus and the timing of sample
collection. The data presented here provide a basis to now
test these effects in conscious animals, which are likely to
have more variability in responses.

An interesting outcome of the experiment was that
we never saw an elevation in circulating IL-6 after L.p.
IL-6 infusion, at the time windows we studied. Based on
pharmacokinetic studies of 1.r. IL-6 injections, we had
expected to elevate IL-6 approximately 200300 pg (Peters
et al. 1996). However, even in control mice, we could not
measure any elevations of IL-6 at any time point. This
means that our signal was probably very small and trans-
ient or that it was quickly bound to soluble receptors,
which in our hands results in lowered sensitivity to anti-
bodies for IL-6 used in multiplex technology. Another
consideration is that in some cell types, IL-6 receptor
activation has been shown to inhibit endogenous IL-6
transcription and secretion via a negative feedback loop
involving suppressor for cytokine signalling-3 (SOCS-3)
(Yan et al. 2010). Therefore, inhibition of endogenous
IL-6 could have offset the effects of supplementation.
However, our consistent results, across a variety of
different measurements, ensure that we had biological
activity of our IL-6 injections. Another possibility is
that the IL-6 injected into the peritoneum could have
triggered a different immune response by activating
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resident lymphocytes or macrophages in the peritoneum
to produce mediators that subsequently suppressed cyto-
kine signalling or induced protective pathways.

The source of the large elevation in endogenous IL-6 in
HS is not known. Hyperthermia is a significant stimulus
for IL-6 production and release from skeletal muscle
(Welc et al. 2012), and hyperthermia further amplifies
stimuli common in HS, such as responses to endotoxin
and catecholamines (unpublished data). Because skeletal
muscle makes up a very large proportion of body mass,
it would seem likely that muscle has some role in
contributing to plasma IL-6 levels in these conditions.
In contrast, in inflammatory cells and fibroblasts hyper-
thermia suppresses IL-6 production from inflammatory
mediators (Ostberg et al. 2000; Takii et al. 2010). However,
many other types of parenchymal cells secrete IL-6 in
inflammation, including adipose tissue (Mohamed-Ali
et al. 2001), intestinal epithelium (Meyer et al. 1994)
and cardiac muscle (Jeron et al. 2003), but how these
are affected by hyperthermia is unknown. As most
parenchymal tissues and inflammatory cells have the
capacity to produce IL-6 under a variety of conditions
common in HS, it is very difficult to be certain of the
source of secretion in such a complex pathological setting.

We used an approach towards measuring intestinal
permeability that does not take into consideration the
loss of the FD4 into the urine or in peripheral vascular
beds during the course of the experiment. In many cases
on autopsy, using UV light, we could clearly see FD4
in the urine of the animals and sometimes beneath the
skin. We also routinely looked for distribution of FD4
down the small intestine at autopsy, and by the end of the
experiment it was always distributed well throughout the
small intestine. Therefore, the FD4 in the blood at any
time point is likely to reflect a balance of the rate at which
the FD4 is entering the bloodstream from the intestine and
the rate at which itisbeing eliminated into the urine or into
other leaky vascular beds. This is a plausible explanation
for how FD4 measurements could even go down with IL-6
treatment at the 120 min time point (Fig. 3). Despite these
limitations, we felt that the clear presence of protection
from morphological injury in the IL-6-treated animals
verified that the approach reliably provided a measure of
intestinal barrier function.
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Translational perspective

One implication of these experiments is that some form of low dose IL-6 supplement could have potential as a
therapeutic approach for acute life-threatening conditions such as HS. The practical timing of such a supplement,
however, would be difficult to perform clinically because one would have to know that conditions of HS or similar
acute problems are imminent. It is possible that supplements later in the course of heat exposure or at higher
doses would be equally or more effective. In experimental haemorrhagic shock, for example, therapeutic benefits
have been studied when IL-6 injections are given intravenously, at the beginning of the resuscitation period
(Alten et al. 2008). In passive HS, endogenous IL-6 remains at a low level immediately after T¢ . (Leon et al.
2006; Welc et al. 2013a), so intervention, with 1.v. IL-6 at this time point may be of some benefit. Because we
used LP. injection, with considerable delays in protein absorption in the gut (Peters et al. 1996), it would have
been difficult to time the IL-6 application accurately to specifically hit this target.

A deeper implication of these experimental results is that they provide a framework for greater clarity with
respect to the consequences of early IL-6 stimulation and release in real life situations. For example, consider
active military combatants or athletes exposed to hot and humid environments. They have repeated periods of
activity and then inactivity, when core temperature and presumably IL-6 signalling are likely to go through cycles.
For example, exercise alone (Steensberg ef al. 2000) or hyperthermia alone (Welc et al. 2013b), in the absence of
HS, are independent stimuli for elevating IL-6 in the circulation. It is possible that these early signalling events
induce a kind of natural ‘preconditioning’ endocrine signal that results in changes in the physiology of heat
exchange and an attenuation of the severe consequences of organ injury and vascular collapse that accompanies
HS. As IL-6 signalling has inherent feedback loops that turn STAT3 signalling off over time (Kubo et al. 2003),
the timing and sequence of events that naturally occur and how they influence the protective aspects of IL-6
may be a key determinant in understanding which athlete, which military combatant or child left in a hot car
succumbs to HS and under what real life circumstances.
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