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SM22 a Plasma Biomarker for Human Transmural

Ischemia
Intestinal
Dirk H.S.M. Schellekens, MD,�y Kostan W. Reisinger, MD, PhD,�y Kaatje Lenaerts, PhD,�y
M’hamed Hadfoune, BSc,�y Steven W. Olde Damink, MD, PhD,�y Wim A. Buurman, PhD,z

Cornelis H. C. Dejong, MD, PhD,�y and Joep P. M. Derikx, MD, PhD�y§
(Ann Surg 2018;268:120–126)
Objective: To evaluate the diagnostic potential of smooth muscle protein of

22 kDa (SM22) as plasma biomarker for the detection of transmural intestinal

ischemia.

Background: Acute mesenteric ischemia is an abdominal emergency requir-

ing rapid diagnosis and treatment. Especially, detection of transmural damage

is imperative because it mandates emergency surgery. Since early clinical and

radiological signs are nonspecific, there is an urgent need for accurate

biomarkers. SM22 is a potential marker for transmural damage because of

its abundant expression in intestinal smooth muscles.

Methods: SM22 concentrations were measured using a newly built enzyme-

linked immunosorbent assay. SM22 release was assessed in plasma and

intestinal tissue of rats subjected to intestinal ischemia. Blood and tissue

were sampled at baseline and followed up to 24 hours of ischemia. Next,

organ-specific SM22 arteriovenous concentration differences were studied in

both rats and patients. Finally, plasma from patients with intestinal ischemia,

other acute abdominal complaints, and healthy volunteers were tested for

SM22.

Results: SM22 concentrations were significantly elevated in rats from

4 hours of ischemia onwards. Furthermore, SM22 plasma concentrations

closely paralleled the histological increasing degree of intestinal smooth

muscle damage. Arteriovenous calculations showed that SM22 was specifi-

cally released by the intestines and renally cleared. First data of SM22 release
 Copyright © 2017 Wolters Kluw

in man demonstrated that patients with transmural intestinal ischemia had
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significantly higher plasma SM22 levels than patients with only ischemic

mucosal injury, other acute abdominal diseases, or healthy controls.

Conclusions: This study shows that SM22 is released into the circulation

upon severe ischemia of the intestinal muscle layers. Plasma levels of SM22

are potentially useful for the detection of transmural intestinal damage.

Keywords: biomarker, diagnostic characteristics, human, I-FABP, intestinal

ischemia, SM22, transmural intestinal damage
A cute intestinal ischemia is a rare but critical abdominal emer-
gency. It is a consequence of acute thromboembolic occlusion of

the mesenteric blood supply or nonocclusive mesenteric ischemia
secondary to diminished blood flow caused by intestinal strangu-
lation, major surgery, shock, trauma, and sepsis.1,2 The main risk of
intestinal ischemia is severe ischemia of the muscle layers, that is,
transmural ischemia (TI), leading to intestinal wall perforation,
sepsis, and death.3,4 TI necessitates prompt surgery to resect
nonviable intestine.5 Early diagnosis and timely intervention are
therefore key factors to reduce the high morbidity and mortality
rates of 60% to 80% in patients suffering from intestinal ischemia.6

These rates remain as high as they were 70 years ago, despite the
introduction of new imaging techniques.3,7 Consequently, there is a
great need for a diagnostic test that timely detects TI. Currently
available biomarkers, including intestinal fatty acid binding protein
(I-FABP) and a-glutathione S-transferase (a-GST), released by
mature enterocytes upon intestinal ischemia, only diagnose mucosal
damage.8–11 Taking into consideration the relatively large pro-
portion of smooth muscle cells in the outer layer of the gut, a
potential diagnostic marker for TI could reflect ischemic damage of
the intestinal muscle layers. In this context, smooth muscle protein
of 22 kDa (SM22) is of interest. It is a small, water-soluble protein
abundantly expressed by intestinal smooth muscle tissue.12,13 The
biological and physiological functions of SM22 remain unclear; it is
hypothesized to play a role in the maturation and differentiation of
smooth muscle cells.14,15

The aims of this study were the following: the development
and validation of a new reliable sandwich enzyme-linked immu-
nosorbent assay (ELISA) for quantification of SM22; to investigate
the release pattern of SM22 in plasma and the relation of plasma
levels with the degree of intestinal damage in a rat model of
intestinal ischemia; and to obtain pilot data on the diagnostic
potential of SM22 plasma levels to detect severe ischemia of the
muscle layers in man.

This study describes the first quantitative ELISA for SM22
and demonstrates SM22 to be a specific marker for severe ischemia
of the muscle layers, leading to transmural intestinal ischemia, in
both a clinically relevant rat model and in patients with acute
er Health, Inc. All rights reserved.

intestinal ischemia.
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METHODS

Study Approval
Animal experiments were approved by the Animal Ethics

Committee at the Maastricht University. Clinical studies were
approved by the Medical Ethics Committee of Maastricht University
Medical Centre. Written informed consent was obtained from all
participants, parents, or caretakers. The study was carried out
according to the revised declaration of Helsinki (October 2008,
Seoul).

Animals
Male Sprague–Dawley rats were purchased from Charles

River Laboratories and housed under controlled conditions with
unrestricted access to chow and drinking water. Rats were randomly
divided into 8 groups of 6 animals that either underwent jejunal
ischemia or sham operation. Animals were anesthetized with iso-
flurane (induction 4%, maintenance 1.5%) and bupivacaine was used
for analgesia.

Experimental Rat Model for Occlusive Intestinal
Ischemia

Animals were divided into groups based on the duration of
intestinal ischemic injury that was used. After midline laparotomy,
baseline blood samples were obtained from the inferior caval vein.
Only the mesenteric blood supply (arteries and veins) to a 16-cm
midjejunal segment was ligated (tied and cut) for 2, 4, 6, 8, 12, or
24 hours. During surgery, body temperature was maintained at 378C
using heat pads and rectal temperature control. To counteract fluid
loss due to evaporation and lack of physical activity, rats were
resuscitated with 3 mL normal saline injected subcutaneously. After
ligation, the abdomen was closed and animals were allowed to
recover from anesthesia. Twelve animals were sham-operated. In
these groups, samples were obtained at 6 hours (n ¼ 6) or 24 hours
(n ¼ 6) after laparotomy without intestinal ischemia.

At the end of each ischemic period, rats were again anesthe-
tized according to the previously described protocol and the incision
was re-opened. The renal vein, portal vein, hepatic vein, and inferior
abdominal aorta (just above the bifurcation) were catheterized to
study organ-specific SM22 release and clearance. A 25-gauge needle
(BD Microlance, Becton Dickinson Medical, Breda, the Nether-
lands) fixed in a silicone tube (Silclear Medical Grade tubing,
0.020’’� 0.037’’, MEDNET, Münster, Germany) was used for cath-
eterization, and fixed with cyano-acrylate as previously described.16

All catheters were filled with heparinized saline solution (20 U/mL)
until blood sampling. Next, blood was collected from all catheters
simultaneously and directly transferred to prechilled EDTA vacuum
tubes (BD Vacutainer, Becton Dickinson Diagnostics, Breda, the
Netherlands) and kept on ice. Samples were centrifuged at 3500 rpm
at 48C for 15 minutes to obtain plasma. Plasma was immediately
stored in aliquots at �80 8C until analysis. At sacrifice, a segment of
ischemic jejunum was resected, together with a proximal part of
jejunum, which remained untreated during surgery, serving as
internal control tissue. Tissue samples were immediately snap-frozen
or formalin-fixed for future analysis (Supplementary Fig. 1, http://
links.lww.com/SLA/B220).

Study Participants
Twenty-two patients who were known to have intestinal

ischemia using standard diagnostic procedures and therefore under-
went emergency abdominal surgery were consecutively enrolled in
this study. During routine laboratory tests, an extra 2 mL of plasma
 Copyright © 2017 Wolters Klu

was stored for further analysis. Forty patients presenting at the

� 2017 Wolters Kluwer Health, Inc. All rights reserved.
Emergency Department with other acute abdominal complaints were
included to study, whether plasma SM22 allows differentiation
between intestinal ischemia and other acute abdominal pathology.
To study the renal clearance in man, arterial blood from the radial
artery was collected simultaneously with blood drawn from the right
renal vein by direct puncture from 10 patients undergoing major
upper abdominal surgery. Fifty healthy volunteers were included in
this study to obtain reference values for plasma concentrations of
SM22 and I-FABP.

After inclusion, plasma was collected, transferred into
multiple cryopreservation tubes, and frozen at �808C until analysis.
All necessary clinical information was retrospectively collected from
the electronic health record system of the participating patients,
including radiological data, intraoperative findings, and histopatho-
logical examinations. To compare the studied markers with conven-
tional markers to diagnose intestinal ischemia, plasma lactate level,
white blood cell (WBC) count, and arterial pH were also retro-
spectively collected in the group of patients with histopathological
proven intestinal ischemia.

Development of SM22 ELISA
Plasma concentrations of SM22 were measured using a newly

developed in-house Sandwich ELISA. Two mouse monoclonal
antibodies (mAbs), kindly provided by Dr. A. Chiavegato,13 were
used to select the best combination of mAbs against SM22 for an
ELISA. These antibodies were raised in mice using purified native
SM22 from porcine stomach as antigen.17 A suitable antibody
combination was selected by checking the immunoreactivity signal
against recombinant SM22 protein (ATGen co., Ltd, Gentaur, Eersel,
the Netherlands) and the assay procedure was optimized. The
developed ELISA was then characterized by determination of the
lower limit of detection, intra-assay and interassay coefficient of
variation, dilutional linearity, and recovery (see Supplementary
material, http://links.lww.com/SLA/B220). The ELISA was per-
formed in 96-well microtiter plates (Greiner Bio-one, Alphen a/d
Rijn, the Netherlands). The immunoreactive SM22 concentrations in
samples were calculated by reference to the calibration curve (see the
supplemental data for details regarding these studies).

Plasma Measurements
The SM22 concentrations were measured using a newly built

ELISA. Human I-FABP was measured using in-house available
assay.18 The ELISA was developed to measure I-FABP in plasma
samples with rabbit polyclonal antibodies, using recombinant human
I-FABP as standard. This assay is based on the sandwich principle
with a working time of 3.5 hours. The detection range for human I-
FABP is 12.5 to 800 pg/mL. Samples were assayed by trained
laboratory technicians at the specialized laboratory facilities of
the Department of General Surgery. The laboratory personnel were
unaware of the final diagnosis concerning the patient samples or to
which group the animals were allocated. Samples were run in
duplicate, and a variability of 5% between sample duplicates was
accepted.

Plasma lactate level, WBC count, and arterial pH were
determined as routine patient care by the clinical chemistry labora-
tory and were taken at the same time-point as the samples for SM22
and I-FABP measurement.

Calculations
Arteriovenous concentration differences were calculated to

study the contribution of the intestines (portal vein minus artery) and
the liver [hepatic vein minus (30%� arteryþ 70%� portal vein)] to
systemic SM22 release. Renal clearance was calculated by dividing
wer Health, Inc. All rights reserved.

the arteriovenous concentration gradient (renal vein minus artery) by
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FIGURE 1. Representative curves from different species of the SM22 sandwich ELISA. (A) Recombinant SM22 with concentrations
of 0.0625, 0.125, 0.25, 0.5, 1, 2, and 4 ng/mL. (B) Native human SM22-containing solution diluted 1/500 to 1/3200. (C) Native rat
SM22-containing solution diluted 1/100 to 1/6400. Each point represents the mean of duplicate measurements. ELISA, enzyme-
linked immunosorbent assay; SM22, smooth muscle protein of 22 kDa.
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 on 07/03/2023
the arterial concentration (uptake/influx).19 This quotient was multi-
plied by the percentage of blood flowing through the kidney to
calculate fractional plasma clearance. In rat, the renal blood flow per
minute is approximately 25% of the total blood volume. Renal blood
flow per minute in humans is to be estimated at 22%.20

Intestinal Tissue Extracts
Snap-frozen tissue samples were homogenized in lysis buffer.

Samples were centrifuged at 27,000g for 15 minutes at 48C. The
resulting supernatants were centrifuged for a second time at 50,000g
for 15 minutes. Protein concentration of the supernatants was deter-
mined using a BCA protein assay kit (Pierce). The SM22 concen-
tration was measured using the newly developed ELISA. SM22
concentrations were expressed as nanograms SM22 per milligram
total protein.

Immunohistochemistry for SM22
The sources of antibodies are listed in supplemental methods.

Tissue samples were formaldehyde-fixed and cut at 4 mm before
blocking. Mouse anti-SM22 antibody was incubated with the sample
overnight at 48C. A biotine conjugated rabbit anti-mouse antibody
was used as the secondary.

Statistics
Analysis was performed using Graphpad Prism 5.0 (GraphPad

Software Inc., San Diego, CA). Normality was tested by Kolmogorov–
Smirnov test. Results are presented as mean� standard error of mean
(SEM). Comparisons of 2 groups were performed by Mann–Whitney
U test. For more than 2 groups, Kruskal–Wallis test with a Dunn post
hoc test was used. Arteriovenous concentration gradients were tested
versus a theoretical mean of zero using a Wilcoxon signed-rank test.
P� 0.05 was considered statistically significant (for more detailed
information please see the online-only Data Supplement, http://links.
lww.com/SLA/B220).

RESULTS

ELISA
The selected combination of mAbs was suitable for develop-

ment of a sandwich ELISA to quantifying both human and rat
SM22 concentrations. Figure 1 shows typical examples of standard
curves of SM22 for this sandwich ELISA, which were prepared by
plotting the absorbance of each standard solution (mean of 2
measurements) against standard of recombinant human SM22 rang-
ing from 0 to 4 ng/mL (Fig. 1A), a native human SM22-containing
solution (diluted 1/500–1/3200; Fig. 1B), or a native rat SM22-
 Copyright © 2017 Wolters Kluw

containing solution (diluted 1/100–1/6400; Fig. 1C). These data

122 | www.annalsofsurgery.com
show the usefulness of the ELISA for both human and rat SM22
measurements.

The basic validation features including a lower detection limit,
reproducibility, dilution linearity, and recovery of this sandwich
ELISA were assessed using different human plasma samples. The
lower detection limit for SM22 in the ELISA was determined to be
62.5 pg/mL. The intra-assay and interassay coefficient of variation
(CV%) ranged from 6.2% to 14.8% and from 4.9% to 16.3%,
respectively (Supplementary Table 1, http://links.lww.com/SLA/
B220). The assay showed dilutional linearity (Supplementary Fig.
2, http://links.lww.com/SLA/B220), and the average recovery of the
samples ranged from 93.2% to 108.6% (Supplementary Table 2,
http://links.lww.com/SLA/B220). Similarly, the usefulness of the
ELISA was investigated for rat plasma samples (data not shown).

The analytical performances of the SM22 ELISA indicate that
the assay can be used for measurement of SM22 levels in both rat and
human plasma samples.

Transmural Ischemic Damage in Rats
First, the release pattern of SM22 was investigated throughout a

24-hour period in a rat model for transmural small intestinal ischemia
by ligation of the mesenteric blood supply to a 16-cm jejunal segment.
After 4 hours of ischemia, SM22 levels were significantly increased
in the systemic circulation (from 0.15� 0.03 ng/mL to 8.46�
1.76 ng/mL; P< 0.001; Fig. 2A). The peak concentration was reached
at 6 hours (11.20� 3.82 ng/mL; P < 0.001). Thereafter, the values
returned toward baseline. They were no longer significantly elevated
after 12 and 24 hours of ischemia (Fig. 2A). As expected, plasma SM22
levels remain low in the sham-operated animals throughout the entire
experiment (Fig. 2A). Next, we studied the relation between SM22
plasma release and the extent of smooth muscle damage using
immunohistochemistry for SM22 in the smooth muscle layers. Dam-
age of the longitudinal muscular layer of the intestinal wall became
apparent in jejunum exposed to 6 hours ischemia compared with either
control or sham (Fig. 2D). This was marked by loss of nuclei and
atrophy of the longitudinal muscle layer with pale SM22 staining,
indicating that a major part of the SM22 protein had leaked out of the
smooth muscle cells. As ischemia duration further increased, reduced
intensity of staining revealed a further decrease in concentration or
even total absence of SM22 protein in the muscular layers, whereas the
mucosa had disappeared completely (Fig. 2D). Furthermore, in the late
stages, lysis, separation, and thinning of the circular and longitudinal
layers of the muscularis externa were observed. There was no remark-
able histological change throughout the experiment in sham-operated
animals (Fig. 2D). In line, the SM22 content measured by ELISA of
extracts of jejunal tissue obtained after onset of ischemia was signifi-
er Health, Inc. All rights reserved.

cantly diminished in jejunal tissue of rats subjected to ischemia, when

� 2017 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. SM22 concentrations of plasma samples and jejunal extracts in rats subjected to intestinal ischemia compared with their
histological perturbations. (A) Plasma SM22 levels from rats undergoing intestinal ischemia or sham-operation. SM22 plasma levels
becomes elevated after 4 to 8 hours of ischemia, and is significantly higher compared with t¼ 0 or sham (�P< 0.001). (B) The SM22
content of jejunal extracts was diminished in rats subjected to ischemia compared to control or sham operated animals from 8 hours
onwards (�P < 0.05). (C) Arteriovenous concentration gradients of SM22 across the intestines (portal vein minus artery), the liver
(hepatic vein minus portal vein), and the kidney (renal vein minus artery) show that SM22 is released from the intestine and excreted
renally (�P < 0.05 compared with 0). (D) Histology revealed large subepithelial spaces at the villus tips (asterisk) with disruption of
the epithelial lining (arrowhead) after 2 hours of ischemia. Complete disintegration of the villi was seen following 4 hours of
ischemia. SM22 immunohistochemistry demonstrated necrosis of the longitudinal muscular layer of the intestinal wall in jejunum
exposed to 6 hours ischemia (arrowhead). Next, staining showed a further decrease in intensity after 8 hours ischemia (arrowhead)
or even total absence of SM22 protein in all muscular layers after 12 and 24 hours ischemia. In addition, in the late stages of lysis,
separation and thinning of the circular and longitudinal layers of the muscularis externa were observed (arrowheads). There was no
remarkable histological change throughout the experiment in sham-operated animals. SM22, smooth muscle protein of 22 kDa.
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 on 07/03/2023
compared with control at 8, 12, and 24 hours of ischemia (36.05�
2.56 ng/mg protein vs 4.64� 1.67 ng/mg protein, 3.48� 0.38 ng/mg
protein or 3.28� 0.58 ng/mg protein, respectively; P< 0.05) (Fig. 2B).
Importantly, SM22 plasma concentrations closely paralleled the
increasing degree of intestinal transmural damage upon progression
of the duration of ischemia. These data indicate SM22 to be a potential
plasma marker for detection of severe ischemic intestinal damage of
the muscle layers.

Source and Fate of SM22 in Rat and Man
To investigate whether SM22 was specifically released from

the intestines, arteriovenous concentration gradients of SM22 across
the intestines were assessed in rat. Subtracting the arterial plasma
concentration of SM22 from the concentration measured in the
portal vein revealed that SM22 was specifically released from the
intestine (P < 0.05 vs 0; Fig. 2C). To clarify its clearance from
the circulation and potential hepatic metabolism, arteriovenous
 Copyright © 2017 Wolters Klu

concentration gradients of SM22 across the liver [hepatic vein minus

� 2017 Wolters Kluwer Health, Inc. All rights reserved.
(30%� arteryþ 70%� portal vein)] and the kidney (renal vein
minus artery) were determined. We showed that SM22 was removed
by the kidneys from circulation (P < 0.05 vs 0) without being
primarily metabolized by the liver (Fig. 2C). The renal fractional
extraction rate (arteriovenous gradient/arterial concentration�
100%) was approximately 20%. Renal plasma SM22 clearance
was calculated to be 5.0%/min (20%� 25%/min), resulting in a
plasma half-life of approximately 14 minutes.

To obtain data on the clearance of SM22 in humans, we
included 10 patients undergoing major upper abdominal surgery
from whom radial arterial blood was sampled simultaneously with
blood drawn from the right renal vein. The fractional extraction rate
of SM22 in humans was calculated to be approximately 11%. Plasma
SM22 clearance was calculated to equal 2.4%/min (11%� 22%/
min), leading to a plasma half-life of about 23 minutes. This short
circulating half-life of SM22 allows detection of intestinal trans-
mural damage to the intestinal muscular layers in patients without
wer Health, Inc. All rights reserved.

renal failure.

www.annalsofsurgery.com | 123



FIGURE 3. SM22 and intestinal fatty acid-
binding protein (I-FABP) levels in plasma
samples obtained from patients suffering
from intestinal ischemia, other acute
abdominal complains, or healthy controls.
(A) Plasma SM22 levels are only significantly
elevated in patients suffering from transmu-
ral ischemic (TI) damage compared with
patients with mucosal ischemic (MI) dam-
age and healthy controls (Co) or patients
with other acute abdominal complains
(OAAC). (B) Plasma I-FABP levels were sig-
nificantly increased in both patients with MI
and TI damage compared with Co and
OAAC. No difference in I-FAPB levels was
apparent between MI and TI. (C) The typical
histopathology of patients with either MI or
TI is shown. The former is of a patient with
only MI showing enhanced plasma I-FABP
levels of 1200 pg/mL with normal plasma
SM22 value, whereas the TI patient (right
panel) shows both elevated I-FABP and
SM22 plasma levels (�P< 0.05, ���P< 0.01).
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Translation to the Clinical Situation
Plasma SM22 levels were investigated in 22 patients diag-

nosed with intestinal ischemia undergoing surgery and compared
with 50 healthy controls. The patients did not have renal failure.
Eleven patients suffered from acute intestinal ischemia due to
mesenteric occlusion or intestinal strangulation, 9 patients as a
complication of aortic surgery, and 2 as a result of sepsis accom-
panied by hypoperfusion. Nine of these patients were diagnosed
by the pathologist with only mucosal infarction (MI), whereas
13 patients were diagnosed with TI. In patients with proven trans-
mural ischemia, SM22 plasma levels were significantly higher
(3.72� 0.91 ng/mL) compared with patients with only mucosal
ischemic injury (0.45� 0.08 ng/mL; P < 0.001) or healthy controls
(0.40� 0.07 ng/mL; P < 0.001) (Fig. 3A).

Next, we measured the plasma concentrations of I-FABP, a
small cytosolic protein exclusively present in mature enterocytes and
rapidly released into the circulation upon damage. It is a highly
sensitive marker for intestinal ischemia with levels already signifi-
cantly elevated in the systemic circulation within 60 minutes of
ischemia of only 1% to 2% of small intestine.18 Previous research
revealed that I-FABP has a short half-life of about 11 minutes.21

Mean plasma I-FABP levels were significantly increased in
both patients with only MI and patients with TI when compared
with healthy controls (699� 171.4 pg/mL or 952.0� 259.2 vs
217.8� 13.6 pg/mL; P < 0.05, for both; Fig. 3B). Interestingly,
we observed no differences in plasma I-FABP concentrations
between the MI patients and TI patients (P ¼ 0.77; Fig. 3B).

In addition, none of the classically used laboratory markers for
intestinal ischemia (plasma lactate levels, WBC count, and arterial
pH) could discriminate patients with transmural ischemia from
patients with mucosal ischemic damage (lactate: 3.56� 0.92 vs
4.77� 0.87 mmol/L; P ¼ 0.36; WBC: 15.2� 2.8� 109/L vs
20.3� 4.0� 109/L; P ¼ 0.21; pH: 7.36� 0.03 vs 7.28� 0.04;
P ¼ 0.16). To further analyze the clinical potential diagnostic value
of SM22, we investigated the SM22 plasma levels of 40 patients with
other acute abdominal complaints (OAAC), divided into 5 diagnostic
categories: acute appendicitis, diverticulitis, gynecological/urolog-
ical pathology, gastroenteritis, and nonspecific abdominal pain (all
n¼ 8). SM22 concentrations of all categories of OAAC patients were
 Copyright © 2017 Wolters Kluw

not significantly different from healthy controls or patients with MI
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(data not shown). Plasma SM22 concentrations were 0.33� 0.07 ng/
mL in all patients with OAAC combined. In line, SM22 plasma levels
of above mentioned patients suffering from TI were significantly
higher when compared with patients with OAAC (P < 0.001;
Fig. 3A). Mean I-FABP plasma levels were 228.4� 28.4 pg/mL in
patients with OAAC, which was significantly lower when compared
with patients with intestinal ischemia (P< 0.05; Fig. 3B). These data
are consistent with observations from previous studies.8,22

DISCUSSION

This study shows that SM22 is a potential plasma marker for
the detection of severe ischemia of the intestinal muscle layers. There
is currently no plasma marker of intestinal ischemia that might
indicate transmural ischemia. Recently reported potential new bio-
markers for intestinal ischemia, including I-FABP, only detect
mucosal intestinal damage. Severe ischemia of the muscle layers,
however, leads to intestinal perforation, sepsis, and death. It is
imperative to diagnose patients suffering from this condition early,
since it warrants prompt emergency surgery.

First, we set out to develop and validate a new sandwich
ELISA to quantify SM22. Combinations of different mouse mono-
clonal antibodies were used to select the best pair of mAbs against
SM22. These antibodies were raised in mice using purified native
SM22 from porcine stomach as antigen. As both gene and protein
sequences of SM22 are highly conserved across species,23 the
antibodies are known to specifically react with SM22 in smooth
muscle tissue of different mammalian and avian origin, including rat,
rabbit, guinea pig, chicken, and human.17 The quantitation range of
our SM22 ELISA covers a SM22 value in the expected interval for
most patients plasma. As reported in supplementary Table 1 (http://
links.lww.com/SLA/B220), the values for interassay and intra-assay
precision and accuracy are within current guidance limits of 20% for
method acceptance.24 Based on the analytical performance of the
SM22 ELISA, we show that this assay can be used for measuring
concentration levels of SM22 in both rat and human plasma.

Next, we studied the release pattern of SM22 from the
intestine in plasma and the relation of plasma SM22 levels with
the degree of intestinal damage in an experimental animal model
of intestinal ischemia. This model of intestinal ischemia is well-
er Health, Inc. All rights reserved.

characterized and results in histological damage to the intestine,

� 2017 Wolters Kluwer Health, Inc. All rights reserved.
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 on 07/03/2023
including transmural damage.25 We found that SM22 is rapidly
released in plasma upon ischemic damage with peak concentrations
at 6 hours. Thereafter, its plasma levels returned towards baseline.
The latter was considered a consequence of the reduced leakage of
smooth muscle cytosolic mass caused by the ischemic degradation of
the intestinal muscle combined with the renal clearance of SM22.25

Therefore, we assessed the damage of intestine in the same model
histologically by SM22 immunohistochemistry, and SM22 plasma
clearance was studied by calculating AV-concentration gradients
across the intestines, liver, and kidney. Plasma SM22 marker levels
agreed well with the histological findings. SM22 plasma concen-
trations are significantly elevated at 4 hours of intestinal ischemia in
the rat compared with baseline or sham animals as is shown in Fig. 2.
Immunohistochemistry demonstrated no degradation of the muscle
layers at this time point, but there is a trend to a significant decline in
the concentration SM22 per mg protein of the tissue extracts of the
same time point (Fig. 2B). This shows that the transition of mucosal
ischemic damage into transmural damage is around 4 hours of
ischemia, which is supported by others.25 The decrease in plasma
SM22 at 8, 12, and 24 hours after ischemia could well be explained
by the muscle degeneration observed microscopically in correspond-
ing specimens. We found that the content of SM22 per milligram of
protein in the intestinal tissue was diminished after ligation of its
blood supply, which indicated that the presence of SM22 in the
circulation in this model resulted from leakage of the protein.
However, active synthesis of SM22 by stressed cells, or a combi-
nation of synthesis and leakage, cannot be ruled out by these data.

Immediate SM22 release in the circulation after small intes-
tinal ischemia shows that reperfusion is not necessary for SM22 to
be released into the circulation. The results from our transorgan
AV-concentration gradients show that that SM22 was specifically
released from the intestine in our rat model of intestinal ischemia.
Furthermore, assessment of SM22 clearance in rats showed that
kidneys are fully responsible for its clearance without involvement of
the liver. Moreover, we reported a short half-life time of 14 minutes in
rats and 23 minutes in humans, which is equivalent with its molecular
weight of 22 kDa.26 This short circulating half-life of SM22 is
favorable for usage in daily clinical practice, since plasma measure-
ments of SM22 reflect actual damage of the intestinal muscular
layers without a cumulative effect. The results demonstrate the
potential utility of SM22 as plasma marker of severe ischemia of
the intestinal muscle layers.

Next, we translated the results to the human situation. Of the
22 patients with histologically proven intestinal ischemia, 13 had
transmural ischemia and 9 suffered from mucosal damage. Increased
SM22 plasma levels were specific for the patients with transmural
intestinal ischemia in contrary to the intestinal mucosal damage
marker I-FABP and the classical markers lactate, WBC count, and
arterial pH, data which were supported by others.1,10,22 The small
intestinal mucosa, especially the mature enterocytes at the tips of the
villi, is most vulnerable to ischemia. Transmural ischemia is there-
fore always associated with mucosal ischemia. As I-FABP is solely
expressed by mature enterocytes, it is not surprising that there is no
difference in I-FABP concentrations for mucosal and transmural
ischemia. Furthermore, plasma levels of SM22 could also differen-
tiate between patients with transmural intestinal ischemia and other
causes of acute abdominal complaints, including acute appendicitis,
diverticulitis, gynecological/urological pathology, gastroenteritis,
and nonspecific abdominal pain.

Although SM22 is never been used as a biomarker, its family
protein calponin was investigated as a potential diagnostic marker
for aortic dissection.27 In addition, the detection of smooth muscle
proteins using the BB isoform of creatine kinase (CK-BB) and
 Copyright © 2017 Wolters Klu

smooth muscle actin (SMA) during acute intestinal ischemic diseases
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was shown to be useful in both experimental animal studies and in
humans.28–31 Major concern of the studies using CK-BB is that CK-
BB is located in all layers of the intestine since creatinin kinase
isoenzymes are also present in the mucosa.28 Furthermore, SMA was
measured using only a semiquantitative manner, namely by Western
blotting.

A potential drawback of this study is the fact that SM22 is not
specific for intestinal tissue, since it is also expressed by other
visceral smooth muscle tissue.13 There are, however, rarely diseases
in which acute degradation of smooth muscle cells is part of the
pathophysiology other than in the intestinal tract. Furthermore, the
addition of plasma I-FABP measurement, which is solely expressed
by enterocytes, ensures the detection of intestinal damage. This is in
agreement with the findings of others.10,22

It is also of clinical importance to determine whether patients
suffer from focal intestinal ischemia or whether the ischemic damage
is affecting the whole of the superior mesenteric artery territory. This
would require another approach and determines whether the ische-
mia is survivable with resection. Unfortunately, to our knowledge,
there is not such a marker. However, we were able to find SM22 as a
marker to timely detect severe ischemic damage to the intestinal
muscle layers, selecting which of the patients with mesenteric
ischemia should undergo emergency surgery.

Future research needs to be conducted before SM22 can be
applied in the clinic. First, to validate SM22, large prospective phase
3 to 4 clinical studies are required using patients suspected for
intestinal ischemia. Phase 3 to 4 diagnostic studies answer the
question whether, in patients in whom it is clinically sensible to
suspect intestinal ischemia, the level of SM22 distinguishes those
with and without the target disorder and whether patients who
undergo this diagnostic test fare better, in their ultimate health
outcomes, than similar patients who do not. As it is impossible to
perform a bowel resection on all patients suspected for intestinal
ischemia, the endpoint for these clinical studies will be a biphasic
multidetector computed tomography (MDCT) with intravenous con-
trast as the current gold standard for the detection of intestinal
ischemia.5,32 Next, on the research agenda would be the creation
of a rapid test for SM22, since the current ELISA takes 3.5 hours to
conduct, limiting the use of SM22 in daily practice.

In conclusion, we show that assessment of plasma SM22
levels allows detection of severe ischemia of the muscle layers in
patients. The combination of a marker for intestinal mucosal damage
(I-FABP) and severe damage to the muscle layers (SM22) may help
us in daily clinical practice to gain a more complete picture of the
potential level of intestinal injury and to identify patients with severe
ischemia of the intestinal muscle layers, in need of emergency
surgery and patients suffering from mucosal ischemia solely, which
is often reversible and in need of a different therapeutic strategy.
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