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Zusammenfassung

Als Birstensaumenzym des Darms ist intestinale alkalische Phosphatase (IAP) ein
wichtiger Regulator der intestinalen Homoostase [1]. Dartber hinaus
dephosphoryliert dieses Enzym auch Lipopolysaccharide (LPS) und andere
Entziindungsmediatoren, die fiir Endotoxindmie und Inflammation mitverantwortlich
sind [1]. Ein IAP-Mangel wird mit verschiedenen Krankheiten in Verbindung gebracht,
z. B. mit dem metabolischen Syndrom, Leberfibrose, ischdmischen Herzkrankheiten,
Gebrechlichkeit und einer verkirzten Lebenserwartung [2-4]. LPS st ein
Hauptbestandteil der dulleren Membran gramnegativer Bakterien und ein starker
Ausldser von Entziindungen [5-7]. Jlingste Studien haben Uber erhohte zirkulierende
LPS-Spiegel bei Patienten mit Dickdarm-, Leber- und Blasenkrebs berichtet [8-11].
Eine intestinale mikrobielle Dysbiose und eine Stérung der Darmbarriere kénnen die
Translokation bakterieller Produkte in den systemischen Kreislauf verstarken und
den LPS-Spiegel im Serum erhéhen [3, 12-14]. Bei der Pankreatikoduodenektomie
(PD) werden der Pankreaskopf, die Gallenblase, der Gallengang und der erste Teil
des Dinndarms (Duodenum) mit oder ohne Entfernung des Pylorus und des distalen
Magens entfernt werden [15]. Da die IAP zu einem Grof3teil im Duodenum produziert
wird [1], welches bei der PD vollstandig entfernt wird [15], haben wir die Hypothese
aufgestellt, dass eine PD zu einem signifikanten Abfall der IAP Aktivitat im Stuhl der
Patienten fihrt.

Zunachst wurden in unserer Einrichtung pra- und postoperative Stuhl- und
Blutproben von Patienten gesammelt, die bereit waren, an der Studie teilzunehmen.
Sechsunddreilig Patienten, die sich einer PD unterzogen, dienten als
Studienpopulation. Zwolf Patienten, die eine distale Pankreatektomie (DP) erhielten,
und 15 Patienten, die sich kleineren allgemeinchirurgischen Eingriffen unterzogen,
dienten als Kontrollgruppen. Mit der PNPP-Methode und dem LAL-Assay wurde die
IAP-Aktivitat im Stuhl bzw. die LPS-Level im Serum untersucht. In der gesamten
Kohorte war die praoperative IAP-Aktivitdat im Stuhl negativ mit dem LPS-Spiegel im
Serum und dem Alter korreliert. In der PD-Gruppe nahm die IAP-Aktivitat im Stuhl

nach der Operation deutlich ab. Darliber hinaus korrelierte das verringerte AusmafR
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der |AP-Aktivitdt positiv mit der Lange der Entnahmeldnge des proximalen
Dinndarms. In der Kontrollgruppe der Patienten, die sich einer DP unterzogen, war
der Rickgang der IAP-Werte deutlich weniger ausgepragt. Bei Patienten, die sich
einer PD unterzogen, kam es nach dem Eingriff zu einem signifikanten Anstieg der
Serum-LPS-Spiegel. Die DP fiihrte ebenfalls zu einem Anstieg der Serum-LPS-Spiegel,
jedoch in einem wesentlich geringeren AusmaR als die PD. Bemerkenswert ist,
dass der prdoperative LPS-Spiegel im Serum bei Patienten mit Pankreaskarzinom
signifikant hoher war als bei den Patienten ohne Karzinom. Bei den Patienten mit
Pankreaskarzinom korrelierte die IAP-Aktivitat im Stuhl negativ mit dem LPS-Spiegel
im Serum. Bei den Patienten mit Pankreaskarzinom, die sich einer PD unterzogen,
korrelierte die postoperative IAP-Aktivitat im Stuhl weiterhin negativ mit dem LPS-
Spiegel im Serum. Bei den Patienten mit Pankreaskarzinom, die sich einer PD
unterzogen, war die postoperative LPS-Konzentration im Blut mit einer hoéheren
Anzahl an Krankenhaustagen verbunden.

Zusammenfassend ldsst sich sagen, dass die IAP-Aktivitat im Stuhl nach PD signifikant
abnahm und dass der Grad der Abnahme der IAP-Aktivitdt positiv mit der
Entnahmeldnge des proximalen Dinndarms korrelierte, was unsere Hypothese
stlitzte, dass die Duodenektomie die IAP-Aktivitat im Stuhl direkt beeinflusst. Die DP
verursachte ebenfalls eine Verringerung der IAP-Aktivitat im Stuhl, jedoch in einem
viel geringeren Ausmal} als die PD. Die LPS-Konzentrationen im Serum stiegen nach
der PD signifikant an. In der DP-Gruppe stiegen die postoperativen LPS-
Konzentrationen im Serum ebenfalls an, aber das AusmalR des Anstiegs war viel
geringer als in der PD-Gruppe. Der Anstieg der LPS-Konzentrationen deutet darauf
hin, dass die intestinale Homoostase nach der Operation, insbesondere nach der PD,
verandert war [16]. Daher kénnten Patienten, die sich einer groReren Operation
unterziehen, von einer pra- oder probiotischen Behandlung profitieren, um die
mikrobielle Homdostase im Darm und die Barrierefunktion des Darms
aufrechtzuerhalten. Da |AP bekanntermallen die intestinale Homdostase
aufrechterhalt und LPS entgiftet, konnte es als neuer Ansatz zur Verbesserung des
Ergebnisses grolRer Operationen dienen, insbesondere bei PD.

Patienten mit Bauchspeicheldriisenkrebs hatten signifikant hohere praoperative LPS-

Werte im Serum als Patienten ohne Karzinom. Gleichzeitig waren die praoperativen



LPS-Konzentrationen im Serum bei Patienten mit Bauchspeicheldrisenkrebs negativ
mit der IAP-Aktivitdt im Stuhl korreliert, und die Korrelation zwischen diesen beiden
Indikatoren war bei Krebspatienten starker ausgepragt als in der gesamten
Studienpopulation.

Aufgrund der funktionellen Rollen der IAP, insbesondere ihrer wichtigen Rolle in der
Aufrechterhaltung der Integritdat der Darmbarriere und ihrer Fahigkeit, von Bakterien
stammende Entziindungsmediatoren zu hemmen, kdnnte eine Supplementierung

von exogenem |AP fir Patienten, die sich einer PD unterziehen, von Vorteil sein.



Abstract

As a gut brush border enzyme, intestinal alkaline phosphatase (IAP) is a critical
regulator of intestinal homeostasis [1]. In addition, this enzyme also functions to
dephosphorylate lipopolysaccharide (LPS) and other inflammatory mediators
responsible for endotoxemia [1]. IAP deficiency has been linked to various
pathologies such as metabolic syndrome, liver fibrosis, ischemic heart disease, frailty,
and a decreased life span [2-4]. LPS is a principal constituent of the outer membrane
of Gram-negative bacteria and a potent trigger of inflammation [5-7]. Recent studies
have reported elevated circulating LPS levels in patients with colorectal cancer, liver
cancer, and bladder cancer [8-11]. Intestinal microbial dysbiosis and gut barrier
dysfunction can increase the translocation of bacterial products into the systemic
circulation and elevate serum LPS levels [3, 12-14]. Pancreaticoduodenectomy (PD) is
a complex and difficult operation that removes the head of the pancreas, the
gallbladder, the bile duct, and the first part of the small intestine (duodenum), with
or without removal of the pylorus and distal stomach[15]. Since IAP is mainly
produced in the duodenum [1], which is partially or completely removed in PD [15],
we hypothesized that there would be a marked decrease in stool IAP activity
accompanied by a significant increase in serum LPS levels.

Firstly, pre- and postoperative stool and blood samples were collected from patients
who were willing to be enrolled in the study in our institution. Thirty-six patients
undergoing PD served as the study population. Twelve patients receiving distal
pancreatectomy (DP) and 15 patients undergoing smaller general surgery procedures
served as control groups. PNPP method and LAL assay were performed to test stool
IAP activity and serum LPS level, respectively. In the whole cohort, preoperative stool
IAP activity was negatively correlated with serum LPS levels and age. In the PD group,
the stool IAP activity significantly decreased after surgery. In addition, the decreased
extent of IAP activity positively correlated with the removal length of the proximal
small intestine. The control group of patients undergoing DP showed a significant
less marked reduction in IAP levels. Patients undergoing PD had a significant
increase in serum LPS levels after the procedure. DP also led to an increase in the

levels of serum LPS, but to a much lesser extent than PD. Of note, preoperative
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serum LPS levels were higher in the pancreatic cancer patients than in the non-
cancer patients. Furthermore, stool IAP activity negatively correlated with serum LPS
levels in pancreatic cancer patients preoperatively. For pancreatic cancer patients
undergoing PD, postoperative stool IAP activity still had a negative correlation with
serum LPS levels. Postoperative concentrations of blood LPS were positively
correlated with hospital days in pancreatic cancer patients undergoing PD.

In summary, stool IAP activity decreased significantly after PD, and the decreased
degree of IAP activity positively correlated with the removal length of the proximal
small intestine, which supported our hypothesis that duodenectomy directly
affected stool IAP activity levels. DP also caused a reduction in stool IAP activity, but
to a much lesser extent than PD. Serum LPS levels significantly increased after PD. In
the DP group, postoperative serum LPS concentrations also rose, but the increased
extent was much smaller than the PD group. The increase in the levels of LPS
indicated that intestinal homeostasis was altered after surgery, especially after PD
[16]. Therefore, patients undergoing major surgery might benefit from a pre- or
probiotic treatment to maintain intestinal microbial homeostasis and gut barrier
function. As IAP is known to maintain intestinal homeostasis and detoxifying LPS, it
could serve as a new approach for improving the outcome of major surgery,
especially for PD.

Patients with pancreatic cancer had significantly higher preoperative serum LPS
levels than patients without cancer, which can further accelerate the progression of
pancreatic cancer. Meanwhile, preoperative serum LPS concentrations were
negatively correlated with stool IAP activity in the patients with pancreatic cancer,
and the correlation between these two indicators was more pronounced in cancer
patients than in the whole study population.

Based on the multiple functional roles for IAP, in particular its ability to
dephosphorylate bacteria-derived inflammatory mediators and its salutary role on
gut barrier integrity, supplementation of exogenous IAP might be beneficial for

patients undergoing PD.
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1. Introduction

In recent years, intestinal alkaline phosphatase (IAP) has been brought into the focus
of gastrointestinal research due to its various beneficial roles. The most important
functions of this enzyme are to dephosphorylate some inflammatory mediators,

including lipopolysaccharides (LPS), as well as to maintain gut barrier function and
microbial homeostasis [2, 3, 17, 18]. Besides, IAP deficiency is related to a variety of
pathologies such as metabolic syndrome, liver fibrosis, ischemic heart disease, frailty,
and a decreased life span [2-4, 19]. The supplementation of this naturally occurring
enzyme has shown its beneficial role in several translational and clinical studies [20-
26]. LPS is the primary component of the cell wall of Gram-negative bacteria. It is a
trigger of inflammation and is also related to the development, progression, and
prognosis of many diseases [8-10, 27-29]. The intestinal microbiota is an important
source of circulating LPS [30], and both intestinal dysbiosis and gut barrier
dysfunction can increase LPS concentration in the bloodstream [29, 31].
Pancreaticoduodenectomy (PD) is also known as Whipple procedure, which is a

complex and difficult operation that includes the resection of the duodenum [15].

1.1. Multiple Functions and Underlying Mechanisms of IAP

Alkaline phosphatases (ALP) are homodimeric enzymes that belong to a superfamily
of ecto-nucleotidases [32, 33]. They are anchored to the outside surface of the
plasma membrane and catalyze the hydrolysis of monoesters of phosphoric acid
with release of inorganic phosphate at basic pH values [34-36]. These enzymes are
ubiquitous in nature, from prokaryotes to higher eukaryotes except some higher
plants [37-40], and exert various pivotal functions. In mammals, ALPs are divided
into four kinds of isoenzymes, which can be classified as tissue non-specific and
tissue-specific types. Three of them, including IAP, germ cell alkaline phosphatase
(GCAP), and placental alkaline phosphatase (PLAP), are tissue-specific. Whereas the
fourth one, tissue non-specific alkaline phosphatase (TNAP), can be expressed in

various tissues [1, 41].
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As a naturally occurring enzyme, IAP is mainly produced in the small intestine,
especially the duodenum [42, 43]. Although this enzyme is primarily membrane-
bound, it is also released into the intestinal lumen and the blood. Therefore, the
levels of IAP on the brush border of enterocytes are high [44, 45]. The most
important functions of IAP are dephosphorylating LPS and other inflammatory
mediators responsible for chronic systemic inflammation, and maintaining intestinal
microbial homeostasis and gut barrier function (Fig. 1). Due to its various beneficial
roles, IAP has been brought into the focus of research in recent years, and its
deficiency has been found to be involved in several pathologies. The role of this gut

brush border enzyme has been revealed in many basic, translational, and clinical

researches.
Intestinal Tract Microbial dysbiosis \‘-d \_C
increases LPS production _'}_-" _}- IAP regulates intestinal microbial

homeostasis and reduces LPS prodution

-~
= IAP
e ¢ _
-~ "‘—\. e \g(,.omﬂwnmﬂ

S £~ _ bacteria
1AP AP TAP N -

) IAP dephos- 1AP
1AP phorylates LPS

AP secretes into the intestinal w
lumen

l IAP regulates TIP to w

w prevent LPS translocation N\
w 8 b : I
) y TLR s B8 g
. . - g 4 & 4 8 1AP [}
i ’ % g ¢ . 2 iap & L %
d TLR Y \ : ] v
Submucosal Layer R A .
\/\ . § IAP dephosphorylates CPG
o DNA, UDP and flagellin to
Proinflammatory cytokines--IL-6, TNF-0. o @ reduce inflammation
L |

)
X
e —> Intestinal local inflammation < f— lf A + fdap

blood system .
[AP

AP also secretes into the

>

B . Chronic systemic * @ AP dephosphory-
. —> 5 S 3 5
Blood Stream . - H AP lates LPS

Figure 1. Functions and underlying mechanisms of IAP (adapted from Kihn et al. [46]). IAP
regulates intestinal microbial homeostasis and reduces LPS production. Microbial dysbiosis
increases the production of LPS, which further activates TLR4 followed by the release of
inflammatory mediators; IAP can detoxify LPS, and dephosphorylated LPS can’t activate TLR4,
thus suppressing the following signaling cascade. Translocated LPS, released cytokines, and
inflaimmatory mediators can cause chronic systemic inflammation and local inflammation in the
gut; IAP dephosphorylates these factors and attenuates the inflammation. LPS also transfers into

interior milieu through intercellular space; IAP inhibits the translocation of LPS by regulating the
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levels and cellular localization of TJP. (Abbreviations: IL-6: interleukin-6; IAP: intestinal alkaline
phosphatase; LPS: lipopolysaccharide; TLR: toll-like receptor; TJP: tight junction proteins; TNF-a:
tumor necrosis factor-a; CPG-DNA: cytosine-phosphate-guanosine-DNA; UDP: uridine

diphosphate)

1.1.1. Dephosphorylation of Inflammatory Mediators

IAP can exert anti-inflammatory effects by dephosphorylating LPS, uridine
diphosphate (UDP), cytosine phosphate-guanosine (CpG) DNA and flagellin [17, 47].
Activation of toll-like receptor 4 (TLR4) by LPS can promote nuclear factor kappa-B
(NF-kB) to translocate to the nucleus, thereby increasing the production of pro-
inflammatory factors including interleukin (IL)-6 and tumor necrosis factor (TNF)-a
[48, 49]. IAP can remove one phosphate group from the lipid-A moiety of LPS and
significantly decrease its toxicity [50-53]. Detoxified LPS binds to TLR4 primarily as a
receptor antagonist, which can’t activate the following signaling cascade [50-53]. As
we all know, inflammation can stimulate the normal cells to produce nucleotides,
such as UDP, and subsequently trigger the release of inflammatory cytokines [54].
UDP can be dephosphorylated by IAP in a dose-dependent mode [54]. CpG DNA and
Flagellin stimulate IL-8 secretion from THP-1 cells and HT29 cells in a dose-
dependent pattern. [19]. IAP has been demonstrated to dephosphorylate these two

inflammatory mediators and cause a >40% decrease in IL-8 release by host cells [47].

1.1.2. Maintaining Intestinal Homeostasis

Previous studies have shown that IAP can regulate the levels and cellular localization
of key tight junction proteins, thus promoting intestinal barrier function [17, 18]. It
has been proved that IAP gene overexpression leads to a pronounced increase in the
MRNA levels of zonula occludens-1 and zonula occludens-2 in T84 and Caco-2 cells,
whereas occluding, zonula occludens-1 and zonula occludens-2 levels are lower in
IAP knockout (KO) mice [17, 18]. The precise molecular mechanisms underlying the
regulatory effects of IAP on tight junction proteins still require further studies to
explore. Moreover, supplementation with IAP significantly increased the expression
of zonula occludens-1, zonula occludens-2, zonula occludens-3, claudinl, and
occludin in starved mice [17, 18]. Besides, IAP deficiency was accompanied by a

14



pronounced decrease in the intestinal tight junction protein level in mice [3]. IAP also
preserved intestinal microbial homeostasis in mice [2, 3]. Previous studies showed
that high concentrations of adenosine triphosphate (ATP) resulted in intestinal
microbial dysbiosis. Hence, the influence of IAP in commensal bacteria might be

achieved by dephosphorylating ATP [55].

1.1.3. Regulation of Intestinal Surface pH

Duodenal enterocytes secret mucus and bicarbonate, creating a pH that is close to
neutral on the intestinal surface to protect the mucosa from pepsin and gastric acids
[56]. A regulatory feedback loop on the brush border membrane of duodenal
enterocytes, involving extracellular ATP, IAP, and G-protein coupled purinergic
receptor P2Y1, functions to maintain intestinal surface pH [56]; IAP activity is low
in an acidic environment, leading to higher concentrations of extracellular ATP
secreted by the enterocytes, which stimulates P2Y receptors to secret more
bicarbonate. Subsequently, intestinal surface pH rises progressively, accompanied by

higher IAP activity, resulting in lower levels of ATP and bicarbonate [55, 57].

1.1.4. Modulating Intestinal Absorption of Lipid, Ca and Pi

CD36 is widely considered to be related to lipid uptake and transportation, and IAP
plays an important role in regulating lipid absorption by acting on CD36 in the
intestine [58]. It has been shown that IAP can phosphorylate and dephosphorylate
CD36 in mice. Dephosphorylated CD36 is responsible for promoting fat absorption,
while phosphorylated CD36 inhibits fatty acid uptake. Therefore IAP interacts with
CD36 to optimize fat transport [58]. Intestinal transcellular transportation of Ca?* is
associated with the transient receptor potential vanilloid type 5 and 6 (TRPV5/6),
which is known to be regulated by the pH on the mucosal surface [59]. Therefore,
IAP can control the absorption of Ca?* by affecting intestinal surface pH and TRPV5/6
activity. In animal models, intestinal transcellular Pi transport is related to type Il
sodium-dependent inorganic phosphate transporter Npt2b on the luminal side of
enterocytes [60]. IAP gene deletion decreases the levels of intestinal Npt2b protein,

thereby inhibiting Na+-dependent Pi transport in mice [60].
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Many major functions and underlying mechanisms of this enzyme have been
revealed. IAP has been shown to play important roles across multiple organ systems
(Table 1). Some clinical studies have proven the safety and efficacy of applying
exogenous IAP, for example, in reducing inflammation and endotoxemia in patients
with sepsis and ulcerative colitis (UC) [61, 62]. The route of IAP administration is also
an important factor [1]. Previous studies have revealed that oral administration of
IAP can reduce systemic inflammation, and also stimulate the production of
endogenous IAP [56, 63]. Intraperitoneal or intravenous injection can only decrease
systemic inflammation but allow for precise dosing and more efficient absorption [64,
65].

Up to now, the role of IAP in patients undergoing gastrointestinal surgery is still

unclear.

Table 1. Organ-specific roles and potential therapeutic implications of IAP

Exogenous IAP supplementation IAP deficiency is related to
attenuates the following dysfunctions the following dysfunctions

Gut C. difficile and Salmonella infection IBD [56] and NEC [68]
[66, 67], UC [26], and NEC [22, 23]

Liver Cirrhosis [69] and ALD [70] Cirrhosis [69] and Aging-
related liver change [3]

Pancreas Metabolic syndrome [3] T2DM [71]

Kidney Renal inflammation [25], damage of

I/R-induced AKI [25], and sepsis-
induced AKI [21]

Heart Myocardial dysfunction [24], IHD [73]
complications of AMI [24], and AMI-
induced inflammation [72]

Bone Lack of IAP increases the
volume of intracortical bone
and cortical thickness [74]

(Abbreviations: IBD: inflammatory bowel disease; IAP: intestinal alkaline phosphatase; IHD:
ischemic heart disease; NEC: Necrotizing enterocolitis; T2DM: type 2 diabetes mellitus; AMI:

acute myocardial infarction; LPS: lipopolysaccharide; ALD: alcoholic liver disease; AKI; Acute
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kidney injury; I/R: ischemia-reperfusion; UC: ulcerative colitis.)

1.2. Lipopolysaccharide

LPS is the principal component of the outer cell wall of Gram-negative bacteria,
forming a barrier against environmental stress such as cationic antimicrobial
peptides and antibiotics [6, 7]. LPS is a potent trigger of inflammation and
dysregulated host response in sepsis. It is ubiquitous in the environment and can
directly modulate the immune response and the host’s susceptibility to disease [5,
75]. The classical LPS molecule consists of three moieties: (a) lipid A, the lipophilic
portion that anchors LPS to the membrane; (b) oligosaccharide core, which
contributes to the integrity of the cell wall together with lipid A; (c) O antigen
polysaccharide, which is in direct contact with the external milieu. Lipid A can be
recognized by immune cells as a pathogen-associated molecule and is the
immunostimulatory portion of LPS [76, 77].

More than 100 years ago, Richard Pfeiffer discovered that cholera bacteria produced
another toxin in addition to heat-labile exotoxin [78]. In contrast to the exotoxins
released by bacteria, this heat-stable and non-volatile pyrogenic substance was
demonstrated to be a component of the bacteria cell wall. Therefore, Pfeiffer
termed it endotoxin. Subsequently, this endotoxin was shown to be the main outer
membrane constituent of Gram-negative bacteria and played an important role
during bacterial infections, sepsis, and shock [27, 79, 80]. Synthesized lipid A
molecule was proven to be responsible for most endotoxic activities of LPS [81, 82].
Pattern recognition receptors (PRRs) are considered to be part of the innate immune
system, and these proteins are capable of recognizing non-self-molecules found in
various pathogens (i.e., pathogen-associated molecular patterns—PAMPs) including
LPS [83-85]. Extracellular LPS can elicit inflammation by stimulating Toll-like receptor
4 and myeloid differentiation factor 2 (TLR4-MD2), a PRR mainly present on the
surface of dendritic cells, monocytes and macrophages. Activation of TLR4-MD2 by
LPS initiates a signaling cascade that induces the production of pro-inflammatory
cytokines that help eliminate invading pathogens [49, 86, 87]. However,

overexpression of pro-inflammatory cytokines results in various pathophysiological
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consequences such as fever, leukopenia, hypotension, disseminated intravascular
coagulation, and multiorgan failure [78]. In addition, these overexpressed cytokines
can also activate the NF-kB pathway, which is implicated in DNA damage, cell
proliferation and carcinogenesis [31].

Besides the TLR4 pathway, LPS can also activate other recognition systems, such as
caspase-4/5/11 pathway and transient receptor potential (TRP) channels. In mice,
extracellular LPS stimulates TRP channels present on the neuronal cells mediating
acute neurogenic pain and inflammation [88]. Intracellular LPS can be sensed by
caspase-11 and caspase-4/5 to induce the production of pro-inflammatory cytokines
in innate immune cells [28, 89, 90].

Intestinal dysbiosis and gut barrier dysfunction can increase the level of LPS in
circulation, promote chronic systemic inflammation, and enhance the production of
pro-inflammatory cytokines [29, 31]. As illustrated before, these cytokines can
activate the NF-kB pathway, which is involved in cell proliferation, DNA damage, and
tumor incidence and growth [29, 31]. Increased serum antibody to LPS has been
shown to be associated with a greater risk of liver cancer [8, 9]. The circulating levels
of LPS were significantly elevated in colorectal cancer (CRC) and bladder cancer
groups compared with healthy controls [10, 11]. Moreover, LPS-TLR4 signaling in
cancer cells promoted the progression of esophageal squamous cell carcinoma in
humans [91]. Pidgeon et al. [92] proved that LPS contributed to the metastatic
cancer growth after surgery by directly affecting the cancer cells.

Given these facts, both intestinal dysbiosis and gut barrier dysfunction can increase
LPS concentration in the bloodstream [29, 31]. Therefore, it can be considered as a
circulating biomarker of intestinal homeostasis. Furthermore, LPS is also related to
the development, progression, and prognosis of some types of cancer [8-11, 29, 91,
92], which indicates it is also a therapeutic target and prognostic marker. Until now,
the role of serum LPS in pancreatic cancer patients undergoing surgery is still

unknown.

1.3. Pancreatic Surgery and Pancreatic Cancer

Pancreatic surgery mainly consists of two different operations: 1. PD for lesions in
the head or body of the pancreas; 2. Left-sided or distal pancreatectomy (DP) for
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lesions of the pancreatic tail or body [15]. With the improvements in the skills of
surgeons, imaging, anesthetic techniques, and critical care, and better antibiotics,
pancreatic surgery is demonstrated to be a safe, effective, and critical component in
treatment of pancreatic diseases [93]. PD is a complex and difficult operation to
remove the head of the pancreas, the first part of the small intestine (duodenum),
the gallbladder, and the bile duct, with or without removal of the pylorus and distal
stomach [15].

Pancreatic cancer is the main reason for pancreatic surgery [94]. It is widely
considered to be one of the most aggressive cancers and one of the most frequent
causes of tumor-related death in the world. It ranks twelfth among all cancers in
terms of incidence [95]. In 2020, an estimated 495,773 new pancreatic cancer cases
and 466,003 related deaths occurred over the world [95]. The occurrence of
pancreatic cancer has an explicit geographical distribution, as shown in Figure 2,
Europe and North America are the areas with a higher incidence rate. Pancreatic
cancer is expected to be the second leading cause of cancer-related deaths by 2030.
[96]. The overall 5-year survival rate of pancreatic cancer is less than 7%; for those

patients undergoing surgical resection, the 5-year survival rate is 15-25% [97].

ASR (World) per 100 000

274
4.6-7.4
3.1-4.6

1,7-31 - Not applicable
<17 No data

Figure 2. Estimated Age-Standardized Incidence Rates (World) of Pancreatic cancer in 2020, All

ages, Both sexes [95].

Known risk factors for this cancer include cigarette smoking, chronic pancreatitis,
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diabetes mellitus, male sex, lack of physical activity, advancing age, high body mass
index (BMI), high-fat diet, and family history of pancreatic cancer and chronic
pancreatitis [98-101]. Although the causes of pancreatic cancer are complex,
multifactorial, and insufficiently known, family history and tobacco smoking are
dominant. Cigarette smoking causes approximately 20% of pancreatic tumors [102].
These high-risk groups are good targets for screening and early diagnosis programs.
It is difficult to diagnose the early-stage pancreatic cancer, which is often because it
is clinically silent and difficult to be imaged, and lacks sensitive and specific tumor
markers [97]. Currently, the main diagnostic modalities are imaging with multi-
detector computed tomography (MDCT), positron emission tomography (PET),
magnetic resonance imaging (MRI), and endoscopic ultrasound (EUS) [103-106].
Even though enormous efforts have been made during the past decades, systemic
treatment of pancreatic cancer remains a formidable challenge [107-109]. Pancreatic
cancer is characterized by a pronounced resistance to most conventional treatment
options [97, 110, 111]. Only about 10% of pancreatic cancer patients are diagnosed
at an early stage and are thus able to benefit from curative surgical resection [112].
For chemotherapy, gemcitabine was demonstrated to improve the clinical outcomes
of pancreatic cancer patients and became the standard first-line treatment for
pancreatic cancer in 1992 [113]. In 2003, a phase | trial showed that a combination
of 5-Fluorouracil (5-FU), leucovorin, oxaliplatin, and irinotecan (FOLFIRINOX)
exhibited good antitumor activity in pancreatic cancer patients [114]. A phase |l
study confirmed the results in the phase | trial [115]. Subsequently,
PRODIGE4/ACCORD 11 was designed as a randomized phase II/Ill study to assess the
efficacy of FOLFIRINOX compared with gemcitabine alone. It demonstrated that
FOLFIRINOX had an advantage over gemcitabine monotherapy in terms of response
rate, progression-free survival, overall survival, and quality of life [116]. In addition,
S-1 (an oral 5-fluorouracil prodrug) and gemcitabine plus nab-paclitaxel also have
shown improved survival benefits and are now the most commonly applied first-line
treatment options [93, 117]. The role of adjuvant radiotherapy is controversial [118].
Compared with chemotherapy alone, chemoradiation was perhaps harmful and did
not increase survival [118]. Endoscopic therapy, immunotherapy, precision medicine,

and target therapy also provide promising treatments for pancreatic cancer patients,
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even though there are still many obstacles and more researches are needed to
explore the potential benefits of these methods [117].

Although surgical resection combined with adjuvant chemotherapy and radiotherapy
remains the only curative therapeutic option for pancreatic cancer patients, it is
associated with high morbidity and mortality rates [96, 119, 120]. Therefore, it is
essential to better understand the impact of pancreatic surgery on human

physiological functions and take corresponding measures.

1.4. Aim of this Study

IAP appears to be a positive regulator of microbial homeostasis and gut barrier
function, and functions to dephosphorylate LPS and other inflammatory mediators.
It is mainly produced in the duodenum [42]. In PD, the duodenum is partially or
completely removed, which would theoretically cause a significant decrease in stool
IAP level and disturbance of intestinal homeostasis followed by an increase in serum
LPS level after surgery.

This study aimed to quantify the stool IAP activity and serum LPS values in patients
undergoing PD compared to other general and gastrointestinal surgical procedures,
to assess the differences in these markers between groups, and to compare the
perioperative changes. As LPS was reported to be associated with an increased risk
of liver cancer and colorectal cancer, we also aimed to investigate the roles of IAP

and LPS in patients with pancreatic cancer.
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2. Materials and Methods

2.1. Materials

2.1.1. Laboratory Equipment

Centrifuge

Drying cabinet
Glassware washer
Ice maker
Magnetic mixer
Microplate reader
Pipettes

Plate heater
Shaker

Steam sterilizer
Thermomixer
Vortex mixer

4°C fridge

-20°C fridge
-80°C fridge

37°Cincubator

2.1.2. Computer and Software

Computer hardware
Prism

SoftMax Pro

Eppendorf, Germany
Heraeus, Germany
Miele, Germany

KBS, Germany

GLW, Germany
Molecular devices, USA
Eppendorf, Germany
VWR, USA

Edmund Biihler, Germany
MMM, Germany
Eppendorf, Germany
IKA, China

Siemens, Germany
Siemens, Germany
Heraeus, Germany

Memmert, Germany

HUAWEI, China
Version 8, GraphPad Software, USA

Version 6.5.1, Molecular devices, USA
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2.1.3. Consumables

Centrifuge tube 15 ml

Centrifuge tube 50 ml

91015, TPP, Switzerland
91050, TPP, Switzerland

Freezing tubes 122278, Cryo.s, Greiner, Germany

Freezing tubes 122263, Cryo.s, Greiner, Germany
Gloves ecoSHIELD, USA

Hydrophobic pen $2002, Dako Pen, Agilent Technologies, USA
Safe-Lock tubes 0030120.094 Eppendorf, Germany
Pipettes reloads Eppendorf, Germany
Serological pipette 50ml 170358, Thermo Scientific, USA
Serological pipette 25ml 760180, Greiner Bio-one, Germany
Serological pipette 10ml 44388, Costar Stripette, Corning, USA
Serological pipette 5ml 4487, Costar Stripette, Corning, USA
96 well cell culture plates 83.3924, Sarstedt, Germany

(flat bottom)

2.1.4. Chemicals

Acetic acid (glacial) 100% 1000562500, Merck, Germany

Albumin Standard 23209, Thermo Scientific, USA
Dulbecco's phosphate- P04-36500, PAN-Biotech, Germany
buffered saline (DPBS)

Glycerin 3783.1, Carl Roth GmbH+Co.KG, Germany
Hydrochloric acid (HCI) 2mol/L 1.09063.1000, Titripur, Merck, Germany
IAP 524572, Sigma-Aldrich, USA
L-Phenylalanine P2126, Sigma-Aldrich, USA
Magnesiumchlorid Hexahydrat 63065, Fluka, Switzerland
(MgCl,.6H,0)
Para-nitrophenyl phosphate 34045, Thermo Scientific, USA

disodium salt (PNPP)
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Pierce™ BCA protein assay
reagent A

Pierce™ BCA protein assay
reagent B

TRIZMA base

Zinc chloride (Zncl,)

80% Ethanol

2.1.5. Buffers and Solutions

1M MgCI2 solution

10mM ZnCl; solution

1M Tris-HCl solution

25% Acetic acid

PNPP Solution

23228, Thermo Scientific, USA

1859078, Thermo Scientific, USA

T6066, Sigma-Aldrich, USA

208086, Merck, Germany
1004051526001,CLN

Chemikalien Laborbedarf, Germany

20.3 g MgC|2,6H20

100 ml Distilled water

0.1364g ZnCl,

100 ml Distilled water

24

12.11 g TRIZMA base

100 ml Distilled water

25 ml Acetic acid (glacial) 100%

75 ml Distilled water

186mg pNPP
1ml 1M Tris-HCl solution
100u! 1M MgCl,
100ul 10mM ZnCl,
99ml Distilled water
pH 8.0

GmbH



2.1.6. Commercial Kits

Pierce™ Chromogenic Endotoxin Quant Kit ~ A39553, Thermo Scientific, USA

25



2.2. Methods

2.2.1. Patients and Clinical Data

This project was approved by the ethics commission of the Ludwig - Maximilians
University Munich (Project number: 19-233). Stool and blood samples were collected
from patients who were willing to be enrolled in the study after signing the informed
consent forms. Preoperative and postoperative samples were taken from 36 patients
undergoing PD, 12 patients receiving DP, and 15 cases undergoing smaller general
surgery procedures (cholecystectomy or hernia repair) from May 2020 to September
2021 in our institution. Exclusion criteria were: acute or chronic infectious diseases,
inflammatory bowel disease (IBD), severe liver dysfunction, underwent
gastrointestinal surgery and refusal or unexpected discharge. Clinical characteristics
including gender, age, BMI, diabetes mellitus (DM), hospital days, operative time and
blood loss were recorded. Additionally, routine lab values, including creatinine,
hemoglobin, platelet, red blood cell (RBC), white blood cell (WBC), carcinoembryonic
antigen (CEA), c-reactive protein (CRP), fasting blood glucose (FBG), aspartate
transaminase (AST), bilirubin, glomerular filtration rate (GFR), ALP and blood kalium

(K), were collected from our database.

2.2.2. Sample Collection and Storage

Peripheral blood samples were collected from patients undergoing PD or DP one day
before surgery and between postoperative day 10-12. For patients receiving smaller
general surgery procedures, blood was taken one day before surgery and between
postoperative day 2-3. Centrifugation of blood was performed at 2000xg for 10 min
at 15°C. The serum layer was extracted and stored in the -80°C fridge. Stool samples
were also collected one day before surgery and between postoperative day 10-12
after PD or DP, but not before the patients’ second postoperative bowel movement.
For patients undergoing smaller general surgery procedures, stool samples were
collected one day before surgery and between postoperative day 2-3, but not before

the patients’ second postoperative bowel movement. All the stool samples were
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stored in the -80°C fridge before testing.

2.2.3. Bicinchoninic Acid Assay (BCA assay)

At first, the volume of BCA working reagent required was calculated, then A solution
was mixed with B solution at a ratio of 50:1. Standard bovine serum albumin (BSA)
solutions were prepared at different concentrations: 31.25, 62.5, 125, 250, 500, 1000,
2000 ug/ml. Next, 25uL of each unknown or standard sample was pipetted in
triplicate into the designated microplate well, and distilled water was used as a blank.
Then, 200ulL of working reagent was added into each well, and the plate was shaken
thoroughly on a plate shaker for 30 seconds. The plate was covered and then
incubated at 37°C for 30 minutes. After the plate was cooled to room temperature,
the absorbance at 562 nm of each well was measured in the spectrophotometer. The
average absorbance at 562nm of the blank-corrected triplicates was subtracted from
the average absorbance of all the standards and unknown samples. The standard
curve was prepared by plotting the average blank-corrected optical density (OD)
values for each BSA standard versus its concentration in ug/ml. The protein

concentration of each unknown sample was calculated with the standard curve.

2.2.4 Para-Nitrophenyl Phosphate (PNPP) Method

Stool samples were thawed on ice and diluted at a ratio of 1:30 in stool dilution buffer
(10mM Tris HCI, pH 8.0; 1mM MgCly; 10uM ZnCly), followed by incubation on ice for
30 min. Then the stool solution was homogenized thoroughly on a shaker for 10min.
The homogenate was then centrifuged at 10,000g for 10min, and the supernatant
was taken for analysis. L-phenylalanine was used as a specific inhibitor of IAP, and it
was dissolved in the buffer (10mM Tris HCI, PH 8.0; 1ImM MgCl2; 10uM ZnCl2) at a
concentration of 10 mM. Standard IAP solutions were prepared at different
concentrations: 10, 5, 2.5, 1.25, 0.625, 0.3125, 0.15625 U/ml. Next, 25uL of each
standard solution was pipetted in triplicate into the designated microplate well,
and distilled water was used as blank. The same volume of each unknown sample
(25uL) was added into the designated microplate well. Six wells were prepared for

each sample, then 175 ul of PNPP solution was dispensed into the first 3 wells, and
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L-phenylalanine plus PNPP solution was added into the other 3 wells at the same
time. The same volume of PNPP solution was pipetted into the standard and
control wells. Subsequently, the plate was incubated for 10 minutes at 37 C. After
the plate was cooled to room temperature, the absorbance of each well was
measured at 405 nm in the spectrophotometer. The average absorbance of the blank-
corrected triplicates at 405 nm was subtracted from the measurement of all other
individual standards and unknown sample triplicates. The standard curve was
prepared by plotting the average blank-corrected OD values for each IAP standard
versus its activity in U/ml. The formulated standard curve was used to calculate the
activity of each unknown sample. At last, the average difference between the L-
phenylalanine added and none L-phenylalanine added groups was the specific

activity of IAP.

2.2.5. Limulus Amebocyte Lysate (LAL) Assay

All reagents were equilibrated to room temperature before use. The frozen serum
samples were taken out from the -80 °C fridge, thawed on ice, vortexed, and then
centrifuged (5000 rpm) for 10 minutes at 4°C. The serum was then transferred to
another endotoxin-free tube. To remove platelets and other sediments altogether,
the serum samples were centrifuged again at 10,000 rpm for 10 minutes at 4°C.
Serum supernatant was diluted 50-fold with endotoxin-free water in another tube.
The diluted samples were heat-shocked at 70°C for 15 minutes and then put on ice
until tested.

Endotoxin standard solutions were prepared with lyophilized E. coli endotoxin and
endotoxin-free water in the Pierce™ Chromogenic Endotoxin Quant Kit. The final
standard endotoxin concentrations were 0.1, 0.05, 0.025, 0.01 EU/mL, respectively.
The standard solutions were vigorously vortexed for 15 minutes after
reconstitution or before subsequent use in case the endotoxin adhered to the
container. The amebocyte lysate was reconstituted with endotoxin-free water (1.7
ml for each vial) immediately prior to use and gently swirled to dissolve the powder.
The Chromogenic Substrate solution was prepared by adding 3.4 mL of endotoxin-
free water into each vial and gently mixing to dissolve the powder. Reconstituted

Chromogenic Substrate solution was pre-warmed for the assay to 37°C for no more
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than 10 minutes before use. The 96 well plate was pre-equilibrated in a heating
block at 37+£1°C for 10 minutes. With the plate kept at 37£1°C, 50uL of blank,
standard and unknown samples were dispensed in triplicate into the appropriate
plate wells. 50uL of endotoxin-free water was used as a blank control. Then 50puL of
LAL reagent was pipetted into each well. The moment at which the lysate was
added to the first well was the start time. The 96 well plate was removed from the
heating block and gently tapped several times to facilitate mixing once the LAL
solution had been added into all plate wells. Then the plate was covered with the
lid and returned to the heating block to incubate at 37+1°C for T1 indicated on the
vial.

Subsequently, 100uL of Chromogenic Substrate solution (prewarmed to 37+1°C)
was added into each well. Once the Chromogenic Substrate solution had been
pipetted into all wells, the plate was removed from the heater and tapped several
times to promote mixing. After being covered with a lid, the plate was incubated at
37+1°C for 6 minutes. After 6 minutes, 50 uL of stop reagent (25% acetic acid) was
dispensed into each well in order. At last, the plate was removed from the heating
block and gently tapped several times to facilitate mixing after the stop solution
was pipetted into all wells. The absorbance at 405nm in the spectrophotometer
was measured. The average 405nm absorbance of the blank-corrected triplicates was
subtracted from the average absorbance of all individual standards and unknown
sample triplicates. A standard curve was prepared by plotting the average blank-
corrected OD values for each LPS standard versus its endotoxin concentration in
EU/ml. At last, the endotoxin concentration of each unknown sample was

determined with the standard curve.

2.2.6. Statistical Analysis

Continuous variables are presented as mean £ SD or as median appropriately. Two
and three continuous data sets were compared by the t-test and One-Way ANOVA
test, respectively, and p< 0.05 was considered statistically significant; multiple
comparisons were examined by Fisher’s LSD test between the mean of each
column and the mean of every other column if p< 0.05 in One-Way ANOVA test.
Correlations between two continuous data sets were assessed by Pearson’s test
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and presented as p and r values, and statistical significance was set at r> 0.3000
and p< 0.05. Relationships between continuous and categorical data were analyzed
by Mann-Whitney u test and presented as p values, and statistical significance was
set at p< 0.05. The x-square test or Fisher’'s exact test was adopted to compare
contingency variables, p< 0.05 was considered statistically significant. All statistics

were performed using Prism.
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3.Results

3.1. Patients’ characteristics

In our study, stool and serum samples from 36 patients undergoing PD and 27
control patients were tested. The demographical characteristics are summarized in
Table 2. Twenty-four patients (66.7%) in the PD group were male, the mean age of
this group was 66.61+12.60 years old. Twenty-three cases (63.89 %) were
diagnosed with pancreatic cancer, 4 patients (11.11 %) had neuroendocrine tumor
(NET), and 8 (22.22 %) had intraductal papillary mucinous neoplasm (IPMN) or
other pancreatic diseases in the PD group. In the first control group, 12 patients
received DP because of pancreatic cancer (3 patients, 25%), NET (4 patients,
33.33%), IPMN (2 patients, 16.67%) or other pancreatic diseases (3 patients, 25%),
and 7 (58.33 %) of them were male. Another 15 patients undergoing smaller
general surgery procedures (cholecystectomy and hernia repair) were also included
as controls and 9 (60 %) of them were male. No severe liver disease was present in
the study cohort. There was no significant difference in the preoperative clinical

characteristics among the three groups as shown in Table 2.

Table 2. Demographics of Study Population.

Variables PD Group DP Group General Surgery P
(Mean # SD) (N=36) (N=12) group (N=15)

Gender 24 (66.7%)/12 7 (58.3%)/5 9 (60.0 %)/6 (40.0%) 0.8298
(Male/Female) (33.3%) (41.7%)

Age (Year) 66.61+12.60 67.00+14.58 57.80+12.22 0.0734
BMI 24.36%3.55 26.09+4.11 24.33+3.98 0.3847
CEA (ng/ml) 4.47+45.53 2.62+1.53 0.0981
CA-199 (U/ml) 395.90+890.50  127.90+217.80 0.1345
AST (U/L) 45.74+44.41 33.08+23.86 34.31+38.99 0.5212
Creatinine (mg/dl) | 0.89+0.17 0.9310.34 0.98+0.22 0.4131
TBil (mg/dl) 1.06+1.73 0.70£0.55 0.52+0.19 0.1341
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CRP (mg/dL) 0.91+1.46 0.98+2.60 0.41+0.47 0.1875
WBC (G/L) 7.52%3.82 6.80+2.46 6.73+2.58 0.6710
RBC (T/L) 4.49+0.57 4.54+0.44 4.78+0.73 0.2830
Platelets (G/L) 261.20+55.82 211.30+74.56 241.70+70.53 0.0686
Hemoglobin (g/dl) 13.64+1.25 13.91+1.18 14.65+1.70 0.0642
GFR (ml/min) 82.00+17.93 79.83%£20.36 79.60£19.52 0.8907
FBG (mg/dl) 136.40+67.85 109.00+25.19 106.00+12.55 0.0539
ALP (U/L) 245.30+477.90  105.00+77.80 79.00+41.09 0.1004
K (mmol/L) 4.40+0.62 4.26+0.83 4.35+0.58 0.8184

(Abbreviations: ALP: alkaline phosphatase; BMI: body mass index; CEA: carcino-embryonic
antigen; CRP: C - reactive protein; PD: pancreaticoduodenectomy; DP: distal
pancreatectomy; p: p value; SD: standard deviation; CA-199: carbohydrate antigen 199;
AST: aspartate transaminase; TBil: total bilirubin; WBC: white blood cell; RBC: red blood
cell; FBG: fasting blood glucose; GFR: glomerular filtration rate; K: blood kalium. All values

are expressed as mean + SD except for gender.)

3.2. Preoperative Stool IAP Activity

Preoperative stool IAP activity showed no significant difference among the 3 groups
and decreased with age. Preoperative stool samples were taken from all the
patients one day before surgery, and IAP activity was tested. Firstly, we compared
the age and IAP levels among the three groups of patients respectively and found
no significant differences (Figure 3A and Figure 3B). However, when examining the
correlations between IAP and other clinical data (Table 3), we found that
preoperative IAP activity declined significantly with age in the whole study
population (Figure 3C). No significant associations between preoperative stool IAP

levels and other clinical data were detected in the cohort.
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Table 3. Correlation between IAP, LPS and Clinical Parameters in the whole cohort.

Clinical Preoperative Stool IAP Preoperative Serum LPS
Parameters

Gender p=0.7973 p=0.2175

Age =-0.3880, p = 0.0017 r =0.0400, p = 0.7890
BMI r=0.0300, p = 0.8157 r=-0.0750, p = 0.5634
CEA r=-0.0410, p =0.0114 r=0.0730, p = 0.6440
CA-199 r=-0.1195, p = 0.4627 r=0.0318, p = 0.8455
AST r=-0.1395, p = 0.2879 r=0.1901, p = 0.1456
TBil r=-0.0914, p = 0.4833 r=0.1562, p =0.2293
Creatinine r=-0.0681, p =0.5962 r=-0.1704, p =0.1818
CRP r=-0.1859, p = 0.1479 r=-0.0426, p = 0.7422
WBC r=0.1207, p = 0.3462 r=-0.1368, p = 0.2849
RBC r=0.1881, p =0.1399 r=0.0185, p = 0.8854
Platelets r=-0.1869, p = 0.1425 r=0.1014, p = 0.4290
Hemoglobin r=0.2358, p = 0.0628 r=0.1110, p = 0.3862
GFR r=0.2542, p = 0.0444 r=0.0091, p = 0.9437
FBG r=-0.2242, p = 0.0798 r=0.2320, p = 0.0696
ALP r=0.1107, p = 0.3955 r=-0.0186, p = 0.8871
K r=-0.1184, p = 0.3552 r=0.2121, p = 0.0952

(Abbreviations: IAP: intestinal alkaline phosphatase; LPS: lipopolysaccharide; r: r value; p: p
value; BMI: body mass index; CEA: carcino-embryonic antigen; CA-199: carbohydrate
antigen 199; AST: aspartate transaminase; TBil: total bilirubin; FBG: fasting blood glucose;
CRP: C-reactive protein; WBC: white blood cell; RBC: red blood cell; GFR: glomerular

filtration rate; ALP: alkaline phosphatase; K: blood kalium.)
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Figure 3. No significant difference in age and preoperative stool IAP activity among the 3
groups was detected (A, B). Stool IAP activity declined with age in the whole cohort (C).
(Abbreviations: PD: pancreaticoduodenectomy; DP: distal pancreatectomy; Preop: preoperative;
p: p value; r: r value; ns: not significant; IAP: intestinal alkaline phosphatase; PNPP: para-

nitrophenyl phosphate.)

3.3. Preoperative Serum LPS Levels

Preoperative serum LPS levels were significantly and negatively correlated with
stool IAP activity in the whole cohort. Blood samples were taken one day before
surgery, and serum LPS levels were assayed. Figure 4A showed the difference in LPS
levels among the three groups. (Preop. (PD) vs Preop. (DP) vs Preop. (General
surgery): 0.7571£0.1951 vs 0.7258+0.1596 vs 0.5961+0.1598 EU/mI, p=0.0193).
Subsequently, multiple comparisons indicated that the patients undergoing PD had
higher serum LPS concentrations than those receiving smaller general surgery
(Preop. (PD) vs Preop. (General surgery): 0.75714+0.1951 vs 0.5961+0.1598 EU/ml,
p=0.0146), but had no difference with the DP patients (Preop. (PD) vs Preop. (DP):
0.7571+0.1951 vs 0.7258+0.1596 EU/ml, p=0.8629). There was no significant
difference in the clinical data among the three groups of patients except for the
types of disease (most patients in the PD group were diagnosed with pancreatic
cancer, whereas patients in the general surgery group were not). According to
previous studies, circulating LPS levels elevated in patients with liver cancer [8, 9],

CRC [10], or bladder cancer compared with the healthy controls [11]. Therefore, we
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hypothesized that pancreatic cancer patients also have higher LPS levels, which is
further discussed in Section 3.10. In our study, serum LPS levels did not change
with age in the whole cohort (Figure 4B). Preoperative data analysis showed that
serum LPS levels were significantly and negatively correlated with stool IAP levels in
the total study population (Figure 4C). There was no statistical significance in the
relationship between LPS levels and other clinical characteristics before surgery, as

shown in Table 3.
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Figure 4. Patients undergoing PD had higher serum LPS levels than those in the general surgery
group (A). The levels of serum LPS were not related to age (B), but negatively correlated with
stool IAP activity (C). (Abbreviations: PD: pancreaticoduodenectomy; DP: distal pancreatectomy;
Preop: preoperative; LPS: lipopolysaccharide; p: p value; r: r value; ns: not significant; IAP:

intestinal alkaline phosphatase; PNPP: p-nitrophenyl phosphate; * p< 0.05.)

3.4. Effect of Pancreaticoduodenectomy on Stool IAP Activity

Stool IAP activity significantly decreased after PD. For the patients undergoing PD,
the stool samples were collected one day before surgery and between
postoperative day 10-12, but not before the patients’ second postoperative bowel
movement. |AP activity was analyzed as described in the materials and methods
section preoperatively and postoperatively. As shown in figure 5A, the stool IAP
activity levels significantly decreased after PD (Preop. (PD) vs Postop. (PD):
1522.0£1103.0 vs 721.0£915.7 pmole PNPP hydrolyzed/min/ug protein, p< 0.0001).
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As mentioned before, IAP is mainly produced in the small intestine, especially the
duodenum. Thus, the removal length of the proximal small intestine during PD was
also recorded. Figure 5B showed that the decline in IAP activity positively
correlated with the removal length of the proximal small intestine. We also studied
the effects of the operative time and blood loss during surgery on the decreased
level of IAP but did not find any statistically significant results in patients receiving

PD (Figure 5C and Figure 5D).
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Figure 5. Stool IAP activity decreased after PD (A), which only correlated with the removal
length of the proximal small intestine (B) but not with blood loss (C) or operative time (D).
(Abbreviations: IAP: intestinal alkaline phosphatase; PNPP: para-nitrophenyl phosphate; AST:
aspartate transaminase; Preop: preoperative; PD: pancreaticoduodenectomy; Postop:

postoperative; p: p value; r: r value; **** p< 0.0001.)
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3.5. Effect of Distal Pancreatectomy on Stool IAP Activity

Stool IAP activity also decreased after DP. For the patients undergoing DP, the stool
samples were collected one day before surgery and between postoperative day 10-
12, but not before the patients’ second postoperative bowel movement. The stool
IAP activity levels were also assessed before and after surgery. As shown in figure
6A, the levels of IAP also decreased after DP (Preop. (DP) vs Postop. (DP):
1512.0£1025.0 vs 1363.0+994.9 pmole PNPP hydrolyzed/min/ug protein, p=
0.0387). There was no significant difference in preoperative IAP activity between
the PD and DP groups (Preop. (PD) vs Preop. (DP): 1522.0+1103.0 vs 1512.0+1025.0
pmole PNPP hydrolyzed/min/ug protein, p= 0.9786) (Figure 6C). Postoperative IAP
levels were significantly higher in the latter group (Postop. (PD) vs Postop. (DP):
721.0+£915.7 vs 1363.0£994.9 pmole PNPP hydrolyzed/min/ug protein, p= 0.0452)
(Figure 6D). Meanwhile, the decline in IAP activity was more significant in the PD
group than in the DP group (PD vs DP: 880.94396.3 vs 149.2+220.2 pmole PNPP
hydrolyzed/min/ug protein, p< 0.0001) (Figure 6B). Therefore, PD caused a more
pronounced reduction in IAP levels compared to DP. Furthermore, in patients
undergoing DP, there was no significant correlation between the decreased level in

IAP activity and the operative time or the blood loss (Figure 6E and Figure 6F).
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Figure 6. Stool IAP activity also decreased after DP (A). PD and DP groups were not significantly

different in preoperative IAP activity (C), however, the DP group had higher postoperative IAP

levels (D), therefore PD caused a more significant reduction in IAP levels compared to DP (B).

Moreover, for the patients undergoing DP, the decline in IAP activity was not significantly



correlated with the operative time (E) or the amount of blood loss (F). (Abbreviations: IAP:
intestinal alkaline phosphatase; PNPP: para-nitrophenyl phosphate; Preop: preoperative; DP:
distal pancreatectomy; Postop: postoperative; PD: pancreaticoduodenectomy; p: p value; r: r

value; ns: not significant; * p< 0.05; **** p< 0.0001.)

3.6. Effect of General Surgery on Stool IAP Activity

There was no significant decrease in stool IAP activity after general surgery.
Patients undergoing cholecystectomy or hernia repair were also included as a
control group. The stool samples were taken one day before surgery and between
postoperative day 2 and 3 - not before the patients’ second postoperative bowel
movement. The stool IAP activity was assessed before and after surgery. As shown
in figure 7A, the levels of IAP did not significantly decrease after the procedures
(Preop. (General surgery) vs Postop. (General surgery): 1810.0£1492.0 vs
1777.0+1841.0 pmole PNPP hydrolyzed/min/ug protein, p= 0.8601). There was no
significant difference in the stool IAP levels between this control group and PD
group preoperatively (Preop. (General surgery) vs Preop. (PD): 1810.0+1492.0 vs
1522.0+1103.0 pmole PNPP hydrolyzed/min/ug protein, p= 0.4489) (Figure 7B).
However, postoperative IAP activity levels in this control group were significantly
higher than those in the PD group (Postop. (General surgery) vs Postop. (PD):
1777.0+1841.0 vs 721.0+915.7 pmole PNPP hydrolyzed/min/ug protein, p= 0.0497)

(Figure 7C).
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Figure 7. General surgery did not cause a significant reduction in stool IAP levels (A). There was
no significant difference in stool IAP activity between the general surgery and the PD group
preoperatively (B), however, in the postoperative period, the former group had significantly
higher 1AP levels (C). (Abbreviations: IAP: intestinal alkaline phosphatase; PNPP: para-
nitrophenyl phosphate; Preop: preoperative; Postop: postoperative; PD:

pancreaticoduodenectomy; p: p value; ns: not significant; * p< 0.05.)

3.7. Effect of Pancreaticoduodenectomy on Serum LPS Levels

Serum LPS levels significantly increased after PD. For the patients undergoing PD,
the blood samples were taken one day before surgery and between postoperative
day 10-12. The serum was extracted and LPS levels were determined by the LAL
assay. As shown in figure 8A, the serum LPS levels significantly increased after PD
(Preop. (PD) vs Postop. (PD): 0.7571+0.1951 vs 1.000+0.2832 EU/mI, p< 0.0001).
The degree of increase in LPS levels did not significantly correlate with the
operative time (Figure 8B), the amount of blood loss during surgery (Figure 8C), or

age (Figure 8D).
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Figure 8. Serum LPS levels significantly increased after PD (A), which was not correlated with
operative time (B), blood loss (C) or age (D). (Abbreviations: LPS: lipopolysaccharide; Preop:
preoperative; Postop: postoperative; PD pancreaticoduodenectomy; r: r value; p: p value; ****

p< 0.0001.)

3.8. Effect of Distal Pancreatectomy on Serum LPS Levels

Serum LPS levels also increased after DP. For the patients undergoing DP, the blood
samples were also collected one day preoperatively and between postoperative
day 10-12. The serum LPS levels were assessed before and after the procedures. As
shown in figure 9A, serum LPS levels also increased after DP (Preop. (DP) vs Postop.
(DP): 0.7258+0.1596 vs 0.7715+0.1912 EU/ml, p= 0.0284). The PD group and DP
group were not significantly different in terms of circulating LPS levels
preoperatively (Preop. (PD) vs Preop. (DP): 0.7571+0.0.1951 vs 0.7258+0.1596
EU/mI, p= 0.6186) (Figure 9C), however, the former group had higher LPS levels
postoperatively (Postop. (PD) vs Postop. (DP): 1.0000+0.2832 vs 0.7715+0.1912
EU/mI, p= 0.0126) (Figure 9D). The increase in serum LPS levels was also more
significant in the PD group than in the DP group (PD vs DP: 0.2431+0.2524 vs
0.0415+0.0657 EU/mI, p< 0.0001) (Figure 9B). Given all these facts, PD caused a
more pronounced increase in the serum LPS levels compared to DP. The operative
time and the amount of blood loss also did not significantly affect the degree of

increase in LPS levels in the patients undergoing DP (Figure 9E and Figure 9F).
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Figure 9. Serum LPS levels also increased after DP (A). There was no significant difference in the

preoperative LPS levels between the PD and DP groups (C), however, the PD group had higher

postoperative serum LPS levels (D), therefore PD caused a more pronounced rise in LPS levels



compared to DP (B). The degree of increase in serum LPS levels was not correlated with
operative time (E) and blood loss (F). (Abbreviations: LPS: lipopolysaccharide; Preop:
preoperative; Postop: postoperative; DP: distal pancreatectomy; PD:

pancreaticoduodenectomy; r: r value; p: p value; ns: not significant; * p< 0.05; **** p< 0.0001.)

3.9. Effect of General Surgery on Serum LPS Levels

There was no significant increase in serum LPS levels after general surgery. While
studying the effect of surgery on serum LPS levels, patients undergoing
cholecystectomy or hernia repair were also included as controls. The blood samples
were taken one day before surgery and between postoperative day 2-3. LPS levels
were also assessed before and after the procedures. As shown in figure 10A, LPS
levels didn’t increase significantly after surgery (Preop. (General surgery) vs Postop.
(General surgery): 0.5961+0.1598 vs 0.5450+0.2476 EU/ml, p= 0.5073). Patients in
the general surgery group had lower preoperative LPS levels than the PD group
(Preop. (General surgery) vs Preop. (PD): 0.5961+0.1598 vs 0.7571+0.1951 EU/m,
p= 0.0069) (Figure 10B) and this gap became more pronounced postoperatively
(Postop. (General surgery) vs Postop. (PD): 0.5450+0.2476 vs 1.000+0.2832 EU/m,
p< 0.0001) (Figure 10C). This result indicated that PD caused a significant increase

in serum LPS levels, whereas smaller general surgery procedures did not.
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Figure 10. Smaller general surgery procedures (cholecystectomy and hernia repair) did not
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cause a significant rise in serum LPS levels (A). Patients in the PD group had higher preoperative
LPS levels than the general surgery group (B) and this difference became more pronounced
postoperatively (C). (Abbreviations: LPS: lipopolysaccharide; Preop: preoperative; Postop:

postoperative; PD: pancreaticoduodenectomy; ns: not significant; ** p< 0.01; **** p< 0.0001.)

3.10. Serum LPS Levels in Pancreatic Cancer Patients

Serum LPS levels were significantly higher in pancreatic cancer patients than in non-
cancer patients before surgery. As described above in Section 3.3 (Figure 4A), the
patients in the PD group had higher serum LPS levels than the general surgery
group. There was no significant difference in the clinical data between the 2 groups
of patients except for the types of disease (most patients in the PD group were
diagnosed with pancreatic cancer, whereas patients in the general surgery group
were not). According to previous studies, circulating LPS levels elevated in patients
with liver cancer [8, 9], CRC [10], or bladder cancer compared with the healthy
controls [11]. Therefore, we hypothesized that pancreatic cancer patients also have
higher LPS levels. In the whole cohort, 26 cases were diagnosed with pancreatic
cancer, 10 patients had IPMN, and 15 had cholecystitis or hernia. We divided these
51 patients into a cancer group (26 pancreatic cancer patients) and a non-cancer
group (25 IPMN, cholecystitis, or hernia patients). Preoperative serum LPS levels in
patients with pancreatic cancer were significantly higher than in non-cancer
patients (Preop. (PC) vs Preop. (Non-cancer): 0.8089+0.1862 vs 0.6311+0.1634
EU/ml, p= 0.0007) (Figure 11A). Besides, preoperative stool IAP activity was
negatively correlated with LPS concentrations in pancreatic cancer patients (r= -
0.6628, p= 0.0002) (Figure 11C), and the correlation between these two markers
was more pronounced in the pancreatic cancer group than in the whole study
population (r=-0.3426, p= 0.0060) (Figure 4C).

There was no significant difference in the preoperative stool IAP activity levels
(Preop. (PC) vs Preop. (Non-cancer): 1439.0+957.2 vs 1509.0£1302.0 pmole PNPP
hydrolyzed/min/ug protein, p= 0.8270) (Figure 11B) and other basic clinical
characteristics between the two groups as shown in Table 4, except for age (Figure

12A). As previously stated, serum LPS levels did not change with age in the whole
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cohort. Moreover, there was no significant correlation between serum LPS levels
and age in the cancer group or non-cancer group (Figure 12B and Figure 12C).

Therefore, the age difference was not the main reason for the different LPS levels

between the two groups.

Table 4. Demographics of Study Population.

Preoperative Pancreatic Cancer Group  Non-Cancer Group p
Variables (N=26) (N=25)

(Mean = SD)

Gender 18 (69.2%)/8 (30.8%) 16 (64.0%)/9 (36.0%) 0.7712
(Male/Female)

Age (Year) 70.15+£11.70 60.40+12.70 0.0063
BMI 24.54+3.97 24.1743.23 0.7193
AST 55.48+51.15 32.04430.15 0.0568
Creatinine (mg/dl) | 0.90+0.17 0.90+0.23 0.8869
CRP (mg/dL) 0.68+0.82 0.34+0.39 0.0670
WBC (G/L) 7.5614.34 7.11+2.42 0.6501
RBC (T/L) 4.46+0.59 4.68+0.66 0.2134
Platelets (G/L) 279.90+87.29 261.5+76.54 0.4280
Hemoglobin (g/dl) | 13.33£1.76 14.02+2.31 0.2379
GFR (ml/min) 80.35+16.75 84.12+19.72 0.4643
FBG (mg/dl) 144.0+76.66 112.4+21.42 0.0523
ALP (U/L) 300.60+551.80 98.65+90.25 0.0772
K (mmol/L) 4.45+0.59 4.33+0.65 0.4958
TBil (mg/dl) 1.30+2.01 0.49+0.18 0.0517

(Abbreviations: SD: standard deviation; BMI: body mass index; AST: aspartate transaminase;
TBil: total bilirubin; FBG: fasting blood glucose; CRP: C-reactive protein; WBC: white blood
cell; RBC: red blood cell; GFR: glomerular filtration rate; ALP: alkaline phosphatase; K:

blood kalium. All values are expressed as mean * SD except for gender.)
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Figure 11. Pancreatic cancer patients had significantly higher preoperative serum LPS levels
than non-cancer patients (A), however, there was no significant difference in stool IAP activity
between the two groups (B). Stool IAP activity negatively correlated with serum LPS levels in
pancreatic cancer group before surgery (C). (Abbreviations: LPS: lipopolysaccharide; Preop:
preoperative; Postop: postoperative; PC: pancreatic cancer group; Non-cancer: non-cancer

group; ns: not significant; *** p< 0.001.)

A B Cancer group C Non-cancer group
r= 0.1358 r= 0.0092
i = = 0.9657
100 _— 1.5 p= 0.5085 i p
= = o .o
80+ E . E 0.8+ .
— 2 2 o, o
w 1.0 o 's
= o 1 u ./-;j‘ Bu{ v
= o e *y o e :
o 404 = e o _ °® = 0.4 . o
< £ 05 oo :
20+ 2 o 0.2
n »
0- T 0.0 T T T T 1 0.0 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
R R
& &° Age (year) Age (year)
& &
o &
o &

Figure 12. Patients in the cancer group were older than in the non-cancer group (A), however,

LPS levels were not age-related in either group before surgery (B, C). (Abbreviations: LPS:

lipopolysaccharide; r: r value; p: p value.)
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3.11. Serum LPS Levels and Stool IAP Activity in Pancreatic Cancer Patients

after Pancreaticoduodenectomy

Serum LPS levels were positively correlated with hospital days in pancreatic cancer
patients after PD. As presented in Section 3.10 and 3.3, serum LPS levels were
negatively correlated with stool IAP activity both in the pancreatic cancer patients
and the whole study population before surgery. While examining the correlation
between IAP, LPS and other clinical data in 23 pancreatic cancer patients after PD
(Table 5), we also found that stool IAP activity had a negative correlation with
serum LPS levels (Figure 14A). The average length of hospital stay of these 23
patients was 24.48+9.43 days. Furthermore, hospital days increased with higher
postoperative LPS levels (Figure 13A) but were not significantly correlated with
operative time and blood loss during surgery (Figure 13B and 13C). IAP activity was
positively associated with the concentrations of serum FBG and K (Figure 14B and
Figure 14C) in these patients after the procedures. No significant associations

between IAP, LPS levels and other clinical data were detected in this group.
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Table 5. Relationship and Correlation of IAP, LPS and Clinical Parameters in Pancreatic

Cancer Patients after PD.

Clinical Postoperative Stool Postoperative Serum LPS
Parameters IAP

Stool IAP _ r =-0.4230, p = 0.0444
Gender p=0.1026 p =0.4127

Age r=-0.1648, p = 0.4523 r =0.0059, p = 0.9787
BMI r=0.2369, p =0.2764 r =-0.4006, p = 0.0582
AST r=-0.0794, p = 0.7189 r=-0.2464, p = 0.2815
TBil r=0.3743, p =0.0785 r =0.0039, p = 0.9860
Creatinine r=0.3739, p =0.0788 r=-0.1598, p = 0.4665
CRP r=-0.2789, p = 0.1975 r=-0.3755, p = 0.0775
WBC r=0.4195, p = 0.0520 r=0.0670, p=0.7671
RBC r=0.0059, p = 0.9324 r=-0.3050, p = 0.1570
Platelets r=0.1070, p = 0.6270 r=-0.2935, p =0.1740
Hemoglobin r=-0.0572, p =0.7953 r=-0.2644, p = 0.2227
GFR r=-0.0492, p = 0.8235 r =0.0406, p = 0.8540
FBG r =0.5564, p = 0.0072 r=-0.1940, p = 0.3869
ALP r=0.3455, p =0.1250 r=0.2624, p =0.2381
K r =0.5065, p = 0.0162 r=0.1786, p = 0.4264
Operation time r=0.2547,p =0.2526 r=-0.0510, p=0.8173
Blood loss r=0.1499, p = 0.4947 r =-0.0902, p = 0.6823
Hospital days r=0.3291, p=0.1253 r=0.4188, p = 0.0467

(Abbreviations: IAP: intestinal alkaline phosphatase; LPS: lipopolysaccharide; BMI: body
mass index; AST: aspartate transaminase; TBil: total bilirubin; FBG: fasting blood glucose;
CRP: C-reactive protein; WBC: white blood cell; RBC: red blood cell; GFR: glomerular

filtration rate; ALP: alkaline phosphatase; K: blood kalium.)
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Figure 13. For patients with pancreatic cancer after the PD, hospital days increased with higher

postoperative LPS levels (A) but were not significantly correlated with operative time (B) and

blood loss during surgery (C). (Abbreviations: LPS: lipopolysaccharide; r: r value; p: p value.)
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4. Discussion

IAP as a gut brush border enzyme is a critical regulator of intestinal bacterial
homeostasis and gut barrier function [1]. In addition, IAP also functions to
dephosphorylate LPS and other inflammatory mediators responsible for
endotoxemia [1]. IAP deficiency has been demonstrated to be related to many
diseases such as IBD, necrotizing enterocolitis (NEC), T2DM, ischemic heart disease
(IHD), and aging-related liver change [3, 56, 68, 71, 73]. LPS is a principal
constituent of the outer membrane of Gram-negative bacteria and a potent trigger
of inflammation [5-7]. It activates TLR4-MD2 to initiate a signaling cascade that
induces production of the pro-inflammatory cytokines and helps eliminate invading
pathogens [86, 87]. However, overexpressed cytokines can also activate the NF-kf
pathway, which is implicated in DNA damage and cell proliferation leading to
carcinogenesis [31]. LPS has been used as an inflammatory stimulus to confirm the
role of TLR/MyD88/NF-kB signaling pathway in connecting inflammation and cancer
progression [121]. Moreover, recent studies have reported elevated circulating LPS
levels in patients with cancers (e. g., CRC, liver cancer, and bladder cancer) [8-11].
Pancreatic surgery mainly consists of two types of procedure: PD (Whipple
procedure) and DP, which can remove a portion or all of the pancreas to eliminate
the initial lesions. Up to now, surgical resection combined with adjuvant
chemotherapy and radiotherapy remains the only curative therapeutic option for
patients with early-stage pancreatic cancer [122]. Although pancreatic surgery is
demonstrated to be a safe, effective, and key component of the treatment for
pancreatic lesions [93], it is still associated with high morbidity and mortality rates
[107-109]. Therefore, fully understanding the damage caused by pancreatic surgery
to the human body and searching for the corresponding treatments are important
for improving the prognosis of pancreatic lesions.

IAP is known to be predominately produced in the duodenum, which is removed
during PD [15]. Therefore, theoretically speaking, PD could cause a sharp decrease
in IAP levels, followed by disruption of intestinal homeostasis, leading to a series of

pathologies and unfavorable prognosis. Based on these facts, it is essential to study
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the changes in serum LPS levels and IAP activity in the perioperative period in

patients undergoing PD.

4.1. Preoperative Stool IAP Activity and Serum LPS Levels

Stool IAP activity decreased with age in the whole cohort

In our study, we first compared the demographical characteristics and stool IAP
activity between the three groups of patients (i.e., PD group, DP group, and
General surgery group) and found no significant differences. When examining the
correlation between IAP levels and clinical data, we found that IAP activity declined
linearly with age in the whole study population. Our result was consistent with
Malo’s conclusion, and his group found IAP activity decreased with an average drop
of 0.7 U/g stool per year [71]. Kiihn et al. [3] also showed a significant decline in IAP
activity with age both in mice and humans. As IAP deficiency is involved in the
development of various diseases [26, 50, 69, 71], monitoring of stool IAP activity
and supplementing with exogenous IAP as aging might be beneficial to prevent
disease and maintain health. However, many factors such as starvation, diet,
inflammation, and some special drugs modulate IAP activity [63, 123-130], leading
to different research outcomes. Hamarneh et al. [17] showed that age, sex, and
BMI did not influence ileal IAP activity, whereas in another study,
intestinal IAP gene expression strongly correlated with BMI [131]. Hence, stool IAP
data should be interpreted with caution, and more research is needed to

determine the relationship between IAP activity and other clinical indicators.

Preoperative Serum LPS levels are negatively correlated with stool IAP activity

The intestinal microbiota is an important source of circulating LPS [30, 132]. Many
factors such as a high-fat diet, chronic stress, and aging can cause microbial
dysbiosis and disrupt gut barrier function, thus increase the translocation of
bacterial products into the systemic circulation and elevate serum LPS levels [3, 12-
14]. On the other hand, administration of probiotics, prebiotics, glutamine, vitamin
D, and other substances could decrease blood LPS levels by maintaining intestinal
homeostasis [133-136]. Overall, many factors can affect serum LPS levels, but in
most cases, elevated LPS levels can be considered to be a consequence of the
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alterations in intestinal homeostasis. Thus, serum LPS is not only a cause of various
diseases but also a potential tool for non-invasive assessment of intestinal
microbiota and gut barrier integrity in humans [16]. In our research, preoperative
data analysis showed that serum LPS levels were negatively correlated with stool
IAP activity in the total study population. Although IAP is well-known for its
beneficial roles in intestinal homeostasis and its ability to dephosphorylate LPS, the
association between stool IAP activity and serum LPS levels has not been previously
explored in human beings. Our study demonstrated this relationship and suggested
that IAP could influence the development and progression of many diseases by
affecting the concentration of LPS in the blood.

Kaliannan et al. [19] showed that oral administration of IAP prevented the corn-oil—
induced increase in LPS levels both in cecal contents and blood in mice. Besides,
Kihn et al. [3] demonstrated that long-term IAP supplementation significantly
reduced the levels of serum LPS and proinflammatory cytokine compared with
control mice. Based on these facts, exogenous IAP supplementation may also
decrease LPS levels in the human circulation and tissues, thereby reducing the
incidence and improving the prognosis of various diseases. However, more clinical
studies are needed to further confirm this hypothesis.

The patients in the PD group had higher preoperative LPS levels than those
undergoing smaller general surgery procedures. There was no significant difference
in the clinical indicators between these groups of patients except for the types of
diseases (most patients in the PD group were diagnosed with pancreatic cancer,
whereas patients in the general surgery group were not). Therefore, it could be
argued that LPS levels may be related to cancer status, which is discussed in more
detail in Section 4.3.

In contrast to our presumption, serum LPS concentrations did not change with age
in our study. The imbalance of gut microbiota and decrease in barrier function
mirrors age-related degeneration, indicating that there may be an age-associated
increase in serum LPS level [137, 138]. Nevertheless, as previously mentioned,
many factors can affect serum LPS levels. Thus, more large-scale clinical trials are

needed to clarify the relationship between LPS and age.
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4.2. Changes in Stool IAP Activity and Serum LPS Levels after Surgery.

Stool IAP activity significantly decreased after PD

IAP is predominantly synthesized by enterocytes and secreted in the small intestine,
especially in the duodenum [32]. Many factors such as aging, inflammation, and
diet can affect IAP level [3, 139, 140]. Adult and pediatric patients undergoing
cardiac surgery with cardiopulmonary bypass (CPB) demonstrated a sharp decline
in circulating alkaline phosphatase activity in the immediate postoperative phase
[141-143]. Khailova et al. [144] tested IAP activity and IAP mRNA expression level in
the intestinal tissue of piglet model undergoing CPB/deep hypothermic circulatory
arrest (DHCA). They found that CPB/DHCA increased IAP mRNA expression in the
ileum and colon but not in the jejunum compared to the controls [144].
Interestingly, total alkaline phosphatase activity in the ileum and colon tissue did
not differ significantly between the CPB/DHCA and anesthesia control groups [144].
This finding likely reflected a combination of increased production and sustained
loss or consumption of IAP [144]. During PD, the duodenum is completely removed
[15], which could affect the synthesis of IAP seriously. To our knowledge, no studies
have reported on IAP activity changes after PD. In our research, postoperative IAP
activity decreased significantly compared to preoperative values in the PD group.
Additionally, the decreased degree of IAP activity positively correlated with the
removal length of the proximal small intestine, which demonstrated that
duodenectomy directly affected stool IAP activity levels.

Given the important physiological roles of IAP in maintaining health, regular testing
of IAP activity and supplementation with exogenous IAP after duodenal resection
might be beneficial. In recent years, a human recombinant placental alkaline
phosphatase (hRESCAP) has been developed as a better alternative by replacing the
crown domain of human IAP with the crown domain of placental AP, which makes
it more stable and efficient than the parent IAP enzyme [145]. The administration
of IAP and hRESCAP has shown its efficiency in some clinical studies (Table 7) [146],
and no particular safety issues have been reported until now. Oral administration

of bovine IAP was shown to attenuate moderate/severe UC [61]. Bovine IAP
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treatment improved renal function in patients with severe sepsis and reduced the

inflammatory response in patients undergoing coronary artery bypass grafting [62,

64, 147]. The route of IAP administration appears to be an important factor as well.

Previous studies have revealed that oral administration of IAP can reduce systemic

inflammation and stimulate endogenous IAP production. Whereas intraperitoneal

or intravenous injection was only able to decrease systemic inflammation [51, 148].

Table 7. Summary of Clinical Trials Applying IAP [146]

Study Title Countries Diseases Interventions No. Patients/
Starting Date/ Status
BIAP United Acute RA Drug: s.c. injections of 6/May 2011/ Completed
Modulating RA  Kingdom BIAP
Safety/Efficacy Czech uc Drug: BIAP 22/May 2006/ Completed
Study of BIAP Republic
in Patients
with Moderate
to Severe UC
BIAP for the Belgium; Sepsis; Drug: BIAP 37/September
Treatment of 2004/Completed
Netherlands MODS Drug: Placebo
Patients with
Sepsis
Efficacy and Netherlands Inflammation  Drug: BIAP bolus and 8h 53/April 2010/ Completed
Safety of BIAP infusion
During Heart
Drug: placebo bolus and
Surger
geny 8h infusion
Microdose and Netherlands Healthy Drug: hRESCAP 4/June 2013/Completed
FIH Study of
Drug: Placebo
hRESCAP
A Study in Belgium; Sepsis; Drug: Placebo 36/May 2008/ Terminated
Sepsis Patients .
Netherlands Bacterial Drug: BIAP

with Renal

Failure

Infections and
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Mycoses

Preventing Australia; Systemic Drug: bRESCAP 1250 (Estimated

Systemic ) Inflammation enrollment)/
Austria; Drug: placebo

Inflammation CPB

i November 2017/
After Cardiac ~ Belgium;

Surgery with Malaysia; Recruiting
Alkaline

Netherlands
Phosphatase

(Abbreviations: BIAP: Bovine Intestinal Alkaline Phosphatase; s.c.: subcutaneous; RA:
Rheumatoid Arthritis; UC: Ulcerative Colitis; MODS: Multiple Organ Dysfunction Syndrome;
hRESCAP: Recombinant Human Placental Alkaline Phosphatase; FIH: First-In-Human; CPB:

Cardiopulmonary-bypass)

In this study, the decrease of IAP activity also showed a rising trend with increasing
operative time and blood loss, but these associations were not statistically
significant. Until now, stool IAP data in patients undergoing surgery is scarce.
Although we cannot exclude that surgery or trauma directly affects IAP activity
based on our current results, the effect of the operation might have diminished
significantly for most patients when their samples were taken between

postoperative day 10-12.

Stool IAP activity also decreased after DP

The results of our study indicated that DP also caused a reduction in stool IAP
activity, but to a much lesser extent than PD. In addition, no significant correlation
between a decrease in the IAP activity and operative time or blood loss was found.
Therefore, we presumed that although the operative time and blood loss have no
significant impact on IAP levels between postoperative day 10-12, some factors
such as inflammation and dietary changes associated with the operation can still
reduce IAP activity. We also demonstrated that IAP activity was not significantly
lower on the 3™ postoperative day than the preoperative baseline in patients
undergoing smaller general surgery procedures, which indicated that smaller
surgical procedures without upper intestinal resections did not affect IAP levels or

had only minimal and short-lasting effects. Therefore, monitoring of the stool IAP
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activity and supplementation with exogenous IAP might be beneficial for patients
receiving major surgery, especially when they are undergoing long periods of
fasting or displaying a severe inflammatory response postoperatively. However, for
patients undergoing smaller general surgery, tests for IAP are not always necessary

except in special cases.

The increase in serum LPS levels was more pronounced after PD than after DP

It is well established that LPS can elicit robust immune responses by stimulating
TLR4-MD2 and inducing the production of pro-inflammatory cytokines.
Overexpression of pro-inflammatory cytokines results in various pathophysiological
consequences such as acute (sepsis) and chronic systemic inflammation,
leukopenia, hypotension, and even multiorgan failure, which are detrimental to the
prognosis of the operations [78, 86, 87]. Studies have reported that the levels of
serum LPS or LPS components decreased at 3, 6, and 12 months after bariatric
surgery [149-151]. Zhang et al. [152] showed that serum LPS concentrations were
higher on postoperative day 3 than preoperative levels in patients undergoing
spinal surgery. In our study, the serum LPS levels significantly elevated after PD. In
the DP group, postoperative serum LPS concentrations did also increase compared
with preoperative baseline values, but the increase was much smaller than the PD
group. As stated above, the increase in the blood LPS levels indicates that intestinal
homeostasis is altered [16]. The removal of the duodenum during PD resulted in a
substantial decrease in IAP activity, which might induce intestinal dysbiosis and gut
barrier dysfunction. IAP deficiency and disrupted intestinal homeostasis could at
least partially explain why PD led to a more significant increase in serum LPS levels
than DP. Although serum LPS levels between postoperative day 10-12 did not
significantly correlate with operative time or blood loss in both PD and DP groups,
other surgery-associated factors (e.g., inflammation and dietary changes) could still
promote translocation of enteric-derived LPS into the bloodstream by affecting
intestinal homeostasis, which would trigger a systemic inflammatory response and
subsequent complications. Therefore, for patients undergoing major surgery, even
without intestinal resection, it might be useful to test the postoperative serum LPS

levels and take timely measures to maintain intestinal microbial homeostasis and
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gut barrier function. With the function of maintaining intestinal homeostasis, IAP
appears to have a low risk profile, few side effects, and might have the potential to
improve the outcome of patients undergoing major surgery, especially the Whipple
procedure. Numerous experiments have reported changes in blood LPS levels in
different diseases [153-158], but a few experiments showed that LPS was not
detectable in human plasma [159, 160]. The method used to detect LPS may be the
root cause of the different results [161]. LAL test and immunoassay are currently
the most commonly employed methods for LPS detection [162]. However, they are
usually highly susceptible to the experimental conditions, time-consuming, and
require tedious preparation and testing procedures [163-166]. Several studies have
recently been devoted to the development of alternative detection methods for
LPS [167-173]. For example, the biosensing technique and collaborative
amplification of dual enzymes method have proven to be low cost, easy to use, and
rapid in detecting LPS [162, 174].

On the 3™ postoperative day, serum content of LPS in patients receiving smaller
general surgery without intestinal resection was not significantly altered compared
to preoperative levels, which further confirmed that smaller general surgery
procedures did not affect intestinal homeostasis or had only a minimal and short-

term impact.

4.3. Stool IAP and serum LPS in pancreatic cancer patients

Serum LPS levels were higher in pancreatic cancer patients than in non-cancer
patients before surgery.

According to former animal studies, intestinal dysbiosis and gut barrier dysfunction
could promote translocation of gut-derived LPS into circulation and be involved in
the carcinogenesis of liver cancer [175]. Several studies have also shown that oral
dysbiosis can increase pancreatic cancer risk [176-178]. Others have demonstrated
that circulating LPS levels were elevated in patients with liver cancer, CRC, and
bladder cancer compared with the healthy controls [8-11]. Andrews et al. [92]
found that exposure to LPS increased colon cancer cell adhesion to the vascular
endothelium and postoperative metastatic tumor growth. LPS was also found to
promote invasion of pancreatic cancer cells in vitro [179]. Given these facts,
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disruption of intestinal homeostasis can lead to the increase in serum LPS levels,
which is related to the development, progression, and prognosis of various forms of
cancers. However, no data on serum LPS levels in pancreatic cancer patients has
been reported until now.

In our study, the pancreatic cancer group had significantly higher preoperative
serum LPS levels than the non-cancer group. This might be caused by a disrupted
gut barrier integrity and/or intestinal microbial homeostasis, followed by elevated
serum LPS levels. Furthermore, we found that preoperative serum LPS
concentrations were negatively correlated with stool IAP activity in the patients
with pancreatic cancer, and the correlation between these two indicators was
more pronounced in cancer patients than in the whole study population. Therefore,
for pancreatic cancer patients, exogenous IAP supplementation may be more

effective in reducing serum LPS levels before surgery.

Postoperative LPS level correlate with the length of hospital stay

In our study, for pancreatic cancer patients undergoing PD, postoperative serum
LPS levels were positively correlated with the length of hospital stay. This result
suggests that postoperative serum LPS level is not only a circulating biomarker of
intestinal homeostasis, but also a predictor of the prognosis after PD. Besides,
there was a negative relationship between postoperative stool IAP activity and
serum LPS content in these pancreatic cancer patients receiving PD. The
correlations between these two markers before and after PD indicate that stool IAP
can play an important role in the development, progression, and surgical prognosis
of pancreatic cancer by affecting circulating LPS levels. The concentrations of serum
FBG and K were positively correlated with IAP activity in pancreatic cancer patients
after PD. Although previous studies haven’t found the correlation between IAP and
serum FBG or K, we need to notice the changes in these two indicators while

supplementing the patients with exogenous IAP.

4.4. Conclusion

This study showed that PD led to a significant decrease in stool IAP levels and a
significant increase in serum LPS levels. The degree of IAP reduction positively
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correlated with the removal length of the proximal small intestine, which indicated
that duodenectomy directly affected stool IAP activity levels. Stool IAP activity also
decreased after DP, but to a much lesser extent than PD. The PD group had a more
pronounced elevation of serum LPS levels compared to the control groups after
surgery. Preoperative serum LPS levels were higher in the pancreatic cancer
patients than in the non-cancer patients before surgery. Furthermore, stool IAP
activity negatively correlated with serum LPS levels in pancreatic cancer patients
before and after PD. Based on the multiple functional roles for IAP, in particular its
ability to dephosphorylate bacteria-derived inflammatory mediators and its
salutary role on gut barrier integrity, we propose to test the supplementation of

exogenous IAP for patients undergoing PD.
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