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Abstract

Purpose—Interleukin-6 (IL6) has both pro-and anti-inflammatory pathways but its effects on
intestinal recovery following ischemia are unknown. We hypothesized that administration of IL6
following intestinal ischemia would improve mesenteric perfusion and mucosal injury.

Methods—Adult male C57BI6J mice were anesthetized and a laparotomy performed. Baseline
intestinal perfusion was assessed by laser Doppler imaging. Intestinal ischemia was induced for 60
minutes by temporarily occluding the superior mesenteric artery. After ischemia, treatments were
administered intraperitoneally before closure (Mehicle: 250 pL phosphate-buffered-saline (PBS),
IL6 low dose (20ng), IL6 medium dose (200ng), or IL6 high dose (2ug)). Animals were allowed to
recover for 24 hours, were re-anesthetized and their mesenteric perfusion reassessed. Perfusion
was expressed as percentage of baseline. Animals were then sacrificed, and intestines explanted
for histological analysis. Separate frozen samples were homogenized and analyzed by ELISA for
Vascular Endothelial Growth Factor (VEGF) and Interferon Gamma-Induced Protein 10 (IP10).

Results—IL6 increased mesenteric perfusion in low dose groups only, while it improved post-
ischemic mucosal injury scores in both low and medium dose groups. No differences in perfusion
or histology were seen when high dose IL6 was utilized. Intestinal VEGF was higher in the low
dose IL6 group compared to vehicle, while IP-10 levels were lower in low and medium dose
groups compared to vehicle. No differences were noted compared to vehicle in intestinal VEGF
and IP-10 with high dose IL6 therapy.
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Conclusion—Lower doses of IL6 may serve as effective therapy to decrease intestinal injury
after ischemia. Further studies are needed to elucidate the downstream mechanisms prior to
widespread clinical use.

Keywords
Intestinal ischemia; IL-6; reperfusion injury; IP-10; VEGF

INTRODUCTION

Acute intestinal ischemia is a devastating disease with a wide variety of etiologies affecting
all population groups. The annual incidence is 0.09 to 0.2 % per year [1]. Despite its
relatively low incidence, the consequences of intestinal ischemia are severe. Sequelae can
include extensive intestinal tissue damage which may require prompt surgical intervention to
remove necrotic bowel. If an extensive amount of intestine needs to be removed, patients can
be left with a less than optimal amount of intestine to absorb nutrition. This may require
long term parental nutrition or intestinal transplantation. Left untreated, the mortality rate
can reach fifty percent [2].

The development of new medical treatment options for intestinal ischemia have been sparse.
Therefore, novel treatments are desperately needed. Chronic Interleukin-6 (1L6)
administration has been shown to promote intestinal hyperplasia. One study demonstrated a
40% increase in small bowel mass and villus height associated with IL6 [3]. In another
study, exogenous human IL-6mutein (IL-6m), a recombinant variant of human IL-6, was
given to rats subcutaneously before small intestinal transplantation. Survival rates increased
in the group treated with IL-6m compared to the control group by increasing perfusion in the
intestinal tissue, decreasing polymorphonuclear cell migration, and reducing pro-
inflammatory cytokine up-regulation [4]. Therefore, the use of IL6 for the treatment of acute
intestinal ischemia may be beneficial to patient outcomes.

IL6 is a pleotropic enzyme of 184 amino acids that was first recognized as a soluble factor
necessary to induce B-cell growth and differentiation [5]. It is known for a wide range of
biological activities, with both anti-inflammatory and pro-inflammatory effects. Two
different signaling processes mediate these effects. The classic, or cis-signaling, mediates
the anti-inflammatory response whereas the pro-inflammatory effects are mediated by the
alternative, or trans-signaling, mechanism (Figure 1). Both pathways require one molecule
of IL-6, one IL-6 receptor (either membrane bound or soluble) and two molecules of gp130.

[6].

The cellular effects of these two pathways have been studied in different tissues following
ischemia. Knocking down the production of IL6 from adipose derived stem cells decreased
skin flap recovery in mice through the classic signaling pathway [7]. Adverse effects were
also seen in cardiac muscle remodeling after blocking the I1L6 receptor following myocardial
ischemia [8]. Conversely, beneficial effects surrounding cardiomyocyte apoptosis were seen
following the administration of IL6/sIL6R complex [9]. Lastly, studies utilizing a trans-
isomer fusion protein of IL6 and sIL6R demonstrated improved cellular regeneration
following injury [10], thereby suggesting that the trans-signaling process may be also
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involved in the beneficial effects of this cytokine. These studies seem to suggest a balance
between the two pathways that could be exploited for therapeutic use.

The interaction of IL6 with its receptor induces a downstream effect, activating JAK kinases
and STAT3 transcription factors [11]. Cytokines and chemokines that regulate angiogenesis
are also regulated by these pathways which may impact intestinal recovery following
ischemia. Interferon-inducible protein 10 (IP-10), also known as C-X-C matif chemokine 10
(CXCL10), is a member of the chemokine CXC family. Previous studies have shown that
IP-10 can inhibit angiogenesis through the JAK-STAT signaling pathway in vitro and in vivo
[12-15]. Conversely, IL6 has also been shown to stimulate VEGF production in other tissues
[16, 17], which may help drive the proangiogenic pathway following tissue injury. The
balance of IL6 signaling in the intestine likely plays a key role in intestinal repair following
injury. Therefore, we hypothesized that: 1) Intraperitoneal injection of human IL6 after
ischemia would increase intestinal perfusion 2) decrease mucosal injury scores, and 3) alter
VEGF and IP-10 levels in the intestinal tissue.

MATERIALS AND METHODS

Human IL-6

Vials of recombinant human IL-6 of 5uL and 25 uL (Sino Biological) were reconstituted
with double distilled-water on a 1:10 dilution, aliquoted in 1.5 mL tubes for each treatment
dose (10 with 20ng, 10 with 200 ng and 10 with 2ug) and stored at —20C. Before use, the
reconstituted IL-6 was thawed in the refrigerator and used the same day.

Murine ischemia/reperfusion (I/R) model

The protocol and use of animals were approved by the Indiana University Institutional
Animal Care and Use Committee. Adult C57BL/6 male mice between 8 to 12 weeks of age
and 20 to 30 grams were used (Jackson Labs, Bar Harbor, ME). Mice were acclimated to
their environment for at least 48 hours before any experimentation and were maintained in a
12-hour light-dark cycle with free access to chow and water. Before the procedure, 3%
isoflurane was used for induction anesthesia. Animals were then placed on a heated blanket
to maintain body temperature and remained anesthetized with 1.5% isoflurane. Abdomens
were shaved and prepped with 70% ethanol and betadine. One milliliter of 0.9% normal
saline was injected subcutaneously and a midline laparotomy performed. Intestines were
eviscerated to visualize the small bowel mesentery. Using an atraumatic microvascular
clamp, the mesenteric root was occluded for 60 minutes. Laser Doppler imaging (LDI)
(Moor instruments, Wilmington, DE) was used to take images before and after clamping the
mesenteric vasculature to ensure the arterial occlusion was effective. During the 60 minutes
of arterial occlusion, intestinal tissue was reintroduced to the abdominal cavity and closed
with silk suture to prevent heat and water loss. After the 60 minutes, abdominal cavities
were re-opened, and the clamp removed. Before closing the peritoneum, mice received the
treatment; 250 pL of PBS or 250 pL of PBS containing 20ng, 200ng or 2 pg of IL6.
Subcutaneous buprenorphine (1 mg/Kg) and carprofen (5mg/Kg) were used for analgesia.
Animals were continuously monitored while recovering from anesthesia, then placed back in
their cages for recovery.
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After 24 hours, animals were re-anesthetized, and abdomens were reopened. Small bowel
and mesentery were exposed to measure perfusion with LDI. For each mouse, 100% of
perfusion was represented by their baseline (n=9/10 mice per group). Animals were then
euthanized by cervical dislocation and tissue segments were harvested for histologic and
cytokine analysis.

Terminal ileum explants were fixated in 4% paraformaldehyde, subsequently dehydrated in
70% ethanol, and embedded in paraffin to be cut on the microtome. Segments were placed
on a slide and stained with hematoxylin-eosin stain (H&E). A well-defined histologic
scoring system was then used to determine the tissue injury: 0, no damage; 1, subepithelial
space at the villous tip; 2, loss of mucosal lining at the villous tip; 3, loss of less than half of
the villous tip; 4, loss of more than half of the villous structure; 5, transmural necrosis[18,
19]. (n=9/10 intestinal segments per group).

Intestinal tissue was harvested immediately following euthanasia, was snap frozen in liquid
nitrogen, and stored at —80C. For protein homogenization, tissue was thawed and handled in
a 4C cold room. Eppendorf tubes (1.5 mL) containing stainless steel beads, 400 L of RIPA
buffer with protease inhibitor and phosphatase inhibitor (1:100 dilution, Sigma) were used
for homogenization. Homogenates were then centrifuged at 12.000 rpm for 5 minutes and
supernatant was transferred to new Eppendorf tubes for storage at —80C. Total protein was
quantified by Bradford Assay using a spectrophotometer (Versamax microplate reader,
Molecular Devices). IP-10 and VEGF levels in intestinal tissues were measured by ELISA
(R&D systems). Experiments were performed in duplicate, and were repeated to verify
results (n=9/10 samples per group).

Statistical analysis

RESULTS

Perfusion and cytokine data were analyzed and deemed normally distributed. One-Way
Anova and t-test were used to compare groups. Perfusion results were expressed as mean of
the percentage of recovery compared to baseline (mean% + SEM), while cytokine data was
expressed as nanograms of cytokine per gram of tissue sample (mean+ SEM). Histologic
injury data was not normally distributed; therefore, groups were compared using Kruskal-
Wallis and Mann-Whitney tests when appropriate. Histology injury results were expressed
as the median with 25%-75% interquartile range (IQR). A p=< 0.05 was considered
statistically significant.

Post-ischemic perfusion

After comparing perfusion measurements with the baseline, the low dose IL6 group showed
a higher percentage of recovery when compared to the vehicle group (Vehicle:
45.37+8.79%; Low dose IL6: 69.12+4.93%, respectively, p=<0.05, Figure 2). No difference
in perfusion was found between the medium dose group or the high dose group when
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compared to vehicle. Low and medium dose IL6 groups maintained better perfusion than the
high dose 1L6 group (p<0.05)

Mucosal injury

Both IL6 low and medium dose groups showed decreased mucosal injury scores (Vehicle
=3, IQR=2.25; Low dose=2, IQR=1; Medium dose=1, IQR= 0,) compared to vehicle
(p=<0.05). Vehicle and high dose groups showed similar injury scores (Vehicle =3,
IQR=2.25 and IL6 High Dose=3, IQR=2 respectively, p=<0.05, Figure 3) Low and medium
dose IL6 therapy appeared to decrease intestinal mucosal injury. However, higher doses did
not appear to provide any beneficial effects. High dose IL6 provided higher injury scores
than either low dose or medium dose IL6 (p<0.05).

Intestinal VEGF and IP-10

Intestinal levels of VEGF were higher in low dose IL6 treatment groups (97.7+£17.32)
compared to vehicle (50+5.16, p<0.05, Figure 4A). There were no significant differences in
VEGEF levels between Vehicle, and medium or high IL6 groups. IP-10 levels were lower in
low dose and medium dose groups (77.8+£12.5; 75+£17.97 respectively) when compared to
vehicle and high dose groups (142.1+25.55; 163.7+27.63 respectively, p<0.05, Figure 4B).

DISCUSSION

The management of patients with intestinal ischemia is challenging. Current therapies
involve surgical resection of necrotic tissue to mitigate the systemic inflammatory response,
organ failure, and death. New therapies, where the intestinal tissue can be protected against
damage or repaired before irreversible injury occurs would be beneficial. In our study, we
demonstrated that lower doses of IL6 therapy immediately following intestinal ischemia
could improve post-ischemic perfusion and intestinal injury following ischemia. However,
higher doses do not appear to be beneficial.

The results of this study imply an important balance between the classic and alternate (anti-
inflammatory vs pro-inflammatory respectively) pathways of IL6 signaling. Lower doses of
IL6 likely work to stimulate the classic pathway which may work to improve outcomes.
However, once this pathway is saturated, the alternate pathway likely becomes activated with
higher doses of IL6. This certainly makes sense as higher doses of IL6 have been shown to
induce the inflammatory cascade and the acute phase response [20-23].

IP-10 levels in the intestinal tissue were lower in both low dose and medium dose IL6
treatment groups compared to the high dose and vehicle groups. IP-10 is a chemokine
involved in recruiting leukocytes to the site of inflammation [24]. In addition, and likely
more important, several studies have shown that IP-10 can inhibit angiogenesis through the
JAK/STAT signaling pathway. Therefore, an observation that IP-10 was downregulated
suggests that the local inflammatory response associated with leucocyte infiltration, as well
as the signals to inhibit angiogenesis, were also downregulated following lower dose I1L6
therapy. However, when higher doses of IL-6 were used, IP-10 levels were significantly
elevated compared to low and medium dose groups but exhibited no difference above
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vehicle. This may suggest that higher doses of IL6 provide no effect above non-treated
animals.

VEGF, another potent factor that contributes to angiogenesis, was significantly higher in the
low dose treatment group compared to vehicle. VEGF and IP-10 may function as one of
multiple balances for angiogenesis through the JAK/STAT pathway. Therefore, it is possible
that the IL-6 pathway functions as a fulcrum to regulate this balance. Lower levels of IL6 tip
the scale to lower IP-10, higher VEGF, more angiogenesis, and better outcomes, while
higher levels of the drug tip the scale to higher IP-10, lower VEGF, lower post-ischemic
angiogenesis, and worse recovery.

It is unclear in this study if IL6 promoted angiogenesis in our /nvivo model or simply
worked to improve perfusion within the already present mesenteric vascular bed. Ex vivo
studies utilizing pressure myography to assess vascular tone previously showed no
vasodilation with direct application of IL6 to the bath chamber. However, when IL6 was
applied during a similar /n vivo model, significant vascular dilation was noted. This
suggested that IL6 required significant interaction with parenchymal or intravascular factors
in order to promote arterial vasodilation [25]. Other studies have shown that IL6 can directly
induce vessel sprouting and can work to promote endothelial cell proliferation and migration
[26]. Given that IL6 signaling also stimulates VEGF production it is likely that angiogenesis
plays a significant role in intestinal recovery following injury. Further studies are needed to
determine the mechanism in which IL6 promotes recovery of mesenteric perfusion and
intestinal architecture following injury. Utilizing models that allow for longer recovery
periods could potentially help answer these questions.

LIMITATIONS

A few limitations exist that should be mentioned for this study. One limitation to the study is
that the SMA ligation model of intestinal I/R does not model clinical intestinal ischemia to
its fullest. Although complete small bowel ischemia is possible secondary to SMA thrombus
or volvulus, the majority of clinically relevant intestinal ischemic episodes are due to
segmental intestinal ischemia, such as may be seen with incarcerated hernias. Nonetheless,
the SMA ligation model mimics the most severe form of intestinal ischemia, and therefore,
is likely the best animal model available to test the effectiveness of new therapies.

A subsequent limitation surrounds the application of intraperitoneal IL6 therapy via an
intraperitoneal route. Although an intravenous route of administration is likely more ideal,
the application of IL6 directly to the bowel after ischemic injury allows for local treatment
directly to the intestine and the mesentery during a situation in which perfusion to the bowel
is likely severely compromised.

CONCLUSION

The mechanism involved in the modulation of the inflammatory response by IL6 is complex.
Our study suggests that lower doses of intra-peritoneal IL6 after intestinal ischemia
improves perfusion, decreases intestinal injury, and modulates the production of VEGF and
IP-10 in intestinal tissue. However, with high doses of IL6, the benefits of therapy are lost.
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These findings would suggest a delicate balance between the classic and alternative arms of
the IL6 signaling cascade. Further studies are necessary to elucidate the mechanisms
involved in such protection prior to clinical implementation.

Acknowledgments

Th

&)

is work was made possible with support from:

Indiana University Health, Indianapolis, IN

REFERENCES

1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Clair DG and Beach JM, Mesenteric Ischemia. N Engl J Med, 2016 374(10): p. 959-68. [PubMed:

26962730]

. Singh M, Long B, and Koyfman A, Mesenteric Ischemia: A Deadly Miss. Emerg Med Clin North

Am, 2017 35(4): p. 879-888. [PubMed: 28987434]

.Jin X, et al., Interleukin-6 is an important in vivo inhibitor of intestinal epithelial cell death in mice.

Gut, 2010 59(2): p. 186-96. [PubMed: 19074180]

. Kimizuka K, et al., Exogenous IL-6 inhibits acute inflammatory responses and prevents ischemia/

reperfusion injury after intestinal transplantation. Am J Transplant, 2004 4(4): p. 482-94. [PubMed:
15023140]

. Hirano T, et al., Complementary DNA for a novel human interleukin (BSF-2) that induces B

lymphocytes to produce immunoglobulin. Nature, 1986 324(6092): p. 73-6. [PubMed: 3491322]

. Scheller J, et al., The pro- and anti-inflammatory properties of the cytokine interleukin-6. Biochim

Biophys Acta, 2011 1813(5): p. 878-88. [PubMed: 21296109]

. PuCM, et al., Adipose-Derived Stem Cells Protect Skin Flaps against Ischemia/Reperfusion Injury

via IL-6 Expression. J Invest Dermatol, 2017 137(6): p. 1353-1362. [PubMed: 28163069]

. Hartman MH, et al., Inhibition of Interleukin-6 Receptor in a Murine Model of Myocardial

Ischemia-Reperfusion. PLoS One, 2016 11(12): p. e0167195.

. Matsushita K, et al., Interleukin-6/soluble interleukin-6 receptor complex reduces infarct size via

inhibiting myocardial apoptosis. Lab Invest, 2005 85(10): p. 1210-23. [PubMed: 16056242]

Galun E and Rose-John S, The regenerative activity of interleukin-6. Methods Mol Biol, 2013 982:
p. 59-77. [PubMed: 23456862]

Ihle JN, et al., Signaling by the cytokine receptor superfamily: JAKs and STATSs. Trends Biochem
Sci, 1994 19(5): p. 222-7. [PubMed: 8048164]

Belperio JA, et al., CXC chemokines in angiogenesis. J Leukoc Biol, 2000 68(1): p. 1-8. [PubMed:
10914483]

Strieter RM, et al., CXC chemokines in angiogenesis. Cytokine Growth Factor Rev, 2005 16(6): p.
593-609. [PubMed: 16046180]

Rosenkilde MM and Schwartz TW, The chemokine system -- a major regulator of angiogenesis in
health and disease. APMIS, 2004 112(7-8): p. 481-95. [PubMed: 15563311]

Wang W, et al., p43 induces IP-10 expression through the JAK-STAT signaling pathway in
HMEC-1 cells. Int J Mol Med, 2016 38(4): p. 1217-24. [PubMed: 27574027]

Wang H, et al., IL-6 promotes the expression of vascular endothelial growth factor through the p38
signalling pathway in hypertrophied adenoids in children. Int J Pediatr Otorhinolaryngol, 2013
77(2): p. 205-9. [PubMed: 23177780]

You T, etal., IL-17 induces reactive astrocytes and up-regulation of vascular endothelial growth
factor (VEGF) through JAK/STAT signaling. Sci Rep, 2017 7: p. 41779.

Chiu CJ, et al., Intestinal mucosal lesion in low-flow states. I. A morphological, hemodynamic, and
metabolic reappraisal. Arch Surg, 1970 101(4): p. 478-83. [PubMed: 5457245]

Watkins DJ, et al., Synergistic effects of HB-EGF and mesenchymal stem cells in a murine model
of intestinal ischemia/reperfusion injury. Journal of Pediatric Surgery, 2013 48(6): p. 1323-1329.
[PubMed: 23845626]

J Surg Res. Author manuscript; available in PMC 2021 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

te Winkel et al.

20.

21.

22.

23.

24,

25.

26.

Page 8

Andus T, et al., Action of recombinant human interleukin 6, interleukin 1 beta and tumor necrosis
factor alpha on the mRNA induction of acute-phase proteins. Eur J Immunol, 1988 18(5): p. 739-
46. [PubMed: 2454192]

Geiger T, et al., Induction of rat acute-phase proteins by interleukin 6 in vivo. Eur J Immunol, 1988
18(5): p. 717-21. [PubMed: 2454191]

Prowse KR and Baumann H, Interleukin-1 and interleukin-6 stimulate acute-phase protein
production in primary mouse hepatocytes. J Leukoc Biol, 1989 45(1): p. 55-61. [PubMed:
2463323]

Castell JV, et al., Recombinant human interleukin-6 (1L-6/BSF-2/HSF) regulates the synthesis of
acute phase proteins in human hepatocytes. FEBS Lett, 1988 232(2): p. 347-50. [PubMed:
2454206]

Luster AD, Chemokines--chemotactic cytokines that mediate inflammation. N Engl J Med, 1998
338(7): p. 436-45. [PubMed: 9459648]

Minghini A, Britt LD, and Hill MA, Interleukin-1 and interleukin-6 mediated skeletal muscle
arteriolar vasodilation: in vitro versus in vivo studies. Shock, 1998 9(3): p. 210-5. [PubMed:
9525329]

Gopinathan G, et al., Interleukin-6 Stimulates Defective Angiogenesis. Cancer Res, 2015 75(15):
p. 3098-107. [PubMed: 26081809]

J Surg Res. Author manuscript; available in PMC 2021 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

te Winkel et al.

Page 9

Alternative or Trans Classic or Cis signaling
signaling pathway pathway

-
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Figure 1- Mechanism of IL-6: Proinflammatory and anti-inflammatory actions of IL-6.
Image shows both anti-inflammatory (classic) or cis pathway on the right (membrane bound

IL-6 receptor) and pro-inflammatory (alternative) or trans pathway on the left (soluble IL-6
receptor). Both pathways require two molecules of gp130.
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Perfusion (% of baseline)

Vehicle

Figure 2- Mesenteric perfusion:
Low dose IL6 was able to improve mesenteric perfusion above vehicle. Medium and high

doses of IL6 did not have an effect on perfusion above vehicle. (*=p<0.05 vs. vehicle,
#=p<0.05 vs. IL6 High).
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Figure 3- Mucosal injury:
Low and medium doses of IL-6 improved mucosal injury scores compared to vehicle. High
dose IL6 was similar to vehicle, (*=p<0.05 vs. vehicle, #=p<0.05 vs. IL6 High)
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Figure 4- Intestinal cytokines:
(A) Levels of VEGF were elevated in the low dose IL6 group when compared to vehicle

(*=p<0.05 vs. Vehicle). (B) IP-10 levels were elevated in vehicle and high dose groups when
compared to low dose and medium dose IL6 groups (*=p<0.05 vs. Vehicle, #=p<0.05 vs.
IL6 High).
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