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ABSTRACT ARTICLE HISTORY
Enhanced intestinal permeability is a pervasive issue in modern medicine, with implications Received 2 February 2021
demonstrably associated with significant health consequences such as sepsis, multiorgan failure, Revised 22 April 2021

and death. Key issues involve the trigger mechanisms that could compromise intestinal integrity ~ Accepted 23 April 2021
and increase local permeability allowing the passage of larger, potentially dangerous molecules. KEYWORDS

Heat stress, whether exertional or environmental, may modulate intestinal permeability and begs Cytokines; endotoxins;
interesting questions in the context of global climate change, increasing population vulnerabil- extreme heat; autodigestion;
ities, and public health. Emerging evidence indicates that intestinal leakage of digestive enzymes multiorgan failure; systemic
and associated cell dysfunctions—a process referred to as autodigestion——may play a critical role inflammatory response

in systemic physiological damage within the body. This increased permeability is exacerbated in syndrome;
the presence of elevated core temperatures. We employed Latent Dirichlet Allocation (LDA) topic thermoregulation; heat
modeling methods to analyze the relationship between heat stress and the nascent theory of ~ Mortality
autodigestion in a systematic, quantifiable, and unbiased manner. From a corpus of 11,233

scientific articles across four relevant scientific journals (Gut, Shock, Temperature,
Gastroenterology), it was found that over 1,000 documents expressed a relationship between

intestine, enhanced permeability, core temperature, and heat stress. The association has grown

stronger in recent years, as heat stress and potential autodigestion are investigated in tandem, yet

still by a limited number of specific research studies. Such findings justify the design of future

studies to critically test novel interventions against digestive enzymes permeating the intestinal

tract, especially the small intestine.

Introduction Response Syndrome” (SIRS), yields tens of thou-
Heat stress and associated conditions that may sands of publications. If the search includes other

elevate core body temperature have received keywords, ranging from dehydration [3-7] to
increasing attention in recent research and media  intestinal permeability, cytokines, and endotoxins
reports due to global trends in climate change and ~ [8-29], the bodies of evidence become even more
urban growth, together causing increased heat immense and rife with topical overlap.

exposures [1]. Overexposure to extreme heat is In this comprehensive summary, we focus on
often associated with discomfort, body tempera-  mechanisms of organ failure during and after heat
ture increases, and enhanced fluid losses (heat exposure. Specifically, we focus on the intestine
stress), the ensuing physiological responses, such ~ and a recently identified pathogenic mechanism
as cardiovascular strain, dehydration, the body  involving digestive enzymes, referred to as “auto-
reaching severe levels of inflammation, cellular  digestion” [28]. Autodigestion (AD) is the diges-
dysfunction, and organ failure, are referred to as  tion of tissue in the body by digestive enzymes.
heat strain [2]. However, there is minimal agree- These enzymes are synthesized in the pancreas and
ment concerning the exact mechanisms that lead ~ discharged into the small intestine for food diges-
to circulatory and organ dysfunction after heat  tion. Digestive enzymes require compartmentaliza-
stress. A literature search by keywords in  tion in the intestinal tract, which is provided by
a medical database, such as “Heat Stress,” “Multi-  the mucosal epithelial barrier. However, digestive
Organ Failure,” or “Systemic Inflammatory  enzymes can leak into the central circulation
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should the intestine’s barrier become compro-
mised. Although there may be several effectors in
this process, instances of intestinal barrier dys-
function have been linked to high core tempera-
tures [29-44]. In systemic circulation, digestive
enzymes generate a pathogenic process that leads
to multiorgan dysfunction and/or failure. Given
the novelty of the autodigestion theory, its rela-
tionship with heat exposure remains to be directly
examined. Further, heat stress and autodigestion
share co-morbidities, such as septic shock and
multiorgan failure. Here we explore implicit and
explicit connections between these occurrences, as
well as the risk of an elevated body temperature
partaking in the breakdown of the intestinal bar-
rier for digestive enzymes.

These ideas are presented herein with two
approaches: (1) a literature search aided by
machine learning algorithms due to the large
size of the literature on heat stress, strain, and
morbidities; (2) a comprehensive summary and
discussion of the hypothesis using a narrower
subset of literature that examines a possible
involvement of autodigestion in heat mortality
and morbidity. The discussion is intended to
stimulate future studies to systematically exam-
ine critical mechanisms that can lead to short- or
long-term complications upon exposure to heat,
and even lethal outcomes due to multiorgan fail-
ure. It should be noted that the intestine nor-
mally exhibits permeability to smaller molecules,
which is essential to allow nutrients (amino
acids, monosaccharides, etc.) to pass through
the gut and is thus a normal physiological pro-
cess. Moreover, intestinal permeability also rises
under basal conditions and may be crucial for
priming the intestinal immune system. In this
summary, we focus on a more enhanced, or
elevated, intestinal permeability that would
allow larger molecules and even bacteria to
pass and may be caused by higher core
temperatures.

An unbiased machine-based literature review
Overview

The relationship between heat stress and autodi-
gestion theory has not been explicitly investigated,

but the literature is rich with implicit topical over-
lap. To comprehensively examine a large body
(“corpus”) of literature and explore potential rela-
tionships between heat stress and intestinal co-
morbidities of autodigestion, topic modeling
(machine learning) methods are useful tools. This
review employed a probabilistic topic modeling
algorithm--Latent Dirichlet Allocation (LDA)
[45] to help overcome the disparate volumes of
implicit and explicit evidence regarding this emer-
ging theory and connections. This resampling
algorithm describes a document as a relative ratio-
metric culmination of topics (e.g., heat, tempera-
ture, intestine, enzyme), where each topic is
a subsequent culmination of certain words or seg-
ments of a few words called n-grams. This method
avoids biases that may arise from selected and
subjective decisions for articles used in the reviews
from a large and unfocused corpus of literature,
and further identifies and agglomerates underlying
topics in an unbiased manner [45]. Even if the
autodigestion theory were more established, topics
are not always detected via keyword searches from
traditional literature reviews [46]. Moreover, key-
words do not necessarily span the entirety of
a publication, and additional information that is
not reflected by the keywords may contribute to
understanding topical intersections and the perva-
siveness of a conceptual consensus [46]. Implicit
discussion of topics and other phenomena may
also stimulate and guide research. For example,
articles that employ or mention an experimental
technique bolster the efficacy and adoption of that
technique, even if it is not the article’s focus.
Similarly, discussion of biological concepts and
theories lends to the richness and breadth of adop-
tion in the scientific climate of those subjects, even
if they are not the focus of the overall discussion.
For further description and rationale of the LDA,
see Supplement Material A.

Methodological processes: techniques, classifiers,
and network analysis

In total, 11,233 scientific articles published over
the last decade (2009-2021) were selected from
journals that encompass the intestine and heat,
specifically Gut, Shock, Temperature, and
Gastroenterology. Articles were downloaded



from the journal website or through a citation
manager (Endnote; Clarivate Analytics). Letters
to the editor, status or operational announce-
ments, and in-memoriam dedications were
mostly omitted. Articles were preprocessed by
removing type-case, common words with little
semantic meaning, and various punctuation.
Retained words were stemmed to ignore plur-
ality and other aspects of the same word. The
resultant information is summarized in Table 1.
Although these journals were already relevant
to the topics of heat stress, intestine, and auto-
digestion, a smaller corpus was selected through
a whole-text term-frequency inverse document-
frequency (TF-IDF) screener [47]. This
screener, which retained the top 10% of docu-
ments related to heat stress and autodigestion
co-morbidities, served to reduce computation
time and improve the quality of the uncovered
topics while retaining a large body of publica-
tions that would otherwise be impractical to
manually read systematically. TF-IDF is
a technique to retrieve relevant information
for a query by considering both the occurrence
and relative significance of terms in both the
query and retrieved document.

The retained documents were then subject to
an Error Correcting Output Codes (ECOC)
classifier [48] - - a multiclass binary model
for support vector machines (SVM) - - where
they were classified as either heat illness related
or intestine/autodigestion related, after being
trained with terms described in Figure 1. Since
the documents retained by the TF-IDF step
originated from the top 10% of relevant journal
articles, those with posteriors closest to 50% are
more likely to express greater topical overlap
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between heat stress and autodigestion than
neither topic at all. However, the majority of
the documents were still concentrated at the
poles, which suggests that the documents of
interest infrequently discuss heat stress and
autodigestion tandemly and to similar extents
(see also Figure 1(b-c)).

Documents were progressively split so that
the distribution of document length was less
skewed. LDA was performed on the processed
corpus to generate topic probabilities and clar-
ity the research climate, including trends over
the last decade. Topic probabilities in split
documents were then recombined such that
they reflect the article from which they were
derived. That is, if a longer document thor-
oughly discussed two topics in separate sections
and was split roughly in the middle, the topic
probabilities would appear to be a single docu-
ment discussing both topics, as opposed to two
documents discussing just one topic exclusively.
A network diagram (Figure 2) was generated to
display the topical relationships within the cor-
pus. Topics are represented as nodes in the
network, and when a document discusses multi-
ple topics, these nodes are connected by an
edge (line). Concurrently discussed topics have
a thicker edge if the relationship occurs more
frequently in the corpus.

Interpretation & discussion of results
The resultant network diagram has a three-fold

function:

(1) It is a proposal for a novel, systematic, and
unbiased method of reviewing the literature.

Table 1. Corpus breakdown with basic information of documents in the selected journals®.

Journal
Gut Shock Temperature Gastroenterology
Number of Documents 2502 2133 344 6254
Vocabulary 413263 277912 94014 786523
Normalized Vocabulary® 165.2 1303 2733 125.8
Number of Split Documents 6724 5111 728 13685
Bigrams (Unique) 62102 46845 13934 104020

3242.8 + 1908.9
1206.9 + 382.0
751.8 = 220.5

Average Document Length
Average Document Length (Split)
Average Document Length (Bigrams)©

3244.1 £ 11298
1353.7 + 262.7
8195 + 1713

2877.7 + 2065.2
1359.8 + 509.5
6219 + 231.6

2709.0 + 2381.1
1238.3 + 497.8
736.5 = 2949

“Documents were split progressively such that the distribution of document length within journals becomes narrower and less skewed.
PNormalized vocabulary refers to the average number of unique words per document.
“Bigrams refer to two-word phrases post-screen.
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Figure 1. ECOC Classification Training (a) Verification that highly relevant articles to either heat stress or autodigestion phenomena
seldom discuss both topics in tandem and to similar extents.

(A) Two word clouds reflecting two topics, autodigestion (AD) and heat illness (heat), uncovered from manually selected or
generated documents and used to train the ECOC classifier. Text size is proportional to the probability that it describes the topic.
(b) Each paper’s TF-IDF score plotted against its topic classification posterior probability reveals most articles are assigned a category
with high confidence, but some are more difficult to assign and have a slightly lower TF-IDF relevance. Distribution histograms are
located on the x and y margins. (c) Both posterior probabilities for each article plotted against each other with the border between
heat and AD classification shown for clarity. Distribution histograms are shown along the x and y margins. All data in Figure 1 is
based on the top 10% of articles related to heat stress and autodigestion co-morbidities.

(2) It aids in the understanding and visualiza- (3) It reinforces the validity of the topical rela-
tion of relationships and trends in large tionship consensus drawn from the tradi-
bodies of research; and tional literature review.
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Figure 2. Network maps of LDA Relationships display the topic distributions uncovered from the top 10% of TF-IDF filtered
publications. Short-form topic names were manually assigned to LDA-clustered words that represent topics to allow for easier
visualization. Edges that connect topic nodes are scaled in size and color by their tandem occurrence in a document. Each document
consists of various proportions of all topics. Those topics that account for less than 1/nropics in an article are removed from
consideration for that article and the remaining articles' percentages of accountancy for that document are reweighted. (a) Network
map with each node representing a topic. Node size is determined by closeness to centrality. Node color is scaled by betweenness
centrality, with darker nodes representing nodes that connect the most topics in any given article within the top 10% percent of TF-
IDF filtered papers. Edges connecting two nodes are scaled in color gradient and size by how often the two topics appear in the
same report paper. (b) The network map with randomized modularity class detection with a modularity of 0.304 and a resolution of
1. Size of nodes is determined by how often that topic appears in articles of the top 10% percent of TF-IDF filtered papers. Three
categories of topics (shown in purple, green, and orange) were uncovered by the network alone, without human intervention or
semantic supervision. TF-IDF — Term Frequency Inverse Document Frequency, LDA - Latent Dirichlet Allocation, CNS — Central

Nervous System, BMI — Body Mass Index.

The network diagram outlines the topical expres-
sion of the analyzed corpus (Figure 2). Figure 2a
shows that co-morbidities of “shock” and “inflam-
matory response” serve as the most common
bridge between topics and groups of topics, as
shown by the darker nodes having a higher
betweenness centrality score. Node size is scaled
by closeness centrality, indicating that although
certain topics may be highly connected, they are
not necessarily the ones that are most frequently
found in the corpus. Figure 2b illustrates three
modularity classes uncovered by the network ana-
lysis. Despite screening just two major topics (heat
stress and autodigestion), they do not frequently
appear in the same text without the context of co-
morbidities.

The benefits of network diagram representation
include readily apparent measures of centrality.
Nodes with high closeness centrality represent
topics that may be associated with many other
topics. Nodes with high betweenness centrality
may not have so many edges yet may show impor-
tant links between groups of topics. For instance,

word-level topics of “septic shock,” “heat stress/
strain/shock,” and “intestinal permeability” may be
related to a similar number of other topics, but it is
the topic of “septic shock” that acts as a liaison
between groups of topics. This example indicates
that the literature may associate “intestinal perme-
ability” related topics with “heat stress/strain/
shock” related topics less frequently than it associ-
ates each of them with “septic shock.” This finding
indicates a transitive type of connection between
heat illness and autodigestion related topics by
means of co-morbidities. Additionally, both topic
frequency and topic relationship frequency are
readily apparent through the size of the nodes
and edges. Modularity classes can also be high-
lighted to help readers visualize community detec-
tion and reinforce the understanding that topics
may be hierarchical, whereby specific topics can be
grouped into broader subjects, fields of study, or
phenomenological events. As seen from Figure 2b,
the word-level topics of “septic shock” and
“inflammatory response” can be grouped in
a broader category of morbidities, just like topics
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of “intestinal permeability” and “heat illness” also
belong to  distinct broader  categories.
(Supplemental Material Figure S.1 illustrates
these measures in a simplified manner).
Furthermore, Latent Semantic Analysis (LSA)
was conducted on the top 1% of words within
heat illness or autodigestion related topics. This

relationships between autodigestion and heat ill-
ness related words (Figure 3a). Top n-grams from
each of the three modularity classes uncovered in
Figure 1 and their occurrences over time are
depicted in Figure 3b. Years 2014 and 2019-2021
were selected because the journal Temperature had
not been established prior. In recent years, the

process led to slightly improved semantic  total term occurrences for both “Heat” and “AD”
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Figure 3. (a) Latent Semantic Analysis (LSA) of words in “Heat” and “Autodigestion (AD)” topics. Three separate word vectorizations
were used; two publicly available files downloaded from MathWorks (Fast Text) and Stanford Global Word Vectorization (GloVe)
(https://nlp.stanford.edu/projects/glove/), and one embedded from the TF-IDF filtered corpus of scientific articles. Cosine similarity
measured the semantic relationships between all pairs of words within and between groups with values ranging from —1 to +1
(directly opposite to nearly identical, respectively). A cosine similarity of 0 indicates orthogonality. (b) Bar graph displaying the use of
the “Heat” and “Autodigestion (AD)” terms in journal articles, which have become more frequently used between 2014 and the
average of the last 3 years (2019-2021 with 2021 extrapolated due to the timing of this article) in all articles (top), and the number
of documents that tandemly employ the two term groups have increased dramatically (normalized to the number of documents
published each year). Fold change based on 2014 baseline. (c) Selected topical relationships (edges) from the network diagram in
Figure 2 indicate that the relationships between heat stress and intestinal permeability, thermoregulation and digestive enzymes,
and intestinal permeability are increasing faster than other intersecting topics examined in the current analysis.
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have increased. Additionally, the number of docu-
ments that mention them tandemly and in relation
to co-morbidities, such as SIRS, shock, sepsis, and
organ dysfunction have increased sharply. Not
only are the raw term occurrences increasing, but
their topical relationships are as well (Figure 3c).
In fact, the rate at which topics of “heat stress” and
“thermoregulation” connect with “intestinal per-
meability” and “digestive enzymes” are among
the fastest-growing relationships in the network,
despite relatively stable topical expression (see
Supplemental Material B, Figure S.2 for this stabi-
lity). This finding demonstrates that although the
topic prevalence has remained relatively consis-
tent, they are increasingly related to each other
(Supplemental Material B, Figure S.3). A deeper
understanding of the relationships among these
topics will aid in understanding individual-level
vulnerabilities that affect one’s susceptibility to
heat stroke and death.

The LDA analysis efficiently underlines
a prominent reference to intestinal permeability,
septic shock, and inflammatory response in a large
corpus of heat shock literature. In this multi-step
process, we have achieved the following:

e demonstration that heat illness and autodi-
gestion topics are not often discussed in the
literature to comparable lengths (Figure 1
(b-¢));

e illustration that topical relationships using
network metrics to help navigate the litera-
ture (Figure 2(a-b)); and

e interrogation of the consensus within the
scientific community on the relationship
between heat illness and autodigestion, as
well as its trends (Figure 3(a-b)).

Notably, the above analysis presents an undirected
network, and therefore no causal conclusions can
be gleaned from it. Indeed, documents that criti-
cize or negate the relationship between autodiges-
tion and heat illness may also contribute to the
apparent increasing discussion of this topical rela-
tionship using the given analysis presented.
Perhaps a larger corpus spanning more journals
and dates, as well as other topic modeling algo-
rithms, would aid in uncovering more specific
mechanistic relationships and trends. In the
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following section, we highlight specific evidence
in selected studies that may point to
a mechanistic link between these variables.

Heat stroke & autodigestion: comprehensive
review of articles linking heat stress and
autodigestion

The intersection of specific subject matter of inter-
est in the literature is highly intricate. Thus,
broader incorporation and analysis of literature,
coupled with human semantic interpretation and
insight, may be desirable in uncovering the most
critical pieces of information. Hence, below we
add a traditional manual keyword-based review
of the literature based on 89 studies (see SM S.4)
to complement the high-throughput topic model-
ing in Section 3.

Heat stroke and elevation of intestinal
permeability

The pathogenesis of heat stress and strain has been
examined within sports medicine, emergency
medicine, ecological studies, and occupational
health [3,5,49-63]. Among this diversity, there is
remarkable consensus on precipitating biological
factors that correlate heat stress and fatal heat
stroke. In general, these factors include cytokine
production and leakage of endotoxins from the
intestinal tract due to damaged intestinal barrier
properties accompanied by a systemic inflamma-
tory response [11,12,14,15,17,19,21,22,25,26,29,32,
33,35-42-]. These studies underline a pathogenesis
for heat stress that involves a shift in intestinal
permeability for molecules of a larger size, which
normally cannot permeate the intestinal barrier, to
cross into the bloodstream (e.g., digestive enzymes).

A rise in intestinal permeability is caused by
dysfunction of the mucosal epithelial barrier,
which can occur through multiple mechanisms.
A direct mechanism is structural damage of the
epithelium and tight junction proteins during ele-
vated core temperatures [22,25,30,32,36-40].
Colon cell cultures exposed to heat stress (43°C)
undergo lysosomal-mitochondrial pathway apop-
tosis with the release of Cathepsin-B. Inhibition of
Cathepsin-B attenuates the breakdown of the
intestinal  barrier in-vivo in mice (core
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temperature 42°C) [64]. After heating rat intes- and a breakdown of the villi in the brush
tines to 42.5°C, Lambert et al. [30] observed open ~ border and morphologically damaged epithelium
tight junctions between intestinal epithelial cells  (Figure 4). Further, Liu et al. [22] demonstrated

SR T A f e 5 B ‘ PO Ak
Control Rat Heat-Stressed Rat 1 Heat-Stressed Rat 2

Figure 4. Transmission electron micrographs of small intestinal epithelial cells from one control rat and two rats heated to 42.5°C
core temperature. Each image partially depicts two adjacent enterocytes. In heat-stressed rats 1 and 2, there is visible damage to the
microvilli compared with the control cells. Bar represents 1 pm. Reprinted with permission from [30], copyright (2002), American
Physiological Society.

60 min

Figure 5. Representative light micrographs of H&E (Hematoxylin and Eosin) stained rat everted small intestinal sac tissue over
60 min at core temperatures of 41.5-42°C. Villi appear generally normal (barring slight subepithelial space at villous tips) at 15 min,
epithelia begin sloughing from villous tips at 30 min, epithelial lining massively lift from the top and sides of villi at 45 min, and villi
were completely denuded at 60 min. Bars represent 100 pm. Between 2 and 4 rats were histologically assessed at each time point.
The progression of epithelial damage from the tips of villi to the base of the villi is consistent with findings from other studies. Hall
et al. observed that the tips of villi retained significantly more [*H] misonidazole than the middle portion of the villi, which in turn
retained significantly more than the base during heat stress Reprinted with permission from [30], copyright (2002), American
Physiological Society.



that as core temperatures rise above 39°C to 42°C
in mice, the extent of mucosal injury in the form
of epithelial necrosis and villi desquamation (or
peeling) is positively correlated to core tempera-
ture. Moreover, Xiao et al. [40] reported that the
expression of the tight junction proteins occludin
and ZO-1 in their intestinal epithelia were down-
regulated by 84% and 74%, respectively, after rais-
ing the core temperature of rats >41°C compared
to a control group. The breakdown of the mucosal
epithelial lining during elevated core temperatures
can progress within an hour to complete denuda-
tion of the epithelial lining on intestinal villi
(Figure 5), exposing the intestinal wall to all con-
tents in the lumen of the intestine [30]. All seg-
ments of the small intestine from the duodenum to
the ileum may be involved (Figure 6), and heat
stress has also been found to induce a significant
level of apoptosis in epithelial cells, as shown in
Figure 7.

The morphological evidence for elevated per-
meability is confirmed by direct estimates of
intestinal permeability. Using the lactulose-to-
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rhamnose (L/R) ratio measurement--a method
to detect the movement of a larger molecular
weight and non-digestible saccharide (rhamnose
with 342 Da molecular weight) across the intest-
inal barrier--shows a significant positive corre-
lation with core temperature in a meta-analysis
of several measurements (Figure 8) [44]. The
elevation of intestinal permeability due to rising
core temperature shows individual variability
between human subjects; during small elevations
of core temperature, not all individuals may
have elevated intestinal permeability, while at
extreme core temperatures (>39°C), the majority
of subjects show elevated permeability (Figure 9)
[44]). A further study found that the ileum of
rats incubated at 45°C, whether in vivo or
in vitro, leaks significantly more radioactively-
labeled endotoxin into the surrounding medium
than the ileum of non-heat stressed rats [29].
Rats heated to a colonic temperature of just
41.5°C exhibit increased portal endotoxin con-
centrations with damage to the mucosal bar-
rier [11].

Jejunum

Figure 6. Representative histological images of H&E stained regions of the small intestine in exertional heat stroke (EHS) vs exercise
control (EXC) mice. Images were taken 30 min after mice experienced EHS at 37.5°C air temperature or underwent equal intensity
and duration of exercise at 25°C air temperature. Reprinted with permission from [59], copyright (2015), American Physiological

Society.
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Figure 7. Effect of heat stress (HS) on the apoptosis ratio of rat

intestinal epithelial cell line (IEC-6) cells. Data are reported as
means = SD, n = 6. *P < 0.01 vs control. Adapted from [25] .

There is a direct association between the mag-
nitude of hyperthermia as measured by core body
temperature and the degree to which intestinal
permeability increases. Pires et al. [44] show that
intestinal hyperpermeability in humans begins to
occur at core temperatures above 38.5°C and is
almost certain to occur at core temperatures
above 39°C. Furthermore, it has been found that
increasing core temperature accounts for 63% of
the variance in intestinal permeability [44].
Although intestinal permeability is often observed
when the core temperature exceeds 39°C during
exercise, it should be noted that well-conditioned
individuals, such as athletes, commonly reach tem-
peratures higher than 39°C while training and/or
competing [71,72] yet the incidence of heat stroke
is relatively low. Moreover, enhanced intestinal
permeability does not always lead to heat illness,
especially in light of the liver’s capacity to filter out
many constituents from portal venous blood.

Exertional heat stroke (versus classic) can also
lead to different physiological responses between

individuals. The sensitivity of intestinal perme-
ability to an elevation in core temperature is
reported to depend on co-factors related to
health, such as the level of training in healthy
individuals and athletes, and conversely, risk
factors of age, diabetes, hypertension, etc., in
individuals with co-morbidities. This sensitivity
is illustrated by the significantly elevated pre-
sence of plasma endotoxin in the circulation of
trained versus untrained healthy adults (Figure
10) during exertional heat stress [19].
Circulating plasma endotoxin is a further mea-
sure of elevated intestinal permeability—-as para-
cellular pathways between epithelial cells open,
contents of the small intestine, including bac-
teria and endotoxin such as lipopolysaccharides,
appear in the portal circulation [11,12,29,73]. In
humans, exercise-induced gastrointestinal syn-
drome (EIGS) can display with impaired nutri-
ent absorption, immune surveillance, and
endotoxemia. The impact of strenuous exercise
on intestinal injury can be assessed by measur-
ing the release of intestinal fatty acid binding
protein (I-FABP) from the intestinal mucosa
into circulation. Exercise in higher ambient tem-
peratures significantly increases levels of I-FABP
in humans [74]. Similarly, rats that exercise in
warmer environments (31°C) exhibit increased
intestinal permeability to radiolabeled 99mTec-
diethylenetriaminepentaacetic ~ acid  (99mTc-
DTPA) compared to cooler environments (13°
C-24°C) and display heightened mRNA levels
of tight junction related genes in what is
hypothesized to be an attenuated attempt to
palliate the increased intestinal permeability,
but the proteins’ expressions were not directly
measured in this study [75]. Such findings high-
light the individual physiological status deter-
mining heat stress response. Furthermore, no
significant sex disparity in the susceptibility to
increased intestinal permeability to exertional
and ambient heat stresses has yet been noted
[34]. However, enhanced intestinal permeability
does not equate to heat stress or the potentially
deadly morbidities discussed here. Given the
general health benefits of exercise, the potential
impacts of enhanced permeability are unlikely to
outweigh the benefits of exercise and its positive
health adaptations [34], yet the enhanced
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intestinal permeability does not equate to heat
stress. Further, given the general health benefits
of exercise, the potential impacts of enhanced
permeability are unlikely to outweigh the bene-
fits of exercise and its positive health adaptations
[76], yet those exercising in the heat should
remain cognizant, be prepared, allow acclimati-
zation, and respect the dangers of extreme heat.
Further documentation of these dangers is avail-
able through several resources [77-79].

Blood flow reduction and intestinal permeability

The reduction of blood flow to the intestine has
a direct impact on intestinal permeability. This
effect is shown in hemorrhagic shock with

a global reduction of blood flow due to central
arterial blood pressure reduction or local reduction
of blood flow after splanchnic/mesenteric artery
occlusions. The reduced perfusion leads to hypoxia
in the epithelial cells, opening of intercellular junc-
tions, apoptosis, and consequently elevated perme-
ability of the epithelium [11,12,14,25,34,43,73].
Elevated core temperatures, through exertional
heat generation and/or environmental heat expo-
sure, also result in blood flow reduction in the
visceral organs [34,43,44]. For example, rats that
were heated such that their colonic temperature
rose from 37°C to 41.5°C exhibit ~40% decrease
in splanchnic blood flow [12].

In human studies, males subjected to whole-
body heating for over 40 minutes had on average
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a 40% reduction of splanchnic blood flow, as
detected by infusion and hepatic extraction of
indocyanine green dye, while blood flow to the
skin increased by 1 L min~" [80]. Similarly, volun-
teers subjected to a moderate-to-severe exercise
condition with no ambient heating experienced
a splanchnic blood flow reduction of 50-75%
from a resting flow rate of 1.61 liters/min. The
heat-induced reduction of blood flow occurs
under both classic and exertional heat stress [80].

The neuronal pathways that control intestinal
perfusion and permeability may also play a role in
heat stress. Damages to the central nervous system
(CNS), such as by disruption of the hypothalamic-
pituitary-adrenal axis [24] or the parasympathetic
innervation of the intestine [81], affect thermore-
gulation and heat stress. For example, as
a consequence of an elevated core temperature
and altered blood distribution, cerebral blood
flow is reduced, leading to cerebral hypoxia and
even intracranial hemorrhage with permanent

brain damage [82]. The parasympathetic innerva-
tion of the intestine plays a central role in intest-
inal peristalsis and food transport in the small
intestine [83]. Its interruption causes stagnation
(of partially digested boluses and their digestive
enzymes) during peristaltic propulsion along the
small intestine, a situation that can lead to disrup-
tion of the epithelial barrier and locally elevated
mucosal barrier permeability [84].

Heat stress and cytokines

Hyperthermia-induced elevated intestinal perme-
ability is accompanied by an extensive body of
evidence that documents not only the appearance
of inflammatory mediators, such as endotoxin, but
also the presence of inflammatory signaling mole-
cules, such as oxygen radicals, cytokines, and che-
mokines. The rise of endotoxin concentration in
the portal circulation after exposure of rats to 40°C
ambient temperature is accompanied by increased
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Figure 10. Circulating plasma endotoxin concentrations in trained (TR) and untrained (UT) groups of healthy adult men during
exertional heat stress (EHS). Values are means + SE. From baseline to 38.5°C core temperature (Tc) and exhaustion (Exh), n = 12 TR
and 11 UT; at 39.0°C Tc, n = 12 TR and 9 = UT; and at 39.5°C Tc, n = 11 TR. *P < 0.05, UT significantly different from baseline.
tP < 0.05, TR significantly different from baseline. #P < 0.05, UT significantly different from baseline to 38.5°C Tc. §P < 0.05,
between-group significance. Reprinted with permission from [19], copyright (2008), American Physiolgical Society.

levels of the radicals ceruloplasmin, semiquinone,
and heme-NO, resulting in an approximate dou-
bling of the endotoxin concentration in the portal
circulation [12]. Mice whose core temperatures are
raised to 39, 40, 41, and 42°C showed significant
correlations between intestinal levels of the cyto-
kines IL-1p, IL-10, and IL-12p40, as well as intest-
inal injury scores [22]. Exertional heat stress has
shown similar permeability and IL-6 signaling in
humans [85]. Virtually all human diseases are
accompanied by inflammatory signaling mole-
cules, irrespective of the nature of the original
injury. During heat strain, no specific time course
of a combination of cytokines or chemokines has
been identified. Since the inflammatory cascade is
fundamentally a tissue repair mechanism [86], the
evidence may indicate that heat directly injures
tissue and triggers the inflammatory repair cas-
cade, much like other injuries will do so. The
details of the inflammatory repair cascade in heat
stress remain to be clarified.

Human studies in heat stroke patients or
healthy volunteers exposed to exertional heat
stress are largely observational with relatively low
sample sizes. Despite such limitations, findings
similar to the animal studies are reported: humans
experiencing elevated core temperatures exhibit
elevated blood levels of serum endotoxins as well

as cytokines [8-10,15,18-20,35,42], indicating
increased intestinal permeability with inflamma-
tion (Figure 11). Systematic studies of the intest-
inal mucosal barriers, whether in heat stroke
patients or healthy volunteers exposed to heat
stress, are required.

Heat stress and multi-organ failure

The sequence of events that lead to multiple-organ
dysfunction and fatal heat stroke is uncertain.
Elevated core temperatures can be directly injur-
ious to cells and organs. However, besides such
a direct thermal mechanism, there is a need to
analyze the progression of delayed cell and organ
injuries after a heat exposure that may occur even
after the restoration of normal body temperatures.
Such research may open new opportunities for
individual-level interventions.

Whereas elevated levels of cytokines in the cir-
culation correlate with the severity of heat stress
[9,10,16], these studies provide limited mechanis-
tic insight into the actual cell or organ dysfunc-
tions. There is no conclusive evidence that
cytokines per se cause multiorgan failure or
increased intestinal permeability. Instead, as men-
tioned above, they may be part of the
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Figure 11. Correlation of lipopolysaccharide (LPS), tumor necrosis factor (TNF), and interleukin 1 (IL-1) with rectal temperature
during heat stroke. Data points represent measurements taken from 17 adult patients with mean rectal temperatures between 40.6
and 43.3°C. Reprinted with permission from [9], copyright (1991), American Physiological Society.

inflammatory cascade that serves as the tissue
repair mechanism following cell and organ injury
in heat stroke [22,23,27]. In a similar situation,
endotoxemia that stimulates the release of cyto-
kines [13] can lead to multiorgan failure and death
[8,21,40]. However, there is no conclusive evi-
dence that endotoxin alone, without additional
steps, is responsible for multiorgan failure.
Endotoxin may be responsible for the elevated
intestinal permeability (e.g., via the toll-like recep-
tors (TLR-4) pathway [87]), but its signaling path-
way in shock is uncertain as no interventions
against either endotoxin or its receptors have led
to a clinically-approved intervention in patients.

Autodigestion and heat stroke morbidities

A potential missing link between elevated intest-
inal permeability and fatal heat stroke is the leak-
age of digestive enzymes across the injured
mucosal barrier, which has not yet been elucidated
in the current literature on heat stress and strain in
humans. Digestive enzymes are generated in the
pancreas and released into the lumen of the upper
(duodenal) segment of the small intestine. The
enzymes are retained inside the lumen of the
small intestine so that the mixture of food and
digestive enzymes can continue to react while
being carried via peristaltic motion along the
intestine. The pancreatic proteases, amylases,
lipases, and nucleases are powerful since they are
concentrated, fully activated, and have relatively

nonspecific activity. They can degrade most bio-
molecules, including one’s own intestine, and they
generate inflammatory mediators during food
degradation [88].

In light of the evidence that endotoxin fre-
quently forms aggregates >1,000 kDa in size,
which is larger than digestive enzymes (with mole-
cular weight ~ 20 to 30 kDa), one is justified to
hypothesize that digestive enzymes cross the
mucosal barrier during exposure to elevated core
temperatures. This connection may be a potential
cause of the multiple-organ failure in fatal heat
stroke, as outlined below.

The intestinal tract is well-recognized to play
a central role in disease, yet the molecular/cellular
mechanisms that give it this particular distinction
are only recently surfacing. Among several consti-
tuents in the intestine, such as bacteria, viruses,
fungi, and inorganic nanoparticles, we focus here
on the pancreatic digestive enzymes—-the key
players in digestion.

Since the intestine continually degrades large
volumes of biomolecules from food, it needs spe-
cial protective mechanisms to guard against digest-
ing autologous tissue, i.e., autodigestion.
Autodigestion is prevented by restricting digestive
enzymes to the lumen of the small intestine [89].
The compartmentalization of digestive enzymes is
facilitated by the mucosal barrier consisting of
specialized columnar cells covered by a lamina of
highly glycosylated gel-forming mucus. This pro-
tective layer is comprised of several members of



the mucin family, some attached to the luminal
side of the epithelial cells’ microvilli, forming the
glycocalyx that parries digestive enzymes, and
some secreted from goblet cells between the
epithelium [90]. With this sheath of glycoproteins,
the pancreatic proteases are unable to reach any
peptide bonds, as the required glycosidases are not
endogenous to the intestine. Thus, the mucin layer
is an important diffusion barrier that prevents
molecules the size of digestive enzymes from pas-
sing into the mucosal layer and various wall layers
of the intestine [91]. The mucin does, however,
allow nutrients (ions, peptides, etc.) to pass for
absorption by the epithelium as an essential part
of nutrient delivery.

Recent evidence shows that the breakdown of
this mucosal barrier, which can be exacerbated by
elevated core temperatures, can result in the
escape of digestive enzymes, a process with poten-
tially severe consequences. For example, in intest-
inal ischemia, the mucosal barrier is breached and
digestive enzymes escape into the submucosal tis-
sue. During this passage, the enzymes digest the
intestinal villi exposing intestinal tissue unpro-
tected to its own digestive enzymes [92]. The
digestive enzymes are further carried into the sys-
temic circulation through the portal venous circu-
lation, the intestinal lymphatics, and even via the
peritoneum. These enzymes activate secondary
degrading enzymes, e.g., matrix metalloproteinases
[92,93], and generate cytotoxic mediators, such as
lipid degradation products (e.g., unbound free
fatty acids) [94,95].

One of the consequences of such unchecked
protease activity is the cleavage of membrane recep-
tors, a process that compromises the associated cell
functions they control. For example, cleavage of the
adrenergic receptors may cause a central blood
pressure reduction [96], an elevated permeability
to molecules the size of digestive enzymes as inter-
epithelial membrane adhesion molecules (e.g.,
E-cadherin) are cleaved [91,97], or insulin resis-
tance may arise as the ectodomain of the insulin
receptor is cleaved [98]. While to date, receptor
cleavage has not been investigated in heat shock,
it is notable that post-exertional heat stroke and
even post-exercise controls exhibit hyperglycemia
over several hours and days (Figure 12). One excep-
tion is the cleavage and activation of the protease-
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activated receptor (PAR;). Pharmacological inhibi-
tion of this receptor attenuates elevation of the
intestinal permeability after heat stress (Figure 13).
Enzymatic degradation of plasma proteins lead-
ing to accumulation of peptidic fragments by
degradation results from unchecked protease
activity in the circulation [99]. Whereas the com-
bination of these cytotoxic products and reactions
can lead to death within hours, an enteral blockade
of digestive enzymes can attenuate the autodiges-
tion and reduce the breakdown of the mucosal
barrier, prevent multiple forms of organ dysfunc-
tion, as well as prevent mortality [84].
Maintenance of the mucosal barrier is an ATP-
consuming process that can be fulminant dis-
rupted. Examples include reducing oxygen or glu-
cose supply or the presence of inflammatory
mediators, such as endotoxin [84,97]. A key ques-
tion arises in the current analysis——can a core
temperature rise (or drop) in the intestine from
its homeostatic control values cause a breakdown
of the mucosal barrier and thereby precipitate
autodigestion and co-morbidities? Epithelial per-
meability is temperature-sensitive [32,100], just
like endothelial permeability [41], yet permeability
measurements concerning digestive enzymes in
intestinal epithelium remain to be documented.
While inflammatory mediators (e.g., endotoxin)
have been recorded repeatedly, their role in multi-
organ failure may be indirect; they elevate intest-
inal permeability, causing digestive enzyme
leakage. Enteral pancreatic enzyme blockade in
the small intestine during endotoxemia attenuates
multiorgan failure and cytokine markers for
inflammation [84,101], yet significant gaps remain
in understanding the mechanisms that mediate
multiorgan failure and heat stress [16].

Public health & epidemiology

Potential public health implications of this research
include advancing the fundamental understanding
around specific intrinsic risk factors that limit one’s
ability to rapidly resolve SIRS following heat stroke,
such as poor health, preexisting illness, drug and
alcohol use, compromised digestion, age-related
impacts to the intestinal tract, and concurrent expo-
sures, among other related concerns highlighted in
this discussion. The given literature reviews saw
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Figure 12. Blood glucose levels in mice taken at various time points into recovery post-exertional heat stroke (EHS) or -exercise
control (EXC) compared with a naive control group (NC). A: 0.5 h post-EHS or -EXC. B: 3 h post-EHS or -EXC. C: 24 h post-EHS or -EXC.
D: 4 days post-EHS; glucose tests were only available for EHS groups receiving 30% and 90% relative humidity at 37.5°C ambient
temperature. Data are medians + 25-75% ranges. *P < 0.05, **P < 0.01. Reprinted with permission from [59], copyright (2015),

American Physiological Society.

minimal overlap between public health or epide-
miological studies connected to intestinal perme-
ability, SIRS, and/or multiorgan failure caused by
elevated core temperatures. Increasing concerns
surrounding extreme heat exposure, climate
change, urban growth, and increasingly vulnerable
populations (whether due to low adaptive capacity
and/or intrinsic risk factors) [2,102] supports
advanced systematic assessments of the direct rela-
tionships between core temperature, intestinal
integrity, digestive enzymes, SIRS, and ensuing
multiorgan failure among individuals affected by
heat stroke. With an aging population and increas-
ing co-morbidities within the general population
globally [103], advanced testing of this hypothesis
may save lives and support improved methods for

the clinical identification or treatment of heat stroke
victims.

Conclusions

Heat stroke is multi-step, life-threatening, and can
have long-term consequences to survivors due to
SIRS. Significant gaps remain in understanding the
pathophysiology of heat stroke. This literature
summary examines a possible relationship between
heat stress and autodigestion co-morbidities and
interrogates its trends in a large body of scientific
literature. An unbiased machine-based search of
the literature indicates that heat illness and auto-
digestion have not been discussed in the literature
to any extend. The presence of a concomitant
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Figure 13. Effects of heat stress and protease-activated receptor 1 (PAR1) inhibitor RWJ58,259 on mouse intestinal permeability as
assessed with the urinary lactulose-to-rhamnose (L/R) ratio. The heat stressed (HS) and HS + RWJ58,259 mice had core temperatures
of 41°C and recovered at room temperature for 24 h. In the HS + RWJ-58259 group, mice were injected with RWJ-58259 (10 mg/kg)
via a tail vein 30 min before heat stress. In the Control group, the mice were injected with a vehicle solution and left at room
temperature for the same amount of time. Data are mean * SD. *P < 0.05 vs Control, #P < 0.05 vs HS, n = 6-8. Reprinted with

permission from [41] .
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intestinal tract into the systemic circulation may
be related to SIRS and sepsis (Figure 14). The
current evidence outlined in the two literature
summaries presented here is compatible with this
possibility, yet critical elements of the hypothesis
remain to be tested.

Direct measurements of digestive enzymes and
their activity in plasma of patients during heat
shock are required [104], and it remains to be
examined whether interventions to block these
enzymes serve to attenuate the co-morbidities fol-
lowing heat exposure. Digestive enzymes are
always present in specific areas of the body and
relatively nonspecific. Their accumulation outside
the compartmentalization of the pancreas and the
intestine epithelial barrier leads to relatively non-
specific degradation, as is the case in normal food
digestion. Multiple cell functions can be impaired
by proteases that degrade extracellular domains of
membrane receptors required for these cell func-
tions. A reassessment and new advances are
needed to elucidate the linkages of endotoxins
and cytokines with heat stroke and identify the
role of these processes in SIRS as related to grow-
ing public health concerns around heat exposure,
aging, co-morbidities, and other vulnerabilities.
Enhanced collaboration and translation between
disciplines (medicine, public health, occupational
health, physiology, bioengineering) may also
advance how information is used and how real-
world data are collected to improve understanding
of the pathophysiology involved in heat stroke.
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