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Abstract: Females dominate in the area of gastroparesis (GP), making up to 70-80% of these patients.
One attractive hypothesis is that females have less smooth muscle reserve and thus less resilience to
recover from an insult. Our aim was to investigate if there are gender differences in the number of
interstitial cells of Cajal (ICC) in the antral and pyloric smooth muscle of diabetic (DM) patients with
severe gastroparesis refractory to standard medical management. Full thickness antral and pyloric
biopsies were obtained during surgery to implant a gastric electrical stimulation system and perform
a pyloroplasty. Thirty-eight DM patients (66% females, n = 25; mean age 44) who failed medical
therapies provided antral biopsies. Pyloric tissue samples were also collected from 29 of these patients
(65% females, n = 19). Tissues were stained with H&E and c-Kit for the presence of ICC. ICC depletion
was defined as less than 10 cells/HPF. In the antrum, 40% of females had significant ICC depletion,
similar to 38% in males. In the pylorus, 68% of females had depletion of ICC, compared to 80%
depletion in males. When combining both antral and pyloric smooth muscle regions, ICC depletion
was similar in males (40%) when compared to females (38%). In diabetic patients with severe GP,
females and males showed similar degrees of reduction in antral ICC, while more males had depletion
of pyloric smooth muscle ICC compared to their female counterparts. Future larger studies should
focus on whether differences in other smooth muscle biomarkers can be identified between males
and females.

Keywords: gastroparesis; interstitial cells of Cajal; female; gender; sex differences; estrogen;
progesterone; nitric oxide synthase; nitrergic system; nitrergic dysfunction; serotonin

1. Introduction

Gastroparesis is a complex motility disorder characterized by delayed emptying of stomach
contents after the exclusion of mechanical outlet obstruction is confirmed [1]. Symptoms are variable
and may include nausea, vomiting, early satiety, abdominal discomfort, and/or postprandial fullness [2].
Worldwide, diabetes is more common in males compared to females with a 3:2 ratio [3]. However,
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approximately 75% of all diabetics with gastroparesis are females [4]. In fact, gastroparesis of
all etiologies afflicts females significantly more than it does males, with a female to male ratio of
4:1, [5] with 70-80% of gastroparetic patients being female [3-7]. In a single-center study of patients
with gastroparesis followed over six years, 82% of patients were female, and the mean age of onset of
gastroparesis was 34 years [8]. The three most common causes of gastroparesis were idiopathic (36%),
diabetic (29%), and post-surgical (13%) [8]. In this same case series, diabetes mellitus accounted for
almost one third of gastroparesis cases—the most widely recognized systemic disease known to be
associated with gastroparesis [8,9].

A significant limitation to gaining a better understanding and awareness of the gender differences
that exist in gastric emptying is the lack of comprehension that exists at the pathophysiological and
cellular levels. For example, it is well established that gastric motility, including motor contractions and
electrical pacemaking, are dependent on the function of the interstitial cells of Cajal (ICC), which have
also been termed the “gut pacemaker cells” [10-15]. Loss of ICC, in addition to cellular damage and
network degradation, are recognized cellular hallmarks in patients with gastroparesis. In a study by the
National Institutes of Health (NIH) Gastroparesis Clinical Research Consortium (GpCRC), defects in
ICC were noted to be the most common histopathological feature in both diabetic and idiopathic
gastroparesis [16]. Furthermore, depletion of ICC is the only cellular abnormality shown to have
a significant correlation with the severity of gastric emptying in patients with gastroparesis [17,18].
The minimum number of ICC required to support normal gastric emptying has been estimated to be
approximately 3 ICC bodies per high-powered field in the gastric circular muscle [18]. Normal numbers
of ICC are defined as 20 =+ 10 cells per high powered field [19]. A depleted state of ICC is usually defined
as less than 10 cells per high powered field based on averaging the ICC numbers in 20 high-powered
fields per specimen [Figure 1]. Studies have shown that up to 40% of patients with gastroparesis have
depleted numbers of ICC in the smooth muscle of both the gastric body and the antrum [20]. A reduced
density of ICC has also been found in patients with gastroparesis-like symptoms, also known as chronic
unexplained nausea and vomiting (CUNV) [21,22]. However, to our knowledge, no prior studies have
been performed to examine whether abnormalities of ICC density exist between males and females,
which might further explain the gender disparity present in gastroparesis. The goal of this research
was to investigate gender-associated differences in the number of ICC in the antral and pyloric smooth
muscle of diabetic patients with severe symptoms of gastroparesis who were refractory to all standard
medical therapies and required surgical intervention.

Normal ICC (average 16/HPF) Decreased ICC (average 8/HPF)

Figure 1. Antral muscularis propria immunostained with c-Kit primary antibody in a non-gastroparetic
(A) and a gastroparetic patient (B). The images were taken at 40X magnification of formalin
preserved full-thickness 1 cm? surgically obtained gastric biopsies. Interstitial cells of Cajal (ICC) are
spindle-shaped brown elements on the image. (A) Normal numbers of ICC which is 20 + 10 (mean +
28D) cells per high powered field (HPF). (B) Depleted numbers of ICC (less than 10 cells/HPF). The scale
line represents 0.2 mm.
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2. Materials and Methods

Thirty-eight patients (66% female, n = 25, tissue was obtained and processed under an
IRB-approved protocol where patient consent is required. TTUHSC IRB approval ID is E14018,
and it was approved on 06/16/2014.) who were diagnosed with diabetic gastroparesis based on their
medical history, clinical presentation and objective documentation of delayed gastric emptying (GET)
provided by the standardized nuclear medicine 4 h-scintigraphy test participated in this study [23].
During the time span of 2012-2020, these gastroparetic patients had been refractory to all available and
even investigational therapies in order to meet criteria to receive gastric electrical stimulation (GES)
therapy with the Enterra System (Medtronic Inc., Minneapolis, MN, USA) [24-27]. This surgery requires
implantation of two intramuscular leads (Model 4351, Medtronic Inc.) with two electrodes located
on the greater curvature of the stomach, which are connected with a pulse generating device (Model
7425G or 37800) placed subcutaneously in the abdominal wall [28-30]. In addition, a Heineke-Mikulicz
pyloroplasty (PP), a well-established procedure, was simultaneously performed in the operating
room [31-33]. During the implantation of GES with accompanying PP, full thickness antral and pyloric
biopsies were obtained for further pathological and histological analyses [20].

2.1. Histological Evaluation of the Biopsy Samples

Paraffin-embedded formalin-fixed tissues were cut at 3—4-pm-thick pieces and were placed
on slides containing paired sections from each case. Then, the tissues were deparaffinized and
immunostained with the antibody to CD117, by the Benchmark XT automated staining instrument.
Briefly, the slides went through peroxidase block and antigen retrieval solutions before applying the
primary antibodies (C-Kit clone YR145 from Cellmark, Rocklin, CA, USA). The slides were washed and
then incubated with the secondary antibody followed by horseradish peroxidase (HPR). All elongated,
spindle shape cells, were considered to be ICC [10,34]. Chromogen was then added and the slides were
counter-stained by hematoxylin. Examination of approximately 20 high power fields and calculation
of mean number of ICC cell bodies with nuclei were conducted [35]. By the definition previously
established and described in the literature, depletion of ICC was defined when less than 10 cells/high
power field (HPF) were identified in the antral and pyloric smooth muscle. This was assessed by
examining 20 HPF and then averaging the ICC population from all of these fields. In addition,
we have a database of non-gastroparetic patients who are undergoing surgery for placement of a
feeding jejunostomy tube, where antral biopsies were obtained as “controls”. Other patients who
were undergoing a Whipple procedure for pancreatic cancer, or who were scheduled for a subtotal
gastrectomy and gastro-jejunostomy (Roux-en-Y procedure) due to peptic ulcer disease provided a
sample of pyloric sphincter tissue as “control” patients for identifying a “normal” number of ICC in
the pylorus. A “normal” ICC population was determined as >10 cells/HPF in both the antrum and
pylorus [10]. We limited the study group to only diabetic gastroparetics based on the dominance of the
etiology of gastroparesis at our Academic Gastroenterology Motility Center. There is a high prevalence
of type 2 diabetes in the setting of metabolic syndrome among a predominantly Hispanic population
in Southwest Texas.

2.2. Statistical Analysis

Categorical data were presented as frequencies (%), and were analyzed by using the chi-square
test. Numerical/quantitative data were presented as the mean and standard deviation (range) and
compared with an independent t-test. p < 0.05 was considered statistically significant. All analyses were
performed using SAS statistical software (Version 9.1 of the SAS System for Windows, SAS Institute
Inc. Cary, NC, USA).
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3. Results

Out of 42 diabetic gastroparetic (DMGP) patients who had failed all available medical therapies
and had received a GES with accompanying PP, 38 subjects (66% female, n = 25) provided adequately
sized antral biopsies and 29 subjects (65% female, n = 19) provided adequately sized pyloric biopsy
samples. The mean age of all participants was 44 (range 25-71). The mean duration of DM was
16.3 years (range 3-50). The mean duration of gastroparesis symptoms was 5.1 years (range 1-15).
The mean number of ICC in the antrum for all DMGP patients was 11.5 (+5.3). This was significantly
higher than the mean number of ICC in the pyloric smooth muscle which was 7.4 (+4.7) (p < 0.01).
Depletion of antral ICC, defined as <10 cells per HPF, was detected in 15 patients (39%), compared to
depletion of pyloric ICC observed in 21 gastroparetics (72%) (p < 0.01). A reduction in ICCs in both
locations was recorded in 10 of 29 patients (34%).

All participating gastroparetics were divided into two groups based on their gender. The mean
number of antral ICC for 25 females was 11.1 (+4.3) similar to 12.5 (+7.0) in 13 males (total 38 subjects
who provided antral tissue samples). The mean number of pyloric ICC for 19 females was 7.9 (+4.4)
similar to 6.4 (+5.4) ICCs in 10 males (total 29 subjects who provided pyloric tissue samples). In the
antrum, 40% of females had similar depletion of ICC density (by definition, <10 cells/HPF) compared
to 38% in males in Figure 2 and Table 1. In the pylorus, more males (80%) had reduced numbers of
ICC (by definition, <10 cells/HPF) compared to 68% of females in Figure 3 and Table 1. By examining
for the presence of depleted ICC (<10/HPF) in both the antral and pyloric smooth muscle tissues,
we determined that 32% of female and 40% of male diabetic gastroparetic patients met this criteria
(Table 1).

(A) (B)

Figure 2. Antral interstitial cells of Cajal (ICC) in a control (A) compared to a gastroparetic patient
(B) (20x). White arrows indicate c-Kit positive cells. Thirty-eight diabetics (66% F, n = 25) provided
adequately sized antral biopsies. In the antrum, 40% of females had depletion of ICC (by definition,
<10 cells/HPF), compared to 38% in males. The scale line represents 0.4 mm.
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Table 1. Results of ICC status based on gender and gastric region in diabetic gastroparetic patients
who received gastric electrical stimulation systems and pyloroplasty for their severe gastroparesis

(GP) symptoms.
Mean Number of ICC/HPF in the Antrum vs. Pylorus
Antrum: Mean 11.5 (+5.3) Range (3-10) Pylorus: Mean 7.4 (+4.7) Range (1-9) p<0.01
ICC Female Male p Value
Antrum Mean # of ICC for 11.1 (+4.3) 12.5 (£7.0) n.s.
F n =25 (66%)
_ o ICCless < 10 o o
Mn =13 (34%) cells/HPF 10 (40%) 5 (38%) n.s.
PYLORUS Mean # of ICC for 7.9 (+4.4) 6.4 (+£5.4) ns.
Fn =19 (65%)
_ o ICCless < 10 o )
M n =10 (35%) cells/HPF 13 (68%) 8 (80%) ns.
ICC less < 10 cells/HPF in both regions 6 (32%) 4 (40%) n.s.

n.s. = non-significant.

Figure 3. Pyloric interstitial cells of Cajal (ICC) in a control (A) compared to a gastroparetic patient (B)

(20x). Pyloric ICC are depleted in this gastroparetic patient. Black arrows indicate c-Kit positive cells.
Twenty-six diabetics (42% F, n = 16) provided adequately sized pyloric biopsies. In the pylorus, 68% of
females had depletion of ICC (<10 cells/HPF), compared to 80% in males. The scale line represents
0.4 mm.

4. Discussion

Our study showed that females and males with severe symptoms of refractory diabetic
gastroparesis requiring a surgical gastric electrical stimulator (GES) and pyloroplasty (PP) intervention
have comparable patterns of ICC population in antral smooth muscle samples, and specifically,
a similar frequency for ICC depletion with 40% in females and 38% in males. In the pyloric smooth
muscle, depletion of ICC density was more frequent in males (80% in males vs. 68% in females).
These observations have to be interpreted with the knowledge that the antrum is where most of the
stomach contractility and trituration of food occurs, [19] and females have been found to have more
impaired antral contractility compared to males [36]. For example, in a study using antroduodenal
manometry, the frequency of antral contractions decreased after a meal, compared to a temporary
increase in contractility in men [37]. To our knowledge, this is the first investigation comparing ICC
status in the smooth muscle of the antrum and pylorus between males and females diagnosed with
severe, medically refractory diabetic gastroparesis. We believe that one of the major reasons for the
limitation of ICC data in the literature is explained by the fact that gastric smooth muscle tissue
samples are currently only able to be obtained during surgery. Approximately 30% of gastroparesis
(GP) patients fail all standard medical therapies and require this surgery. Hence, the gastroparetic
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patients, whose smooth muscles have been studied and reported here, represent a severe subset of the
gastroparetic population.

The interstitial cells of Cajal (ICC) are the pacemaker cells of the stomach [19]. They are
mesenchymal cells embedded within the musculature of the gastrointestinal tract, and they play a
critical role in the regulation of gut and intestinal contractile motility by generating spontaneous slow
electrical waves [38]. Damage or loss of ICC is known to be associated with significant disturbances
in gastrointestinal motility [39]. In fact, it is the depletion of pacemaker ICC that marks the cellular
basis of gastroparesis, and is a key histopathological defect in this disease. For example, a decrease
from 60 up to 100% in ICC density was noted in the smooth muscle of the gastric antrum and body by
histologic studies in patients with type 1 diabetes, and this reduced ICC population was associated
with gastroparesis and gastro-electric dysrhythmias [40]. To our knowledge, there are no studies
available that distinguishes the status of ICC between men and women in gastroparesis. For example,
in the largest National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) GpCRC study
describing histologic abnormalities from full-thickness gastric biopsies comparing 20 [65%F] idiopathic
gastroparetic (IDGP) versus 20 [75% F] diabetic gastroparetic patients (DMGP), loss of ICC defined by
a >25% decrease in c-Kit expression was found to be the most common defect in both populations [16].
However, cellular differences between men and women were not assessed in this landmark study.

Diabetic gastroparesis is a disease that mainly affects women [7], just as females significantly
dominate all other etiological subtypes of gastroparesis with a 70-80% presence in the published data
and clinical trials [5,41]. The biological mechanisms that explain this gender bias are not completely
understood. One proposed hypothesis is that sex steroid hormones may play an important role in the
development and progression of gastric motility dysfunction (i.e., estrogen and progesterone) [42—44].
In normal healthy women, gastric emptying for both liquids and solids has been observed to be
slower compared to healthy men in some, [37,42,45] but not all studies [46,47]. In diabetic women,
gastric emptying has also been shown to be slower compared to diabetic males [48]. Gender differences
in gastric emptying have frequently been attributed to the effects of sex hormones, namely estrogen
and progesterone with many of their receptors found throughout the gastrointestinal tract: [36,49]
while progesterone accelerates gastric emptying, estrogen slows it down [50]. Some studies have
demonstrated that exogenous administration of estrogen further inhibits gastric emptying [51-53].
Other proposed physiologic differences which might contribute to the female preponderance of
gastroparesis include observations that females have more prolonged fundic relaxation, decreased
antral contractility, altered neuroenteric transmission, and visceral hypersensitivity compared to
males [7,36,43,54,55]. Furthermore, women with idiopathic gastroparesis have been found to be
disproportionately more symptomatic compared to men, specifically with more severe nausea and
early satiety, and this has been attributed to slower emptying of the stomach in females [7,56].

Loss of nitric oxide (NO) resulting in an impaired nitrergic system is yet another proposed
mechanism which might possibly contribute to the disparity observed in gastric emptying between
men and women [41,56]. NO is a significant inhibitory nonadrenergic, noncholinergic neurotransmitter
that plays a critical role in gastric motility [57]. NO is synthesized by neuronal nitric oxide synthase
(nNOS), an enzyme found in the enteric nitrergic nerves in the myenteric plexus [58]. The dimerization
of nNOS is critical for its catalytic activity, and therefore changes in nNOS expression and function
can lead to impaired gastric emptying in diabetic patients [44,56]. Some studies have shown the
nitrergic system may be regulated by endogenous hormones [56,59,60]. A study from our group in
diabetic rats demonstrated that estrogen can slow gastric emptying, partly due to the downregulation
of nitric oxide-mediated smooth muscle relaxation in the gut [60]. Additionally, long-standing estrogen
deficiency in this murine model resulted in development of gastroparesis by altering neuronal nitric
oxide synthase (nNOS) function [44]. Thus, decreased nitric oxide levels resulting in nitrergic system
dysfunction is one hypothesis about the gender disparity observed in gastroparesis between males
and females.
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One limitation to our study could be the relatively small patient sample size. However, to our
knowledge, these antral and pyloric tissue samples obtained from surgical biopsies represent the
largest single-center collection of surgically obtained smooth muscle in the world. Further studies
with a larger population in the future will be important in confirming and expanding our findings.
Another possible limitation is that the selection of our patients was restricted to those with refractory
diabetic gastroparesis. Our focus was on diabetic GP, which dominates the etiology of GP at our
medical center. It would also be interesting to see if similar results might be found in patients with mild
or moderate symptoms of gastroparesis. In the future, antral biopsies will be collected not only via
surgical access, but will be available from standard upper gastrointestinal procedures. The utilization
of an endoscopic submucosal dissection tunneling approach will serve as a safe technique to obtain
gastric smooth muscle tissue samples, and thus will greatly enlarge the database currently available,
not relying on refractory gastroparesis cases. In addition, since all etiologies of gastroparesis are
dominated by females, and since “idiopathic” is the largest subgroup of gastroparetic patients, certainly
their ICC status should be investigated in the future.

In conclusion, in diabetic patients with severe GP, our data showed that females and males have
similar degrees of reduction in antral ICC, while in pyloric smooth muscle, ICC depletion was more
frequent in males. This study is important because, to date, there has not been a real attempt to
investigate a biological marker to assess the gender disparity that exists in gastroparesis. One question
that arises is whether ICC could be a marker for the chronic injury of gastroparesis. If so, this would
infer that the gastric smooth muscle of females may have less ability to regenerate their muscle function
and structure after sex hormone/receptor-mediated imbalances and mechanistic alterations created by
chronic exposure to biochemical and biological injuries. This hypothesis implies that females have a
lower threshold for insult and there is a genetically predisposed impaired resilience among females to
recover from a pathophysiological insult, which in turn might produce a diminished ability to restore
molecular and histological damage. The explanations for this greater vulnerability to gastroparesis in
females remains to be resolved.
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