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SUMMARY

Here, we review existing literature on sex differences in
normal and diseased exocrine pancreas. We discuss known

factors that influences sex-biased (patho)physiological pro-
cesses and general principles to consider while addressing
sex differences in the pancreas.

Differences in pancreatic anatomy, size, and function exist
in men and women. The anatomical differences could
contribute to the increase in complications associated with
pancreatic surgery in women. Although diagnostic criteria
for pancreatitis are the same in men and women, major sex
differences in etiology are reported. Alcohol and tobacco
predominate in men, whereas idiopathic and obstructive
etiologies predominate in women. Circulating levels of es-
trogens, progesterone, and androgens contribute signifi-
cantly to overall health outcomes; premenopausal women
have lower prevalence of cardiovascular and pancreatic
diseases suggesting protective effects of estrogens,
whereas androgens promote growth of normal and
cancerous cells. Sex chromosomes and gonadal and non-
gonadal hormones together determine an individual’s sex,
which is distinct from gender or gender identity. Human
pancreatic disease etiology, outcomes, and sex-specific
mechanisms are largely unknown. In rodents of both
sexes, glucocorticoids and estrogens from the adrenal
glands influence pancreatic secretion and acinar cell
zymogen granule numbers. Lack of corticotropin-releasing
factor receptor 2 function, a G protein-coupled receptor
whose expression is regulated by both estrogens and glu-
cocorticoids, causes sex-specific changes in pancreatic
histopathology, zymogen granule numbers, and endo-
plasmic reticulum ultrastructure changes in acute
pancreatitis model. Here, we review existing literature on
sex differences in the normal exocrine pancreas and
mechanisms that operate at homeostasis and diseased
states in both sexes. Finally, we review pregnancy-related
pancreatic diseases and discuss the effects of sex differ-
ences on proposed treatments in pancreatic disease. (Cell
Mol Gastroenterol Hepatol 2021;12:427-441; https://
doi.org/10.1016/j.jcmgh.2021.04.005)
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here is growing recognition that sex-biased factors

can modify both physiologic and disease responses
involving the gastrointestinal tract. As a reflection of the
importance of this concept, the National Institutes of Health
announced a policy to include “sex as a biological variable”
that requires investigators to explicitly consider the impact
of sex in research design and data interpretation. Sex
chromosome or autosome genes, sex hormones, and the
environment together determine an individual’s sex. This is
distinct from gender or gender identity, which is an individual’s
perception of self and by society as male, female, or both.
Thus, only humans have gender, as we recognize it, whereas
both humans and animals have sex.

Although sex-dependent differences in pancreatic disease
etiology and outcomes are recognized, the sex-specific mech-
anisms that affect these responses are largely unknown. Most
mechanistic studies focused on the effects of estrogen and
glucocorticoid metabolites on acinar cell function, whereas
data on the roles of androgens and progesterone and their
respective metabolites is nonexistent. Side-by-side compari-
sons of mechanistic studies or disease outcomes in animal
models inclusive of both sexes are rarely performed. Similarly,
few clinical studies that have considered sex as a variable in
analysis of pancreatic disease outcomes, as highlighted in this
review. This emphasizes the need for a more comprehensive
and deliberate inclusion of sex as a variable in clinical diagnosis,
study designs, and data analyses of pancreatic diseases. Sex-
dependent differences are first reviewed in the context
of the normal exocrine pancreas. Next, we delineate proposed
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mechanisms driving sex differences in exocrine pancreas
disease states, focusing on hormonal signaling pathways.
Finally, we summarize the reported effects of sex steroid
hormones and their targets on biologic responses and (patho)
physiological outcomes.

Sex Hormonal Axis and Distribution

Most studies addressing sex differences in (patho)physio-
logical outcomes in the pancreas have focused on the role of
circulating levels of sex steroid hormones, mainly estradiol and
corticosterone; thus, the data on understanding the role of
different sex steroids on pancreatic acinar cells are limited.
The perception of estrogens/progesterone as female and
testosterone as male hormones is misleading. It is important to
remember that both sexes and all genders have all classes of
steroid hormones including estrogens, progesterone, and an-
drogens, albeit at different levels that vary depending on the
age in both humans and rodents."* Sex hormone synthesis and
secretion is regulated by the hypothalamic-pituitary-gonadal
(HPG) axis in which gonadotropin-releasing hormone
secreted from the hypothalamus into the portal circulation
reaches the anterior pituitary, ultimately leading to the secre-
tion of follicle-stimulating hormone and luteinizing hormone.
Pulsatile release of these hormones supports continuous
steroidogenesis and sperm production in males® and ova
development, ovulation, and stimulation of estradiol and
progesterone from the ovaries in females.! Gonads, adrenals,
brain, and the placenta are the primary steroidogenic tissues
that express P450scc (CYP11A1) to initiate steroidogenesis
by converting cholesterol to pregnenolone, the precursor for
all steroid hormones.”” In addition, many nonsteroidogenic
tissues (liver, kidney, adipose fat, breast, heart) express other
steroidogenic enzymes that modify steroid precursors taken
up from the circulation.® Adipose tissue, particularly in
postmenopausal women and older men, can contribute
significantly to the systemic bioactive circulation of estra-
diol.” Circulating sex steroid hormones (endocrine actions) or
those secreted locally (paracrine or autocrine actions) bind
their cognate receptors—estrogen receptors (ERe, Erg) and
G protein-coupled estrogen receptor 1 (GPER [also known as
GPR30]), progesterone receptor (PR), and androgen re-
ceptors. With the exception of GPER, each is in the nuclear
receptor family and these hormone-receptor complexes bind
to specific promoter regions to regulate a range of tran-
scriptional responses (Figure 14).'°

The human and rodent pancreata are highly innervated
and along with hormones (endocrine and gut), neural inputs
regulate secretion from the exocrine pancreas. Included are
peptide hormones, such as gonadotropins and their associated
cognate hormone receptors, which differ in localization
throughout the body. For example, gonadotropin-releasing
hormone is found in hypothalamic and peripheral tissues,
such as the placenta, gonads, mammary glands, and the
pancreas.”’ Normal human pancreatic tissue expresses ERa,
ERB, GPER, PR, and androgen receptors.]0 Several other
peptide hormone/receptor systems are expressed in the
mammalian pancreas, but the precise role and function of
many of these systems remains unclear.
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The HPG axis and sex steroid hormones also interact
with the components of the stress hypothalamic-pituitary-
adrenal (HPA) axis, the mediator of stress responses, which
can impact gastrointestinal disease processes.12 For
example, although best known for their role in mediating
“flight or fight” stress responses through the HPA axis,
peptide hormones of the corticotropin-releasing-factor
(CRF) system, including CRF, 3 urocortins (UCN1-3), and
their 2 G protein-coupled receptors, CRF type 1 (CRF;) and
type 2 (CRF;), are expressed in both the exocrine and the
endocrine pancreas, where they regulate acinar cell
secretion, organelle stress, and glucose homeostasis."* **
CRF, UCN1-3, and CRF receptors, are widely distributed,
including in the gastrointestinal (GI) system,'?"** although
CRF; is predominantly found in the brain and CRF; in the
peripheral tissues. On the one hand, CRF and UCN1 bind to
CRF; but only hypothalamic CRF, not UCN1, stimulates
ACTH synthesis and secretion from the anterior pituitary,
which in turn stimulates the synthesis and release of gluco-
corticoids from the adrenal glands (cortisol in humans and
corticosteroid in rodents). On the other hand, binding of
UCN1-3 to CRF,, facilitates negative feedback to the HPA axis
and recovery from the stress responses.’* The expression
and function of CRF family members at baseline and in
various disease states in both sexes is reviewed elsewhere.'*
No study has evaluated the levels of sex steroid hormones in
the mammalian pancreas.

Sex differences in Anatomy and

Function of Normal Pancreas
Human Studies

The human pancreas is compact retroperitoneal organ
and is located juxtaposed to greater curvature of the
stomach and proximal duodenum. The exocrine pancreas
secretes a bicarbonate-rich fluid and digestive enzymes in
response to a meal; the major role of the endocrine pancreas
is insulin-mediated glucose homeostasis. Differences in
pancreatic anatomy, size, and function exist in men and
women; from birth until <90 years of age, women consis-
tently have average smaller pancreas volume (~ 15%-25%)
than age- and body mass index-matched men.”” Women
have a smaller pancreatic head and total volume than men
but no difference in body or tail pancreatic volume
(Figure 1B and ().%° Smaller pancreatic volumes, with pro-
portional reductions in the size of other anatomical struc-
tures such as duct diameter (Figure 1B and D), could
contribute to the increase in complications associated with
pancreatic surgery in women compared with men.”>?’ For
example, 4 risk factors associated with pancreatic duct stent
occlusion in chronic pancreatitis are (1) stent diameter, (2)
long stent length, (3) female sex, and (4) pancreatic exocrine
insufficiency requiring oral enzyme supplementation.”® Fe-
male sex is also an independent predictor for both devel-
opment of exocrine insufficiency and a pancreatic fistula
after patients have undergone a distal pancreatectomy.””*°
Interestingly, male sex is associated with increased risk of
pancreaticoduodenal artery aneurysms rupture regardless
of size of aneurysm.gl Thus, the increased risk for women
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over men of complications of endoscopic interventions and Women have greater pancreatic echogenicity by ultraso-
surgery is likely due in part to the reduced pancreatic duct nography than men (ratios 1.52:1), whereas fat-to-parenchyma
diameter on average (Figure 1B and D). ratio is similar in both sexes until <39 years of age; thereafter,
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women have ~20%-29% less ratio than men as fat mass
remains largely constant in women, but increases in men with
age.”” Women are more likely to develop a normal pancreatic
variant with less fatty involution of ventral pancreatic tissue
during embryogenesis.*” Screening ultrasonography has shown
that men have more subclinical morphological changes
including main pancreatic duct dilation and age-dependent
calcification, whereas women have more cystic lesions.*
Pancreatic biological sensitivity to secretin, as defined by an
increase in serum immunoreactive cationic trypsinogen after
secretin challenge, can vary by sex; male sex, smoking, and
alcohol intake are significantly associated with increased
pancreatic sensitivity to secretin.®**° Among men and women
over 45 years of age, women have lower exocrine pancreas
sensitivity to secretin and lower concentrations of bicarbonate
in pancreatic juice; this is reversed with short-term estradiol
(valerianate) administration in menopausal women.*>*° These
findings suggest that estradiol can enhance the efficiency of
pancreatic bicarbonate secretion concentration and output
volume.

Animal Studies

Mouse and rat pancreas are compact in the splenic side
but diffusely dispersed in the mesentery on the duodenal
side®’; rats but not mice lack a gall bladder. Estradiol
administration in male rats increases acinar cell enzyme
content but decreased amylase secretion in vivo.*® While
gonadectomy has no perceptible effect on acinar cell
morphology or zymogen granule numbers, when combined
with adrenalectomy it results in marked reduction in zymogen
granule numbers and morphology.”*”*" Administration of
estradiol or triamcinolone, a glucocorticoid, restores zymogen
granule numbers to sham control levels within 9 hours of
treatment; zymogen granules have decreased amylase levels
that do not respond to estradiol treatment. The effect of
estradiol is mediated by estradiol-binding protein, which
localizes to the rough endoplasmic reticulum (RER) and
periphery of the Golgi apparatus, where the estradiol-
protein complex might regulate secretory process, possibly
at the site of granule formation®'; these effects of estrogen
are distinct from the actions mediated by ER. In ovariecto-
mized and adrenalectomized female rats, pancreatic acini
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show wider intralobular and interlobular spaces and
decreased acinar lumen size that does not resolve with
estradiol treatment.*” In castrated and adrenalectomized
male rats, acinar cells show both increased peri- and
interlobular spaces that are normalized with estradiol
treatment. Swollen Golgi apparatus and increased numbers
of condensing vacuoles with the Golgi and zymogen granules
are reversed with estradiol treatment.*” Glucocorticoids and
progesterone, but not estrogen treatment, in the AR42] rat
pancreatic acinar-derived tumor cell line increase number of
secretory granules within cells and amylase content.*®
Estradiol administration to isolated rat acinar cells doubled
intracellular amylase and trypsin contents compared with
unstimulated controls as a result of increase in translation of
these secretory proteins, but unlike cholecystokinin, did not
affect secretion.** In male rats with obstructive jaundice,
plasma estradiol and cholecystokinin levels were increased
compared with controls and both levels were positively
associated with pancreatic weight and plasma bilirubin
levels.*” These findings suggest that both glucocorticoids and
estrogens from the adrenals, rather than from the gonads,
exert influence on pancreatic secretory apparatus.41 Exocrine
pancreas function is only partially reversed by estradiol; ste-
roid hormones exert their effects by acting directly on
pancreatic acini, although downstream target genes and
mechanisms are largely unknown.

Sex Differences in Pancreatic Diseases

Few studies have considered sex as a biological variable
in clinical outcomes in health or disease; instead, sex is
accounted for as a confounder, thereby resulting in paucity
of data in this area.

Acute Pancreatitis
Human Studies

Prominent sex-dependent differences in the features,
including the impact of acute pancreatitis (AP) risk factors
are described. In Chinese patients, higher mean waist
circumference is associated with risk of AP, and mean waist
circumference is higher in men than in women; smoking,
alcohol consumption, abdominal adiposity, and diabetes
were other factors that contributed to sex differences in

Figure 1. (See previous page). Sex-specific differences in pancreatic function, morphology, and anatomy. (A) The go-
nads, adrenal gland, brain, and the placenta are primary steroidogenic tissues in humans capable of synthesizing all steroid
hormones from cholesterol. Peptide hormones such as gonadotropin-releasing hormone (GnRH), FSH, and LH also modulate
release of sex steroid hormones from the gonads, whereas CRF/ACTH actions result in synthesis and release of glucocor-
ticoids from the adrenal glands. Adipose tissues are also known to perform steroidogenesis and synthesize estrogens;
pancreas and pancreatic fat may also be capable of synthesizing and releasing estrogens, androgens, and progesterone.
These steroid hormones bind to their cognate receptors and translocate to the nucleus, where the hormone-bound receptor
complex binds to their respective hormone-response elements on the DNA to influence transcription of several target genes.
The endocrine, paracrine, and autocrine actions of these hormones activate or repress several autosomal genes, such as CRH,
CRHR2, ATG5, and other unknown ones (represented with etc.), which then modulate sex-specific signaling or pathways in the
pancreas at baseline and in diseased state. (B) Schematic representation of human pancreatic size and volume with women on
an average displaying less volume and a smaller pancreatic duct than men. (C) Radiograph imaging of the human abdomen
showing pancreatic head, body, and tail in relation to other organs. (D) Radiocontrast imaging depicting cannulation of the
pancreatic duct during an endoscopic retrograde cholangiopancreatography procedure. These anatomical differences in the
pancreas may explain risk factors for different pancreatic diseases, including an increased risk of postendoscopic retrograde
cholangiopancreatography pancreatitis in women compared with men. FSH, follicle-stimulating hormone; LH, luteinizing hor-
mone; R, right side of patient.
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increased AP risk.*® Similarly, in Danish patients, the incidence
of AP is higher in men than in women."” These factors
(smoking, alcohol, abdominal obesity, and diabetes) appear to
account for the overall increased risk of developing AP in
males worldwide. In a multiethnic prospective study in the
United States, moderate alcohol consumption (<2 glasses/d)
was protective against AP in women.*® Female sex is also
independently associated with greater risk of biliary pancrea-
titis and postendoscopic retrograde cholangiopancreaticog-
raphy pancreatitis.*””° These differences are independent of
morphological changes and anatomical variations of the
pancreaticobiliary ductal system and the mechanism(s) ac-
counting for the this difference remains unclear.”’ Differ-
ences in the clinical manifestation of autoimmune
pancreatitis also varies in a sex-dependent manner. Type I
autoimmune pancreatitis (AIP), or lymphoplasmacytic scle-
rosing pancreatitis, is characterized by a fibroinflammatory
process and increased IgG4-positive plasma cells. Type I AIP
with prominent neutrophilic infiltrates in the lobules and
ducts is confined to the pancreas, exhibits normal IgG4 levels,
and is difficult to diagnose. Type I AIP predominantly affects
elderly men, whereas there are no sex differences in the
incidence of type II AIP.°? In Japanese patients with type I
AIP, the sex ratio was 3.7 (men to women).”® Men are at
greater risk for developing type I AIP differs, whereas women
are at greater risk for developing systemic autoimmune dis-
eases. This suggests that the immune mechanisms of AIP may
differ in a fundamental way from other autoimmune diseases.

Potential effects of sex hormones on the natural history of
AP have been described in human studies. Although mor-
tality from severe AP requiring intensive care unit admission
does not differ between sexes, elevated estradiol levels are
correlated with increased mortality.”* Elevated estradiol
levels (>102 pg/mL) are more predictive of mortality
compared with typical pancreatitis mortality scores
including Sequential Organ Failure Assessment score, mul-
tiple organ dysfunction score, and APACHE II score.”* The
increased risk of death with serum estradiol elevations is
seen with other forms of acute injuries in both men and
women.”””® Whether this is due to a direct effect of estradiol
in exacerbating or ameliorating injury or it just a biomarker
with no direct role in injury remains to be studied. Estrogens,
but not anabolic androgen steroids, are associated with both
an increased serum triglyceride levels and pancreatitis,”” but
the source of these steroid hormones remains to be deter-
mined. Case reports describe development of hyper-
triglyceridemic AP in both men and women in settings of
elevated estradiol levels, such as during treatment for in vivo
fertilization, birth control pills, and hormonal therapies.SS’60
In 2 patients with lipoprotein lipase deficiency, a genetic
disease caused by deficiency in the rate-limiting protein
associated with plasma triglyceride catabolism, developed
their first episodes of AP after initiation of oral contraceptive
pills.”®°! Case reports document recurrent cyclical heredi-
tary pancreatitis induced by menstruation and inhibited by
ovarian function suppression. Given the association between
estradiol and the exocrine pancreas, the estradiol surge
during the menstruation cycle may increase the pancreas
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sensitivity to pancreatitis development or modulate severity
when accompanied by other insults.®?

Distribution of intraabdominal/omental fat and intra-
pancreatic fat is associated with increased risk of severe
acute pancreatitis.”>®* Although risk for severe acute
pancreatitis is similar in men and women with the same
intraabdominal fat content, men have an increased pro-
pensity for developing intraabdominal fat compared with
women.®® Risk for severe acute pancreatitis increases with
greater intrapancreatic fat mass,®* and while not studied in
the context of sex differences, intraabdominal vs intrapancreatic
fat mass distributions may contribute to exacerbated acute
pancreatitis through distinct mechanisms.®* Intrapancreatic fat
increases pancreatic parenchymal necrosis, whereas intra-
abdominal fat is associated with organ failure with minimal
initial pancreatic parenchymal necrosis.”* Future studies
should assess whether the association between different
types of adipose tissue and pancreatic severity is mediated by
sex steroids or glucocorticoids, or both.

Animal Studies

The effects of estrogens in the setting of AP are complex
and vary with sex. In the pancreaticobiliary duct-ligated AP
model in mice of both sexes, several ER agonists decrease
oxidative pancreatic and pulmonary damage.®® In caerulein-
induced AP model in male rats, estradiol attenuates lung
injury through AKT pathway.®” In a choline-deficient ethionine
diet model of pancreatitis, young female but not male mice
develop severe acute hemorrhagic pancreatic necrosis. How-
ever, when male mice are treated with exogenous estradiol,
they develop similar levels of pancreatic injury as do females.®®
Thus, whether at baseline or in diseased state, glucocorticoids
and estrogens from various sites, including the adrenals and
gonads, modulate pancreatic histology and secretion, and
probably act on transcriptional regulation of downstream genes
in the target tissues.

Estrogen, androgen, and glucocorticoid binding elements
are present in the promoter regions human CRHRZ gene; its
transcription is influenced by steroid hormones.®” Components
of the CRF system are expressed in a sexually dimorphic
manner in the bed nucleus of the stria terminalis, a brain region
that regulates sexual behaviors across all animals. Not sur-
prisingly, the CRF system modulates sex-dependent differences
in pancreatitis and other gut-associated diseases.'*'®*" The
CRF system is uniquely positioned to orchestrate a myriad of
functions. Its initial function was to regulate nutritional stress
in fruit flies and worms and acquired osmo/vasoregulation
along with HPA axis modulation to its functions during the
course of vertebrate evolution'?; all of these processes show
sex-biased responses and outcomes. In the caerulein-induced
AP model, although both male and female mice develop
pancreatitis when given identical doses of caerulein, C57BL/6
female mice show less necrosis and vacuolization than male
mice do but have similar levels of neutrophil infiltration as
male mice'?; baseline edema is higher in female than in male
mice. Lack of CRF, (Crhr2™") rendered female more susceptible
than male mice to caerulein-induced AP; necrosis and vacuoli-
zation were greater than in C57BL/6 mice."® Lack of CRF,
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additionally resulted in greatly distorted RER and atypical
autophagic bodies in male Crhr2”~ and heterozygous mice,
whereas RER disruptions were less pronounced in female
Crhr2”" mice compared with C57BL/6 mice of either sex. UCN1,
a high-affinity ligand for CRF,, decreased endoplasmic reticu-
lum stress and unfolded-protein responses in male but not in
female mice.'® Additionally, UCN1 treatment induced different
patterns of extracellular signal-regulated kinase signaling.
These findings suggest a protective role for CRF; in pancreatic
secretion and organelle stress'; this effect is similar to that
seen after estradiol treatment in gonadectomized animals.
Thus, autosomal genes that are subject to modulation by ste-
roid hormones of both gonadal and nongonadal origins may
mediate sex differences in AP.

Chronic Pancreatitis
Human Studies

Sex-dependent differences are also described in chronic
pancreatitis (CP). In epidemiological studies, CP occurs
more often in men than in women (ratio of 4.5).” Among
patients with CP, alcohol and tobacco are associated with CP
in men (24:1) but not in women.”"”* Male sex is indepen-
dently associated with requiring hospital readmission
among patients with CP.”® Older men are at increased risk of
exocrine pancreatic insufficiency compared with older
women.”* Men are more likely to transition from acute to CP
than women.”” It is possible that this increased risk of
developing CP in men after AP is related to the increased
rates of smoking in males, a recognize factor for CP devel-
opment.”’ Pancreatic fat accumulation is a significant risk
factor for CP,”® but whether pancreatic fat mass can perform
steroidogenesis in the setting of pancreatitis and contributes
to altered specific estrogen metabolite levels in a sex-
specific manner needs to be investigated. In patients with
CP, men are more sensitive to deep, generalized hyper-
algesia, even with opioid therapy, than women. It is hy-
pothesized that women have a stronger inhibitory neural
response than men, leading to reduced hyperalgesia
compared with men.””

Animal Studies

Animal studies of CP share findings with human epide-
miological studies. The effects of estradiol in animal studies
varies among strains. Only male Wistar Bonn/Kobori rats
spontaneously develop CP; treatment with estradiol
partially attenuates acinar cell apoptosis and CP, indepen-
dent of corticosterone and testosterone levels or T-cell
mediated changes.”® Animal models and select studies of
human tissues have implicated excess reactive oxygen spe-
cies (ROS) in the pathogenesis of CP. Other studies suggest
that the ability to reduce ROS levels may be sex dependent.
For example, increased ROS accumulation, apoptosis,
fibrosis, and inflammation are much greater in male
compared with female autophagy-deficient (Atg5 floxed)
mice.”’ However, tamoxifen treatment of AthF YF mice
might have confounded sex-specific results in this study.*’
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Pancreatic Lesions
Human Studies

Several studies have also described associations between
sex and incidence of benign, premalignant, and malignant
pancreatic neoplasms. Nonfunctional pancreatic endocrine
and neuroendocrine tumors occur more often in women
than in men.*"** Similarly, insulinomas are generally rare,
but female sex is associated with negative preoperative ul-
trasound, as they are isoechoic to healthy tissue among a
small study of 29 patients.”® In Chinese patients, women
have a higher incidence of pancreatic cystic lesions
compared with men (1.11% vs 1.5%; P < .001).** The
pathophysiological mechanism explaining the increased
incidence of cysts in women compared with men is un-
known. While this study did not find sex differences when
examining pancreatic cysts with high-risk features predis-
posing to development of malignancy, whether sex differ-
ences contribute to the development of pancreatic cysts
resulting in malignancy in a larger cohort is also unknown.
Solid pseudopapillary neoplasms are low-grade malignant
tumors and represent 0.9%-2.7% of all pancreatic exocrine
neoplasms.”” Premenopausal women develop these malig-
nancies more often than men (male-to-female ratio of 1:9)
and present with larger tumors than postmenopausal
women and men.®®®” Men have a higher rate of calcification
and percentage of solid tumor compared with women.®® Sex
differences in pseudopapillary neoplasms are consistent
with estradiol effects. ERa, ERB, and PR expression is pre-
sent in solid pseudopapillary neoplasms.?’ Estradiol in-
creases proliferation of pseudopapillary neoplasms and
treatment with antiestrogen tamoxifen is associated with
improved survival in patients with pseudopapillary
neoplasm and unresectable liver metastatic disease.®

Women have an increased incidence of mucinous cystic
neoplasms.?” Middle-aged and elderly women particularly
have an increased risk of developing mucinous cystic neo-
plasms, which often have ovarian-type stroma within the
cystic walls and share common features with ovarian
mucinous cystic neoplasms.’® Case studies have described
the development of mucinous cystic neoplasm while on
continuous hormone replacement therapy.”’ These neo-
plasms can be alpha inhibin positive (a marker ovarian sex
cord-stromal cells and placental cells), PR positive, ER
positive, and occasionally, human chorionic gonadotropin
positive.”>”* The association between inhibin positive
mucinous cystic neoplasms suggests a potential hormonal
component within the pathophysiology of these lesions.”*
The preponderance associated with many pancreatic neo-
plasms in women does not hold for all tumor types. For
example, the ratio of men to women incidence of intraductal
papillary mucinous neoplasms (IPMNs) specific to the main
duct is 3, 1.1, and 1.5, whereas in branch duct the ration is
1.8, 0.76, and 0.66 in Asia, the United States, and Europe,
respectively.”>’® Because main duct IPMNs have a much
more aggressive behavior than do branch duct tumors, men
have a worse overall poorer prognosis for this tumor. Case
studies have described IPMNs that induces cyclical AP
during menstruation that may be due to activin A or inhibin
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A.°7 Though there is no difference in ER expression in
[PMNs compared with normal tissue, IPMNs had greater
androgen receptor expression compared with normal
tissue.”®

Pancreatic Cancer
Human Studies

Men have a higher incidence and lower survival of pancreatic
ductal adenocarcinoma than do women.”~*** When looking at
specific pancreatic cancer histological types, women developed
cystadenocarcinoma'’* and papillary histology'’® more often
than men, with sex difference attributed to differential ex-
posures to risk factors such as tobacco.'’® Body mass index
in early adulthood is associated with increased pancreatic
cancer in men but not in women.'?”*°® Whether this differ-
ence is due to variations in fat distribution in men vs women
remains unclear. Premenopausal women, compared with
postmenopausal women, have an odds ratio 2.4 higher of
pancreatic cancer development.'”’ Female sex is also asso-
ciated with better responses to FOLFIRINOX in unresectable
pancreatic cancer.''° After pancreatic disease, including acute
and CP and pancreatic cancer, men have a 40% higher risk of
developing diabetes compared with women."'' Men with
pancreatic ductal adenocarcinoma (PDAC) have a signifi-
cantly lower serum testosterone/dihydrotestosterone ratio
than men with CP or nonpancreatic GI tumors."'? This ratio is
normalized after resection of stage I pancreatic cancer.'*?
PDAC patients compared with normal controls have higher
levels of estradiol and lower levels of progesterone and
testosterone, irrespective of sex."'* Male PDAC patients with
low testosterone levels or female PDAC patients with high
estrogen levels exhibit worse survival than normal their
eugonadal counterparts.'’® These studies suggest the possi-
bility of bidirectional signaling between PDAC and sex hor-
mones or dysfunctional HPG axis in patients with PDAC.

Sex hormones may directly signal to pancreatic cancer
cells. ERa and ERQ expression is elevated in PDAC cells in
culture, particularly during the exponential growth
phase."'® This suggests potential benefits of antihormonal
drugs, such as estradiol derivatives, in management of
pancreatic cancer."'” For example, 2-methoxyestradiol in-
hibits tumor growth in vivo and in human multidrug
resistant  pancreatic = cancer  cells'*®'*®  through
mitochondria-dependent apoptosis signaling."*”'?! The ef-
fects of estrogen metabolites on PDAC are complicated;
however, reports suggest that methoxyestradiol exhibits a
biphasic effect on pancreatic tumorigensis—both very high
and low doses of 2-methoxyestradiol increase cell prolifer-
ation and VEGF-A levels through ER«, whereas doses in the
middle lead to the opposite effects.'*” Treatment of PDAC
and neuroendocrine cell lines with high concentrations of
progesterone decreased cell proliferation by negatively
regulating cell cycle progression through PR isoform
A.'?312* Though androgen receptor expression is seen in
pancreatic cancer cell lines, only flutamide, an antiandrogen
agent, as monotherapy has been reported to have an anti-
tumor effect in humans.""’
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Animal Studies

Reflecting human epidemiology, male mice are typically
more sensitive to PDAC development than female mice in
many animal pancreatic cancer models. For example, female
mice are less sensitive to corn oil-induced PDAC than male
mice, as evidenced by less dramatic increases in acinar hyper-
plasia and adenoma formation.'?> Male rats develop exocrine
pancreatic adenomas more often than female rats after injection
with another PDAC-inducer 4-hydroxyaminoquinoline-1-oxide.
These findings were conserved in castrated male mice with or
without testosterone propionate injections.]26 In azaserine-
treated rat model of PDAC, estrogens inhibit early stages of
pancreatic carcinomatosis, whereas androgens may promote
pancreatic cancer development.'?’"*?° Interestingly, in the
N-nitroso(2-hydroxypropyl)(2-oxopropyl)amine subcutaneous
implantation model of PDAC in Syrian hamsters, female ham-
sters had a higher incidence, number, and size of PDACs
compared with male hamsters. Male hamsters had greater
acute liver injury.”*° Male mice compared with female mice
had more frequent metastatic events after plasma transfusion
from human donors."”" These findings highlight species- and
strain-dependent differences in animal models, each of which
recapitulates some unique feature of human disease.

Human Pregnancy and Pancreatic

Diseases

The risk of certain pancreatic diseases increases during
pregnancy and could relate to the effect of hormonal fluc-
tuations on factors that affect pancreatic function. Acute
pancreatitis among pregnant women is uncommon, occurring
in 3 in 10,000 pregnancies but leading to increased mortality
risk for the mother and fetus.'*” Several factors link pregnancy
and the increased risk of pancreatic disease. During pregnancy,
biliary cholesterol levels increase and bile acids, including
chenodeoxycholic acid and deoxycholic acid, are reduced,
making bile more lithogenic. In addition, increased proges-
terone levels lead to reduced gallbladder smooth muscle wall
contraction by inhibiting intracellular calcium through tyrosine
kinase and PKA/cAMP pathways. Together, increased bile
lithogenicity and bile status increases the risk of gallbladder
calculi formation during pregnancy.”®* During the third
trimester, levels of serum triglycerides increase 2- to 4-fold
due to increasing levels of estrogens and placental lac-
togen.*® This phenomenon is hypothesized to be due to
increased fat accumulation and breakdown during pregnancy.
Although levels of triglycerides often do not reach >300 mg/dL
or levels commonly associated with hypertriglyceridemic
pancreatitis, women with preexisting lipid metabolism abnor-
malities are at increased risk of developing AP."** Though
mucinous cystic neoplasms are commonly premalignant,
pregnant women with pancreatic cystic lesions commonly
present with malignant lesions that are hormone responsive
and may enlarge during pregnancy.'*>*° Additionally, there is
an increased risk for pancreatic cystic neoplasms to rupture
during pregnancy. These risk factors together suggest the
importance of individualized treatment and resection timing
among pregnant patients with cystic neoplasms."’
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Finally, the data associating reproductive factors with
decreased risk of PDAC is controversial. Some studies suggest
that women with increased parity also have an increased risk
of developing pancreatic cancer,'’” other studies have shown
that women with increased parity (>7 times) or increased
lactation time (>>144 months) had decreased risk of PDAC**®
or no relationship between reproductive factors and pancreatic
cancer risk."*? It is possible that differences among these
studies may be due differences in study populations, exposure
quantification, analysis approach, confounders, and design bias.
Oral contraceptive pills use and >3 pregnancies is associated
with reduced PDAC risk, whereas later age of full-term preg-
nancy increases risk."*>'*! A meta-analysis of 10 cohort and
10 case-control studies found that women who gave birth to
2 children had lower risk of pancreatic cancer (relative risk,
0.86), and there was a general decreased risk of pancreatic
cancer among women who have given birth and nulliparous
women.'*? These findings suggest that greater estrogen expo-
sure history is associated with reduced risk of pancreatic
cancer development.

Sex differences in Coronavirus Disease
2019

Coronavirus disease 2019 (COVID-19) also exhibits sex
differences; although the association between COVID-19 and
pancreatic disease is yet to be established, early reports
suggest that GI symptoms are more common in women than
men.'**"'** Early reports also suggest that men with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection have more severe COVID-19, worse prognosis, and
worse outcomes than women.'*>'*” The reason for sex
difference in COVID-19 outcomes and symptoms is puzzling.

Genetic differences

» Sex chromosomes (X or Y) genes
» Autosomal genes (CRH, CRHR2...)
* Imprinting

+ Epigenetic changes

* Gene mutations

* SNPs

\
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Though symptoms associated with COVID-19 are varied,
61.3% of the patients reported at least 1 GI symptom:
33.7% reported diarrhea in a multicenter cohort study
across 9 hospitals in the United States."*® Another
questionnaire-based study of 1940 nonhospitalized patients
in Poland with mild COVID-19 found that self-reported
frequency of GI symptoms and olfactory or taste disorders
during COVID-19 was higher in women than men.'*® How-
ever, ascertainment bias in this study cannot be ruled out,
and the study used only 4 questions pertaining to COVID-19
symptoms. Several other studies have suggested that mild
pancreatic injury may be a rare manifestation of COVID-
19150-152, 1704 had elevated amylase or lipase, and
pancreatic injury was associated with more severe features
of COVID-19."°%'%3 Other studies have found that between
85% and 17.3% of COVID-19 patients present with
pancreatic injury.">* The point prevalence of pancreatitis
among COVID-19 patients was 0.27%, most commonly due
to idiopathic pancreatitis.'>”> Diabetes, a disease of the
endocrine pancreas, also increases the risk of COVID-19
severity and progression, suggesting a potential associa-
tion between pancreatic diseases and COVID-19.”7 In
another study, 7% of patients with pancreatic injury also
had changes within pancreatic tissue on imaging.'>® There is
high expression of angiotensin-converting enzyme 2, the
protein associated with SARS-CoV-2 entry, within pancreatic
tissue, suggesting a possible mechanism for pancreatic
injury in SARS-CoV-2 infection.'°® Whether sex differences
exist in pancreatic manifestations of COVID-19 and its po-
tential mechanisms are yet to be fully determined.

Environmental differences
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Future directions and challenges facing

sex differences research

Sex differences in both the normal and diseased exocrine
pancreas are evident and should not be ignored in clinical
and basic science studies. Sex differences also exist in other
Gl diseases, most notably inflammatory and functional
bowel diseases.'®” Sex-dependent differences are due to
several major factors: anatomical differences, etiology, dif-
ferential gene expression, steroid hormone actions, the
environment, all of which contribute to underlying (patho)
physiological mechanisms (Figure 1). Sex differences
research in pancreatic disease has largely focused on etiol-
ogy, clinical symptoms, circulating sex hormone effects on
disease outcomes, and sex hormone derivative effects on
pancreatic disease treatment, but few clinical and basic
studies have examined mechanisms and outcomes side by
side while considering sex as an independent variable. The
mechanisms of sex difference in normal and diseased
pancreas likely involve an interplay of several factors, not
just circulating gonadal hormone levels (Figure 2). Steroid
hormones that include both glucocorticoids and estrogens
appear to influence acinar cell secretion at both baseline and
in pancreatic diseases; however, the role of androgen, pro-
gesterone, as well as their metabolites has not been exam-
ined. Estrogen and its metabolites mediate their effect by
binding to ER and other ER-binding proteins that in turn
function as transcription factors to modulate downstream
target genes, such as Crh, Crhr2/CRHR2, and Atg5. Use of
tandem mass spectrometry allows for simultaneous detec-
tion of multiple steroid hormones in plasma and tissue
samples and it can specifically distinguish between different
steroid metabolites (eg, estradiol vs estrone or estriol and
testosterone vs androsterone).”'*® Traditional immunosor-
bent assays typically report higher steroid levels than mass
spectrometry studies due to cross-reactivity; this must be
considered in evaluating studies and experimental design. In
tissue-specific animal models that use tamoxifen, an estro-
gen receptor modulator, effects similar to those after es-
trogen administration can be expected and may not be
suitable for studies elucidating sex differences. Because the
initiating insults or etiologies can be different for pancreatic
diseases between the sexes, distinct and shared mechanisms
may be due to expression of genes from sex chromosomes
or autosomes and regulated by 1 or more steroid hormones
that may originate from the adrenals, gonads, or the target
tissue itself. We also acknowledge that cultural and societal
differences as well as belonging to a different gender than
that assigned at birth also affect health and disease out-
comes; these factors have not been considered in any of the
literature published thus far on pancreatic diseases but
moving forward should be proactively considered. As evi-
denced by many single studies referenced in this review and
the paucity of major clinical studies, sex and gender differ-
ences are often ignored in clinical diagnosis, clinical studies,
and data analysis. Thus, we find that even when data on sex
differences are collected, the data often are not analyzed or
reported. Taken together, existing data suggest that sex
differences exist, and that a better, more systematic analysis
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should be considered in future studies. Additionally, a
careful analysis at baseline in gonadally intact animals or in
healthy humans that sets the foundation for experimental
manipulations is much needed for the pancreas and all GI
systems.
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