Open Access Article. Published on 24 November 2025. Downloaded on 5/9/2026 6:08:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food &
Function

ROYAL SOCIETY

N
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

‘ '.) Check for updates

Cite this: Food Funct., 2025, 16,
9628

Received 27th June 2025,
Accepted 24th November 2025

DOI: 10.1039/d5f002770e

rsc.li/food-function

Introduction

Effects of kefirs made from whole milk or whey on
the pancreas-intestine axis in a mouse model of
acute pancreatitis
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Background: acute pancreatitis (AP) is a severe inflammatory condition, often involving intestinal barrier
dysfunction. Fermented foods like kefir, are potential therapeutic adjuvants due to their gut-modulatory
properties. This study aimed to compare the protective effects of kefir made from pasteurized whole milk
(PMK) or whey (WK) on pancreatic injury, intestinal barrier integrity, inflammation, and oxidative stress in a
cerulein-induced mouse model of AP. Methods: male BALB/c mice were assigned to six groups: control,
AP, PMK, WK, and AP combined with either PMK or WK. AP was induced by cerulein injections on days 10
and 11. Mice received kefir or saline via oral gavage for 14 days. Pancreatic and ileal tissues were analyzed
for histopathological damage, serum amylase and lipase levels, gene expression of inflammatory and tight
junction markers (TNF-a, IL-6, IL-1B, occludin, ZO-1), oxidative stress (MDA, carbonyls), and intestinal
function. Results: AP induction was confirmed by elevated serum amylase/lipase and severe pancreatic
damage. While both PMK and WK partially reduced pancreatic histopathological damage, they failed to
reduce serum amylase and lipase levels. Furthermore, PMK, but not WK, partially attenuated pancreatic
IL-6 and IL-1p expression, and both kefirs reduced ileal TNF-a. However, neither kefir prevented the AP-
induced downregulation of tight junction genes, the increase in oxidative stress markers in either tissue,
or the impairment of intestinal transit and contractility. Conclusion: kefir supplementation offers localized
anti-inflammatory benefits in a severe AP model. It is insufficient to mitigate key systemic markers of pan-
creatic injury, restore gut barrier integrity, or reverse functional dysmotility. These findings suggest that
the therapeutic potential of kefir may be limited in the context of severe acute inflammatory conditions.

initial acinar cell injury, aberrant zymogen activation, and a
subsequent cascade of inflammatory mediators>® contributing

Acute pancreatitis (AP) is a significant inflammatory disease of
the pancreas, characterized by the premature activation and
release of digestive enzymes, leading to pancreatic autodiges-
tion, tissue damage, and glandular dysfunction that can
extend to distant organs." Its incidence has notably increased,
with reported rates varying globally> and despite advances in
supportive care, AP-associated mortality remains a great
concern.” While gallstones and alcohol abuse are common
etiological factors, the intricate pathophysiology involves
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to both local and systemic complications.

Among the organs frequently affected by AP, the intestine
plays a critical role, highlighting the concept of a “pancreas-
intestine axis”. Early in AP, intestinal motility is often dis-
rupted, potentially due to the systemic inflammatory response,
which can lead to luminal stasis and enteric bacterial
overgrowth.””® Crucially, a significant proportion of AP patients
exhibit increased intestinal permeability, facilitating bacterial
translocation from the gut lumen into systemic circulation,
thereby exacerbating inflammation and potentially leading to
sepsis and multi-organ failure.” This compromised gut barrier
function underscores the interplay where pancreatic exocrine
insufficiency can impact gut immunity,'® and conversely, intes-
tinal health can influence pancreatic function.'**?

Current AP management primarily involves supportive care,
including nutritional strategies, with endoscopic, radiological,
and  surgical interventions reserved for  specific
complications.>*™® Given the profound intestinal involvement
in AP, interventions aimed at restoring gut homeostasis are of

This journal is © The Royal Society of Chemistry 2025
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increasing interest. Probiotics, for instance, have been investi-
gated for their potential to mitigate AP-associated intestinal
complications by reducing inflammation, maintaining gut
barrier  integrity, and  preventing  dysbiosis-related
infections.>'*" In this context, fermented foods rich in pro-
biotics and bioactive compounds, such as kefir, represent a
promising avenue for strategies to complement therapeutics.

Kefir, a traditional fermented beverage, is produced by the
symbiotic action of a complex mixture of bacteria (lactic acid
and acetic acid bacteria) and yeasts embedded in a polysac-
charide-protein matrix known as kefiran.'® It is recognized for
a wide array of health benefits, including improved digestion,
antimicrobial activity, and modulation of immune responses,
primarily attributed to its probiotic content and bioactive
metabolites.'”'® Notably, kefir has demonstrated anti-inflam-
matory and antioxidant properties’”'® and has been suggested
to modulate gut microbiota and potentially influence pancrea-
tic enzyme levels,”® making it a compelling candidate for
investigation in AP.

Furthermore, the substrate used for kefir fermentation can
significantly influence its final composition and bioactive
potential. Whey, a nutrient-rich byproduct of the dairy indus-
try, is abundant in bioactive proteins (e.g., p-lactoglobulin,
a-lactalbumin, lactoferrin) and peptides known for their anti-
microbial, antioxidant, and immunomodulatory
properties.>"** Fermentation of whey with kefir cultures could
potentially enhance the bioavailability of its components or
generate novel bioactive compounds, offering unique ben-
eficial properties compared to traditional whole milk kefir.
However, the specific effects of kefirs, derived from different
substrates, such as whey, on the interconnected pancreatic
and intestinal disturbances characteristic of AP remain largely
unexplored.

Therefore, considering the detrimental impact of AP on the
pancreas-intestine axis and the potential gut-protective and
immunomodulatory effects of fermented dairy products, this
study aimed to investigate and compare the effects of kefirs
made from pasteurized whole milk (PMK) or whey (WK) on
pancreatic injury, intestinal barrier integrity, inflammatory
responses, and oxidative stress in a cerulein-induced mouse
model of acute pancreatitis. Our hypothesis was that both kefir
beverages, could ameliorate AP-induced damage along the
pancreas-intestine axis.

Experimental
Preparation of kefir drinks

Two different types of kefir drinks were obtained using as base
substrate pasteurized fresh whole milk (PMK), obtained from
the dairy industry Villacorona S.A. (El Burgo de Ebro,
Zaragoza, Spain) or whey (WK). The procedure to obtain whey
from pasteurized milk was performed by adding CaCl, 30% to
the milk in the proportion 1:1000 (v/v). The mix was stirred
and kept at 34 °C for 45 min. After the coagulum was formed,
it was mechanically cut and filtered to obtain the final whey.

This journal is © The Royal Society of Chemistry 2025
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The composition of the kefir culture used for the two types of
dairy drinks was obtained from Abiasa S.L. (Pontevedra, Spain)
and consisted of Lactococcus lactis subsp. lactis, Lactococcus
lactis subsp. cremoris, Lactobacillus delbrueckii subsp. bulgari-

cus, Lactobacillus helveticus, Lacticaseibacillus rhamnosus,
Lacticaseibacillus ~ paracasei,  Lactobacillus acidophilus,
Streptococcus  thermophilus, Bifidobacterium bifidum and

Leuconostoc mesenteroides. After the mixture of kefir culture
with the substrates, drinks were kept at 25 °C for 22 hours,
undergoing pH and acidity measurements at the beginning
and at the end of the process. Kefir drinks were kept at 4 °C
for two days before their use in the animal model of acute
pancreatitis.

Murine model of acute pancreatitis

All procedures were approved by the Ethic Committee for
Animal Experiments of the University of Zaragoza (Project
License PI40/17). The care and use of animals were performed
as stated in the Spanish Policy for Animal Protection RD53/
2013, which meets the European Union Directive 2010/63 on
the protection of animals used for experimental and other
scientific purposes. All animals were kept in a conventional
laboratory animal facility at the University of Zaragoza under a
12 h light/dark cycle, at a range of temperatures between
20-22 °C, with free access to animal chow and water.

The study was carried out with 30 male BALB/cJRj mice
(6-8 weeks old, Janvier Labs, Le Genest-Saints-Isle, France).
For the experiment, mice were randomly divided into 6 groups
(n = 5 per group): control, acute pancreatitis (AP), kefir made
from pasteurized whole milk (PMK), kefir made from whey
(WK), PMK + AP (PMKAP) and KW + AP (WKAP). Acute pan-
creatitis was induced via six daily intraperitoneal injections of
cerulein 50 pg kg™ in a volume of 100 pl administered hourly
for 2 consecutive days (days 10 and 11). Similar doses of ceru-
lein have shown to induce acute pancreatitis in mice.**™
Control group received 6 IP injections of 100 pl saline at days
10 and 11. Control and AP groups were orally gavaged with
100 pl of saline for 14 days. PMK and WK groups received
100 pL of the respective kefir dairy drink by gastric gavage for
14 days. Based on body surface area (BSA) conversion,”® this
dose corresponds to a human equivalent dose (HED) of
approximately 20-28 mL day ' for a 60-70 kg adult, which is
well within the range of typical kefir consumption in humans.
PMKAP and WKAP received the respective kefir dairy drink for
14 days and acute pancreatitis was induced on days 10 and 11
(Fig. 1).

Cerulein was obtained from MedChemExpress (FI-6934,
Monmouth Junction, NJ, USA). A stock solution 1.25 mg ml™*
was prepared by dissolving the compound in a mixture of 10%
dimethyl sulfoxide, 40% PEG 300, 5% Tween 80 and 45%
saline according to the instructions of manufacturer.

Histopathological assessment

On day 14 of the study, mice were humanely sacrificed by cervi-
cal dislocation. Samples of pancreas and intestine were col-
lected and fixed in 10% neutral buffered formaldehyde for
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Fig. 1 Schematic representation of the experimental design. Acute pancreatitis (AP) was induced in mice via intraperitoneal injections of cerulein.
The timeline illustrates the administration schedule for the two treatments: pasteurized milk kefir (PMK) and whey kefir (WK). Key time points for

induction, treatment, and sample collection are indicated.

24 h, dehydrated, paraffin-embedded and four pm sections
were obtained and stained with hematoxylin and eosin.
Microscopic pancreatic evaluation determined the percentage
of affected tissue, estimating globally the parameters pre-
sented in Table 1. For the ileum, a neutrophil counting was
carried out in 10 consecutive fields of the intestine at 400x in
the control and AP groups, only. In both cases, coded slides
were evaluated by two persons unaware of the treatments.

Lipase and amylase levels

Blood samples were extracted by intracardiac puncture and
centrifuged at 5000 rpm for 10 min at 4 °C. The serum was col-
lected for further assays. The activity of the lipase was detected
using 10 pl of serum and the Lipase Activity Assay Kit MAK046
(Sigma-Aldrich, Madrid, Spain). This kit uses a coupled
enzyme reaction that results in a colorimetric product that can

Table 1 Description of the parameters evaluated in the pancreatic
tissue from mice

Parameter Description
Pancreatic Loss of pancreatic acinar structure:
degeneration - Loss of staining

- Indistinct cell borders

- Cytoplasmic vacuolization

- Nuclear pyknosis

Viable neutrophils scattered in the interacinar
fibrovascular tissue

Infiltration of lymphocytes and plasma cells

Acute inflammation

Chronic
inflammation

9630 | Food Funct, 2025, 16, 9628-9641

be measured at 570 nm after 45 min, according to the manu-
facturer’s instructions. The colorimetric product is pro-
portional to the amount of lipase activity express as milliunits
per mL, where one unit generates one micromole of glycerol.
The activity of the amylase was detected using 10 pl of serum
and the Amylase Activity Assay Kit MAK009 (Sigma Aldrich).
This kit determined the amylase activity using a coupled enzy-
matic assay that results in a product which can be measured
colorimetrically (405 nm). The samples were measured after
60 min according to the manufacturer’s instructions. One unit
obtained is the amount of amylase that cleaves ethylidene-
PNP-G7 to generate 1.0 pmol of p-nitrophenol per min at
25 °C.

Gene expression by real time-PCR

Tissue samples from pancreas and ileum were excised and pre-
served in RNAlater solution (Ambion, Thermo Fisher
Scientific, Madrid, Spain) for 24 hours at 4 °C and then stored
at —80 °C. Total RNA was isolated using the NZY Total RNA
Isolation Kit (NZYTech, Lisbon, Portugal), according to manu-
facturer’s specifications. cDNA was obtained from RNA using a
NZY First-Strand ¢cDNA Synthesis Kit (NZYTech) following the
supplier’s protocol. cDNAs obtained by reverse transcription
were used to determine the mRNA expression levels of several
genes related with inflammation and intestinal permeability.
Real time PCR was carried out using the StepOne Plus Real-
Time PCR System (Applied Biosystems, Carlsbad, CA, USA),
using the NZY Speedy qPCR Green Master Mix (NZYTech) and
specific primers listed in Table 2. Each sample was run in

This journal is © The Royal Society of Chemistry 2025
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Table 2 Primer sequences used for RT-PCR analysis of gene expression

Gene Forward primer (5'-3') Reverse primer (5'-3) Ref.
HPRT1 CTGACCTGCTGGATTACA GCGACCTTGACCATCTTT 48
B-Actin TCTACAATGAGCTGCGTG CCTTAATGTCACGCACG 49
YWHAZ CAGTAGATGGAGAAAGATTTGC GGGACAATTAGGGAAGTAAGT 50
IL-1B AGAGCATCCAGCTTCAAATCTC CAGTTGTCTAATGGGAACGTCA 51
IL-6 GTTGCCTTCTTGGGACTGATG ATTGCCATTGCACAACTCTTT 51
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCA 52
TNF-a TTAGAAAGGGGATTATGGCTA ACTCTCCCTTTGCAGAACTCAG 51
Z0-1 ACTCCCACTTCCCCAAAAAC CCACAGCTGAAGGACTCACA 53
Occludin AGTACATGGCTGCTGCTGATG CCCACCATCCTCTTGATGTGT 54

triplicate, and the mean Ct was determined from the three
runs. Relative mRNA expression under each experimental con-
dition was expressed as ACt = Ctgene — Ctealibratorsy With HPRT1
and YWHAZ as housekeeping genes for pancreas, and f-Actin
for ileum. Then, the relative gene expression levels were calcu-
lated as AACt = ACtcontrol — ACtireatment, and finally converted
and expressed as fold difference (274"

Measurement of oxidative stress

Pancreas and ileum samples were collected from each animal
and immediately snap-frozen in liquid nitrogen. Samples were
stored at —80 °C until analysis. For biochemical assays, frozen
tissues were homogenized in ice-cold Tris buffer (50 mM, pH
7.4) using an Ultra Turrax homogenizer (Yellowline DI 25,
IKA-Werke, Staufen, Germany). The homogenates were centri-
fuged (11 000g, 10 min, 4 °C) and the resulting supernatants
were used for subsequent analyses. Total protein concentration
in each homogenate was determined using the Bradford assay
(Bio-Rad, Hercules, CA, USA), with bovine serum albumin
(BSA) as the standard.

Lipid peroxidation was assessed by measuring the levels of
malondialdehyde (MDA) and 4-hydroxyalkenals (4-HDA). The
method is based on the reaction of these aldehydes with
N-methyl-2-phenylindole, which generates a stable chromophore
with a maximum absorbance at 586 nm. 1,1,3,3-
Tetramethoxypropane was used as an MDA precursor for the cali-
bration curve. Results were normalized to protein concentration
and expressed as nmol of (MDA + 4-HDA) per mg of protein.

Oxidative protein damage was determined by measuring
the carbonyl group content, as described previously by our
group.”” Briefly, 100 pL of sample homogenate were incubated
with 200 pL of 10 mM dinitrophenylhydrazine (DNPH, dis-
solved in 2.5 M HCI) for 1 hour at 37 °C in the dark.
Subsequently, proteins were precipitated with 325 pL of 20%
(w/v) trichloroacetic acid (TCA) on ice. Following centrifugation
(11 000g, 3 min, 4 °C), the protein pellet was washed three
times with 1 mL of an ethanol : ethyl acetate mixture (1:1, v/v)
to remove excess reagent. The final pellet was resuspended in
700 pL of 6 M guanidine (in phosphate buffer) and incubated
at 37 °C for 15 min to ensure complete dissolution.
Absorbance was measured at 375 nm, using 6 M guanidine as
a blank. Results were expressed as nmol of carbonyl groups
per mg of protein.

This journal is © The Royal Society of Chemistry 2025

Intestinal transit

After the administration of the treatments, mice were kept for
14 hours in fasting. One hour prior to the start of the experiment,
the animals were transferred to an individual cage for individual
monitoring. A tracer consisting of 200 pl of an Evans blue marker
(5% solution of gum arabic and 5% non-absorbable Evans blue
dye) was administered by gastric gavage. Total gastrointestinal
transit was measured by recording the time (min) it took the
animals to expel the first dark blue pellet.

Muscle contractility studies

Ileum from mice was rapidly harvested and located in an ice-
cold Krebs buffer. Ileum segments (10 mm-length) with intact
mucosa were suspended in the longitudinal direction of the
smooth muscle fibers in an organ bath, thermostatically con-
trolled at 37 °C with Krebs solution and gassed continuously
(95% O, and 5% CO,). Each segment was connected to an iso-
metric force transducer (Pioden UF1, Graham Bell House,
Canterbury, UK) and stretched passively to an initial tension of
0.5 g. The mechanical activity signal was amplified (The Mac Lab
Bridge Amp, AD Instruments Inc., Milford, MA, USA) to a range
of 2 mV and recorded to be analyzed and digitized (two samples/
second/channel) in the Mac Lab System/8e computer program
(AD Instruments Inc., Milford, MA, USA). Before testing, the seg-
ments were equilibrated for 1 h in Krebs buffer, changed every
20 min. After this period of equilibration, the spontaneous moti-
lity patterns of ileum from all animals were acquired. To study
the effect of the different conditions of acute pancreatitis and
treatments with the kefir drinks on the intestinal contractility, we
added acetylcholine (ACh, 100 uM) or serotonin (5-hydroxytrypta-
mine, 5-HT, 100 uM) for 3 min to the organ bath.

ACh or 5-HT-induced contractions were measured as inte-
grated mechanical activity (IMA) as follows: IMA = A; — A,,
where 4, and 4, are the integrated area per second after and
before adding the substances, respectively. The IMA was
expressed as millinewtons per second. The ACh or 5-HT con-
tractions of the different groups of animals were expressed as
a percentage of control group (100%).

Statistical analysis

Results were expressed as the mean + standard error of the
mean (SEM). All statistical analysis were performed using the
statistical software GraphPad Prism v8.0.2 (GraphPad Software,

Food Funct., 2025, 16, 9628-9641 | 9631
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San Diego, CA, USA). For the analysis of all results, the normal-
ity of data was verified with Shapiro-Wilk Test. For data that
followed a normal distribution, an analysis of variance
(ANOVA) was executed followed by a Dunnett’s test; for data
that did not follow a normal distribution, a non-parametric
Kruskal-Wallis test was done, followed by a Dunn’s test. P
values <0.05 were considered to be statistically significant.

Results
Histopathological assessment

The AP group displayed pronounced histopathological altera-
tions characterized by dense neutrophilic inflammatory cell
infiltration, accompanied by interstitial edema and loss of
normal acinar organization, typical of acute inflammatory
response to cerulein-induced pancreatic injury, whereas the
control group maintained a well-preserved pancreatic structure
(Fig. 2A, B and 3). In the PMK group (Fig. 2C), slight but not
significant inflammatory changes (Fig. 3) were observed com-
pared to the control group, while the WK group (Fig. 2D) main-

View Article Online
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tained a structure similar to the control. The PMKAP group
(Fig. 2E) presented mild signs of AP but tissue damage was
less severe, and the integrity of the pancreatic acini was better
preserved, though no statistically significant differences were
observed compared with the AP group (Fig. 3). Similarly, in the
WKAP group (Fig. 2F), inflammatory infiltration and cellular
changes were present but they were milder than in the AP
group, differences not reaching a significant level (Fig. 3).

Acute pancreatitis did not induce discernible pathological
changes in the intestine. The histomorphology of the ileum,
including the integrity of the villi, was unaltered in the AP group
compared to control (Fig. 4A and B). Number of neutrophils infil-
trating the ileum mucosa was similar in the control (4.6 + 1.94)
and AP (3.6 + 1.47) groups, differences not showing a significant
level (p = 0.688). Similarly, the colonic mucosa retained its
normal structure, with no signs of edema, inflammatory infiltrate,
or epithelial damage in either group (Fig. 4C and D).

Serum marker levels

To evaluate the effect of PMK and WK on pancreatic damage,
serum levels of amylase and lipase were measured (Fig. 5). The

Fig. 2 Histopathological analysis of pancreatic tissue. Representative photomicrographs of pancreatic sections stained with hematoxylin and eosin
(H&E). Panels correspond to: (A) control, (B) AP, (C) PMK, (D) WK, (E) PMKAP, and (F) WKAP groups. Images are representative of n = 5 animals per

group. Original magnification, 400x.

9632 | Food Funct, 2025, 16, 9628-9641
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Fig. 3 Quantification of pancreatic histopathological damage. The per-
centage of damaged pancreatic area was quantified from H&E-stained
sections for all experimental groups. Data are presented as the mean +
SEM (n = 5 animals per group). **p < 0.01, ***p < 0.001 indicate signifi-
cant differences compared to the control group. #p < 0.05 indicate sig-
nificant differences compared to the AP group.

induction of acute pancreatitis resulted in a strong and statisti-
cally significant increase in serum amylase (Fig. 5A) and lipase
(Fig. 5B) activities compared to the control group, thus confirm-
ing the successful establishment of the acute pancreatitis model.
Treatment with PMK and WK individually did not modify
significantly the amylase and lipase levels respect to control

View Article Online
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group (Fig. 5). Notably, the combined treatment groups
(PMKAP and WKAP) failed to mitigate the increase in pancrea-
tic damage markers. Amylase levels in the PMKAP and WKAP
groups remained elevated, showing no significant difference
from the AP group, and were still significantly higher than the
control group (Fig. 5A). Analogously, lipase levels in these
groups showed no significant reduction compared to the AP

group (Fig. 5B).

Gene expression levels of inflammatory mediators

In pancreatic tissue, the induction of acute pancreatitis (AP
group) led to a significant upregulation of TNF-a (Fig. 6C), IL-6
(Fig. 6E), and IL-1p (Fig. 6G) expression compared to the
control group. In contrast, the mRNA levels of iNOS remained
unchanged across all groups (Fig. 6A). Individual treatment
with PMK or WK did not modify the expression of TNF-a, IL-6,
and IL-1p compared to the control group (Fig. 6C, E and G).
The expression of TNF-a, IL-6, and IL-1f in WKAP groups
remained elevated, showing no significant difference from the
AP group, indicating that the supplementation with WK failed
to exert a protective effect (Fig. 6C, E and G). However, the
levels of IL-6, and IL-1p in PMKAP groups were partially
reduced and similar to the control group, indicating that the
supplementation with PMK exert a protective effect on the pan-
creas (Fig. 6E and G).

To assess distant inflammation, gene expression was ana-
lyzed in the ileum. Acute pancreatitis also induced an inflam-
matory response in this tissue, as evidenced by a significant
increase in the expression of iNOS (Fig. 6B) and TNF-a
(Fig. 6D) compared to controls. Unlike in the pancreas, no sig-

Fig. 4 Histopathological images of the small intestine and colon during acute pancreatitis. Representative H&E-stained sections of intestinal tissue.
Small intestine from control (A) and AP (B) mice. Colon from control (C) and AP (D) mice. Images are representative of n = 5 animals per group.

Original magnification, 400x.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Effects of PMK and WK on serum markers of acute pancreatitis.
Serum levels of (A) amylase and (B) lipase were measured in the different
experimental groups: control, AP, PMK, WK, PMKAP, and WKAP. Data are
presented as mean + SEM for n = 5 animals per group. *p < 0.05, **p <
0.01, ***p < 0.001 indicate statistically significant differences compared
with the control group.

nificant changes were observed in the mRNA levels of IL-6
(Fig. 6F) or IL-1f (Fig. 6H) in the ileum. Consistent with the
findings in the pancreas, individual treatments with PMK and
WK did not modify the expression of iNOS and TNF-o com-
pared to the control group (Fig. 6B and D). The groups PMKAP
and WKAP failed to reduce the expression of iNOS, which
remained at high levels similar to the AP group (Fig. 6B), but
reduced the expression of TNF-a to control levels, indicating
that the supplementation with PMK and WK exert a protective
effect in the ileum (Fig. 6D).

Gene expression levels of tight junction proteins

In the pancreas, acute pancreatitis induced a drastic and sig-
nificant downregulation of both occludin (Fig. 7A) and ZO-1
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(Fig. 7C) expression compared to the control group, indicating
a loss of local barrier integrity. In the pancreas, these tight
junction proteins are mainly expressed in epithelial ductal
cells, and their dysregulation compromises ductal epithelial
barrier function and integrity. Individual treatment with either
PMK or WK did not modify the expression of these proteins in
pancreas. The treatments with PMK or WK failed to prevent
the loss of tight junction gene expression in pancreas from
mice with AP. Occludin and ZO-1 levels in PMKAP and WKAP
groups remained as low as in the untreated AP group and were
still significantly below control levels (Fig. 7A and C).

A similar disruption of the distant barrier was observed in
the ileum, where the AP group showed a significant reduction
in the mRNA levels of occludin (Fig. 7B) and ZO-1 (Fig. 7D).
Individual treatment with either PMK or WK did not modify
the expression of these proteins in ileum. Consistent with all
other findings, the PMK and WK treatments were ineffective at
preserving tight junction protein expression in the ileum from
mice with AP, with levels remaining significantly depressed
(Fig. 7B and D).

Evaluation of oxidative stress

To investigate the role of oxidative stress, we measured
markers of lipid peroxidation (MDA + 4-HDA) and protein oxi-
dation (carbonyls) in both pancreatic and ileal tissue (Fig. 8).
In both the pancreas and intestine, the induction of AP caused
a significant increase in both MDA + 4-HDA levels (Fig. 8A and
C) and carbonyl levels (Fig. 8B and D) compared to the control
group. Treatment with PMK or WK did not modify the oxi-
dative stress and both MDA + 4-HDA and carbonyl levels were
similar to control in pancreas and intestine (Fig. 8). The sup-
plementation with PMK or WK failed to provide any protection
against oxidative stress induced by AP. MDA + 4-HDA and car-
bonyl levels in PMKAP and WKAP groups were not significantly
different from the AP group in pancreas or ileum (Fig. 8).

Intestinal transit and muscle contractility

To determine the functional consequences of AP, we evaluated
gastrointestinal transit time and ex vivo ileal contractility
(Fig. 9). The AP group exhibited a slight but significant delay
in intestinal transit compared to the control group (Fig. 9A). In
stark contrast, individual treatments with either PMK or WK
significantly accelerated transit time (Fig. 9A). In the groups
PMKAP and WKAP transit times remained prolonged and were
not significantly different from the AP group.

To investigate the mechanisms underlying this dysmotility,
we assessed the contractile response of isolated ileum strips to
both acetylcholine (ACh) and serotonin (5-HT). As shown in
Fig. 9B and C, AP induced a severe impairment in the contrac-
tile response to both ACh and 5-HT. Individual treatments
with either PMK or WK did not modify the ACh or 5-HT con-
tractile response respect to control (Fig. 9B and C). In the
groups PMKAP and WKAP, ACh or 5-HT contractile responses
remained decreased and were not significantly different from
the AP group.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Kefir treatments modulate pro-inflammatory gene expression in the pancreas and ileum. Relative mRNA expression of iNOS (A and B), TNF-a
(C, D), IL-6 (E and F), and IL-1 (G and H) was quantified by RT-gPCR in the pancreas (left panels) and the ileum (right panels) across all experimental
groups. Data are presented as the mean + SEM for n = 5 animals per group. *p < 0.05, **p < 0.01 indicate statistically significant differences com-
pared with the control group.
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Fig. 7 Effect of kefir treatments on the expression of tight junction genes in the pancreas and ileum. Relative mRNA expression of occludin (A and
B) and ZO-1 (C and D) was quantified by RT-PCR in the pancreas (left panels) and the ileum (right panels) across all experimental groups. Data are
presented as the mean + SEM for n = 5 animals per group. *p < 0.05, **p < 0.01 indicate statistically significant differences compared with the

control group.

Discussion

This study provides a comprehensive evaluation of the poten-
tial protective effects of kefir made from pasteurized milk
(PMK) and whey kefir (WK) supplementation against cerulein-
induced acute pancreatitis (AP) and its associated distant
organ injury in the intestine. Our findings reveal a complex
and nuanced response, where kefir offered only partial and
compartment-specific benefits. While both kefir beverages
types modestly attenuated pancreatic histopathological
damage and ileal TNF-a expression, they failed to mitigate key
systemic markers of pancreatic injury, functional gut impair-
ments, oxidative stress, and the disruption of tight junction
protein expression. These results challenge the notion of a
broad protective effect of kefir in severe inflammatory con-
ditions like AP, underscoring both the complexity of functional

9636 | Food Funct.,, 2025, 16, 9628-9641

food interactions and the preventive — not curative-intention of
this treatment in modulating disease progression.

A cornerstone of our study was the successful induction of
a robust AP model, confirmed by severe pancreatic tissue
damage, including edema, inflammatory infiltration, and
acinar cell disarray, and a dramatic elevation in serum amylase
and lipase levels. These are hallmark features of clinical and
experimental AP,>**° validating our model for investigating
therapeutic interventions. Interestingly, while the individual
administration of PMK or WK did not induce any adverse
effects, their co-administration with cerulein yielded mixed
results. We observed a partial amelioration of the histological
damage score in the pancreas for both PMKAP and WKAP
groups. This suggests that kefir components may interfere
with some aspects of the inflammatory cascade, such as leuko-
cyte infiltration or edema formation, consistent with previous

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Effects of PMK and WK on oxidative stress markers in the pancreas and ileum. Levels of lipid peroxidation, measured as malondialdehyde +
4-hydroxyalkenals (MDA + 4-HDA), and protein oxidation, measured as carbonyls, were determined. (A) MDA + 4-HDA and (B) carbonyl levels in
pancreatic tissue. (C) MDA + 4-HDA and (D) carbonyl levels in ileal tissue. Data are presented as mean + SEM for n = 5 animals per group. *p < 0.05,
***p < 0.001 indicate statistically significant differences compared with the control group. #p < 0.05, ###p < 0.001 indicate statistically significant

differences compared with the AP group.

studies demonstrating the anti-inflammatory properties of
kefir-derived peptides and exopolysaccharides.?*!

However, this subtle histopathological improvement was
discordant with the systemic biochemical markers. Neither
PMK nor WK supplementation could prevent the massive
surge in serum amylase and lipase, which are diagnostic and
prognostic indicators of AP severity.*> This discrepancy
suggests that while kefir may modulate the local inflammatory
microenvironment to some extent, it is insufficient to prevent
the initial acinar cell injury and massive enzyme release that
drive the pathology of AP. This finding is crucial, as it implies
that the protective mechanism is not aimed at the primary
insult but rather at secondary inflammatory amplification,
indicating a preventive effect. A particularly noteworthy
finding was the differential effect observed in the pancreas,
where whole milk (PMK), but not whey (WK), partially reduced
IL-6 and IL-1f expression. This disparity likely stems from the
significant compositional differences between the two frac-

This journal is © The Royal Society of Chemistry 2025

tions. Whole milk has higher concentrations of fat, protein,
and minerals compared to whey, and it is plausible that these
compounds would have exerted a more potent immunomodu-
latory effect on pancreatic resident immune cells than those of
WK. Indeed, both bovine milk and whey are known to contain
numerous bioactive proteins—such as a-lactalbumin,
B-lactoglobulin, immunoglobulins, lactoferrin, and lactoper-
oxidase—with recognized anti-inflammatory properties.*?
Although in our study the microbiota of kefir beverages made
from milk and whey has not been characterized, other studies
have found that the structure and microbiota of kefir grains
and beverages remained consistent when using cheese whey
instead of milk as a substrate, including the dominant micro-
biota bacteria from the Lactobacillus genus.>*

The gut-pancreas axis is a critical determinant of AP sever-
ity, as intestinal barrier dysfunction can lead to bacterial trans-
location and the systemic amplification of inflammation.**>>®
A surprising finding of our study was the absence of overt his-

Food Funct., 2025, 16, 9628-9641 | 9637
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Fig. 9 Effects of PMK and WK on intestinal transit and ileal contractility
in acute pancreatitis. (A) Gastrointestinal transit time, measured in min. A
longer time indicates slower transit. (B) Contractile response of isolated
ileum segments to acetylcholine (ACh), expressed as a percentage of the
control response. (C) Contractile response of isolated ileum segments to
5-hydroxytryptamine or serotonin (5-HT), expressed as a percentage of
the control response. Data are presented as mean + SEM for n = 5
animals per group. *p < 0.05, **p < 0.01, ***p < 0.001 indicate statisti-
cally significant differences compared with the control group.
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topathological damage in the ileum and colon of AP mice,
despite molecular and functional disturbances. This indicates
that significant gut pathology in AP can occur even before it is
histopathologically apparent. Indeed, we found that AP
induced a strong inflammatory response in the ileum, charac-
terized by increased expression of iNOS and TNF-a. Both PMK
and WK effectively normalized TNF-a expression, consistent
with their previously described preventive anti-inflammatory
activity in the gut.’” This localized anti-inflammatory effect,
however, did not translate into broader protection.

Critically, either kefir beverage could prevent the AP-
induced downregulation of tight junction genes (occludin and
Z0-1) in either the pancreas or the ileum. The loss of these key
barrier proteins is a pivotal event in AP, contributing to
increased pancreatic permeability®® and increased intestinal
permeability that fuels systemic inflammation.>® The inability
of kefir to preserve tight junction expression, despite reducing
TNF-a, suggests that other, more potent pathways triggered by
AP, perhaps involving myosin light chain kinase (MLCK) acti-
vation or other pro-inflammatory cytokines, are the dominant
drivers of barrier loss in this severe model.***!

Consistent with previous reports, acute pancreatitis (AP)
induced a marked increase in lipid and protein oxidation in
both the pancreas and the ileum.*>** However, contrary to our
initial hypothesis, kefir administration failed to mitigate this
effect in the pancreas. A possible explanation for this discre-
pancy is the treatment duration, which may have been insuffi-
cient to elicit a protective antioxidant response. Furthermore,
the antioxidant properties of kefir are highly species and even
strain-dependent.** While certain strains have shown anti-
oxidant activity in other models, such as inflammatory bowel
disease,’ it is plausible that the specific microbial consortium
in our kefir beverages did not possess the necessary anti-
oxidant capacity within the context of AP.

These molecular disruptions culminated in severe func-
tional consequences. AP induced a significant delay in gastro-
intestinal transit and profoundly impaired ileal muscle con-
tractility in response to both cholinergic and serotonergic
stimulation, classic features of intestinal dysmotility associated
with pancreatitis.*®*” Although PMK and WK alone exhibited
a prokinetic effect, they were completely unable to reverse the
AP-induced dysmotility, and their potential preventive action
could not be demonstrated under the conditions of this study.
This suggests that the damage to the enteric nervous system
(ENS) and/or smooth muscle cells caused by the systemic
inflammation and oxidative stress in AP is too severe to be
overcome by the beneficial effects of kefir.

Our study has several limitations. We assessed a single time
point after AP induction, which provides a snapshot but not
the full dynamic evolution of the disease and recovery.
Although anti-inflammatory benefit of kefir is supported in
our study by gene expression analysis, other mechanisms
involved in the pancreas-intestine axis require further investi-
gation, including microbiota sequencing and metabolomic
analysis. Moreover, the use of kefir-based beverages in this
context should be considered as a complementary or preven-

This journal is © The Royal Society of Chemistry 2025
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tive nutritional approach rather than a therapeutic or palliative
treatment.

In conclusion, our study demonstrates that PMK and WK
may offer localized anti-inflammatory benefits in a severe
model of acute pancreatitis, but they are insufficient to coun-
teract the systemic disease hallmarks, including pancreatic
enzyme release, gut barrier disruption, oxidative stress, and
functional intestinal dysmotility. These findings urge for
caution when extrapolating the benefits of functional foods to
severe pathological conditions, as kefir-based beverages
should be regarded as having preventive potential as comp-
lementary aids in maintaining health.
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