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Abstract Chronic stress disrupts homeostasis, leading to major health problems such as liver damage, intestinal barrier dys-
function, and impaired glucose metabolism. Although current treatments, including anxiolytics, sedatives, antidepressants,
and beta blockers, are effective, their adverse effects emphasize the need for safer alternatives. Nicotinamide riboside (NR), a
precursor of nicotinamide adenine dinucleotide (NAD+), plays a central role in energy metabolism and oxidative stress regu-
lation; elevated NAD +levels have been associated with reduced risk of chronic diseases such as obesity and type 2 diabetes.
However, the effects of NR on liver metabolism, intestinal barrier integrity, and related protein pathways remain unclear.
This study investigated the effects of NR supplementation in rats exposed to chronic variable stress (CVS). Fifty-six male
Sprague Dawley rats were divided into normal and CVS groups and treated in a 2 x4 factorial design with 0, 150, 300, or
600 mg/kg NR. Under CVS conditions, serum glucose, corticosterone, ACTH, and insulin levels increased, whereas NAD+,
NADPH, nicotinamide (NAM), and nicotinic acid (NA) decreased significantly (p<0.001). NR supplementation effectively
corrected these biochemical imbalances and upregulated hepatic markers, including PPARy, SIRT1, GLUT2, IRS1, and
FASN (p<0.001). Furthermore, the increased expression of key transport proteins such as PepT1, LAT2, EAAT3, FABP2,
and FATP4 contributed to maintaining intestinal barrier integrity and improving gut health. NR also promoted the recovery
of tight and adherens junction proteins. Notably, high-dose NR (600 mg/kg) markedly alleviated liver fibrosis, improved
glucose metabolism, and strengthened intestinal barrier function, demonstrating its therapeutic potential as an alternative
strategy against stress-induced metabolic disorders.

Key points
* NR mitigated chronic stress-induced liver, intestinal, and glucose dysregulation.

* NR improved glycemia and NAD-related biomarkers under stress.

* NR reduced hepatic fibrosis markers.

* NR strengthened TJ/AJ proteins, supporting intestinal barrier integrity.

* Findings support NR S therapeutic potential in stress-related metabolism.
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Stress is defined as a physiological or psychological threat
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disease, intestinal disorders, neuropsychiatric conditions,
and systemic inflammation [1-3]. Experimental models
that capture the complexity and unpredictability of human
stress exposure are essential for understanding these patho-
physiological outcomes. The chronic variable stress (CVS)
paradigm differs fundamentally from single-stressor or
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predictable stress models in that animals are exposed to
alternating, unpredictable stressors, preventing habituation
and producing cumulative multisystem disturbances closely
resembling real-life human stress patterns [4—6]. CVS induces
persistent activation of the hypothalamic—pituitary—adrenal
axis, sustained glucocorticoid elevation, mitochondrial dys-
function, oxidative and inflammatory activation, intestinal
barrier breakdown, dysbiosis, and metabolic impairment in
both the liver and intestine [7—10]. These multifaceted dis-
turbances make CVS a uniquely valuable system for evalu-
ating therapeutic candidates that target metabolic, epithelial,
redox, and neuroendocrine pathways simultaneously.
Because CVS induces parallel disruptions in hepatic and
intestinal pathways, the biomarkers selected in this study
were chosen to represent an integrated liver—gut metabolic
axis rather than independent endpoints. CVS suppresses
glucose transport and insulin signaling by downregulating
GLUT2 and IRS1, which together form the core glucose—
insulin regulatory axis and are rapidly impaired under chronic
glucocorticoid overload [11, 12]. CVS also activates the
FASN lipogenic pathway, which is strongly induced by oxi-
dative and endoplasmic reticulum stress and leads to hepatic
triglyceride accumulation and steatosis [13, 14]. In the intes-
tine, PepT1, LAT2, and EAAT3 regulate peptide and amino
acid transport, mTOR signaling, and incretin-mediated insu-
lin regulation; all are sensitive to stress-induced epithelial
atrophy and inflammation [15, 16]. In parallel, FABP2 and
FATP4 mediate dietary fatty acid absorption and intracellu-
lar trafficking, and disruption of these proteins contributes
to systemic inflammation, lipid malabsorption, and insulin
resistance [17, 18]. Collectively, changes in these biomark-
ers provide a mechanistic map of glucose regulation, lipid
synthesis, amino acid transport, and intestinal absorptive
function, pathways known to be simultaneously impaired
under CVS, thereby enabling an integrated evaluation of
both stress pathology and potential therapeutic effects.
Nicotinamide riboside (NR), a vitamin B3 derivative, is
a precursor of nicotinamide adenine dinucleotide (NADY),
an essential cofactor for mitochondrial energy metabolism,
DNA repair, and cellular stress responses [19]. Its strong
NAD*-enhancing capacity and favorable safety profile have
contributed to growing interest in its therapeutic use [20].
NAD" plays a central role in cellular homeostasis by sup-
porting energy production, genomic stability, and the activ-
ity of NAD*-dependent enzymes such as SIRT1 and PARPs
[21]. Reduced NAD" levels impair mitochondrial function,
limit DNA repair capacity, and compromise cellular defense
mechanisms [22]. Studies have shown that NR supplemen-
tation elevates NAD" levels and produces beneficial effects
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in conditions characterized by inflammation, oxidative
stress, and metabolic dysfunction, including hepatic steato-
sis and diet-induced obesity [15, 17]. NR has been reported
to reduce high-fat diet-induced steatosis by increasing
mitochondrial fatty acid oxidation, improving SIRT1 sig-
naling, and reducing lipid accumulation [23-26]. Moreover,
NR suppresses inflammatory responses and enhances anti-
oxidant defenses, thereby protecting cells from oxidative
injury [25]. NR also supports intestinal health by maintain-
ing tight junction integrity, reducing inflammation, modulat-
ing the gut microbiota, and protecting intestinal endothelial
cells from oxidative damage [27-29]. These improvements
in barrier function help prevent bacterial translocation and
reduce systemic inflammatory burden [30, 31]. Together,
these findings provide a strong rationale for investigating
NR as a therapeutic candidate for stress-related metabolic
and intestinal disorders. However, recent findings indicate
that NR’s biological effects may be context dependent under
conditions of sustained stress. In aged mice, NR supplemen-
tation altered hematopoietic dynamics and increased stress
sensitivity and anxiety-like behaviors, suggesting a bidirec-
tional relationship with neuroendocrine pathways [32]. In a
chronic corticosterone exposure model, NR and phycocya-
nin oligopeptides jointly modulated mitochondrial activity,
oxidative stress, and behavioral stress susceptibility, indicat-
ing that NR can influence both vulnerability and resilience
pathways under persistent glucocorticoid load [33]. These
emerging observations highlight the need to examine NR
within a multifactorial stress framework rather than relying
exclusively on metabolic or aging models.

CVS is particularly appropriate for such investigation
because it reproduces the unpredictable, diverse, and cumu-
lative nature of human stress exposure. CVS simultaneously
induces hepatic and intestinal injury, mitochondrial dysfunc-
tion, NAD" depletion, oxidative and inflammatory activa-
tion, tight junction disruption, mucus loss, and suppression
of nutrient transporters—pathways that directly overlap
with those modulated by NR and central to its mechanism
of action [7, 30]. Thus, CVS provides a biologically rich
and clinically relevant platform for assessing NR’s ability to
restore NAD*-dependent metabolic, mitochondrial, and epi-
thelial-protective processes under sustained stress. Although
NR has been extensively studied in non-alcoholic fatty liver
disease, obesity, type 2 diabetes, neurodegeneration, aging,
and cancer [19, 34], its protective effects against CVS-
induced hepatic and intestinal dysfunction remain largely
unexplored. To address this gap, the present study investi-
gated the molecular mechanisms underlying NR’s protec-
tive effects against CVS-induced damage, with a specific
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focus on glucose metabolism, intestinal barrier function,
and oxidative stress. By targeting these critical pathways,
the study identifies NR as a promising therapeutic agent for
managing metabolic and gastrointestinal disorders associ-
ated with chronic stress.

Materials and methods
Experimental animals

In this study, 56 male Sprague-Dawley rats (8 weeks old,
180 + 20 g) were housed in polypropylene cages under
controlled environmental conditions (22 + 2 °C, 55 + 5%
humidity, and a 12/12-hour light/dark cycle), with feed
and water provided ad libitum. The sample size was deter-
mined as seven rats per group (n = 7) based on an a priori
power analysis conducted with G¥*Power software (version
3.1.9.2), assuming an effect size of 0.70, a type I error (at) of
0.05, and a power (1-B) of 85% [35, 36]. Statistical analyses
were performed using IBM SPSS Statistics software (ver-
sion 22.0). All animal experiments were approved by the
Local Ethics Committee for Animal Experiments of Firat
University (protocol number 27.02.2024-22557) and were
conducted at the Experimental Research Center of Firat
University (FUDAM). The design and reporting of this
study adhered to the ARRIVE guidelines [37].

Experimental design

After a two-week adaptation period, 56 male Sprague-Daw-
ley rats were randomly divided into eight groups (n=7) in a
2 x4 factorial design. The first factor was the housing condi-
tion (normal or stress), and the second factor was the admin-
istration of four doses of NR (0, 150, 300, and 600 mg/kg

body weight) (Fig. 1). The experimental groups were as fol-
lows: a control group (NRO) consisting of rats not exposed
to chronic variable stress (CVS), which were administered
drinking water via oral gavage. The NR groups (NR150,
NR300, and NR600) comprised rats not exposed to CVS but
administered nicotinamide riboside (NR) via oral gavage at
doses of 150, 300, or 600 mg/kg body weight, respectively.
The stress group (CVS+NRO) included rats subjected to
CVS and provided with drinking water (1 ml/animal/day).
The CVS+NR groups (CVS+NR150, CVS+NR300,
and CVS+NR600) consisted of rats exposed to CVS and
administered via oral gavage NR at doses of 150, 300, or
600 mg/kg body weight, respectively. The study design is
illustrated in Fig. 1.

The study lasted 40 days, following a two-week adap-
tation period. The rats were provided with a standard diet
and water ad libitum throughout the experiment. The nico-
tinamide riboside material (Nutrition21, NY, USA; Lot No.
T19269001) contained 62% active nicotinamide riboside,
which is the expected specification for the NR chloride
form, where the remaining fraction consists of chloride
ions, hydration water, and inert excipients. This composi-
tion is consistent with previously published NR studies, and
all administered doses were calculated based on the active
NR content [33, 38, 39]. NR was dissolved in drinking
water, prepared at the specified doses, and administered at
a volume of 1 ml per animal. Oral gavage was performed
daily at the same time and volume (1 ml/animal).

Since nicotinamide riboside (NR) has not previously
been evaluated in any chronic variable stress (CVS) model
in rats, the dose range used in this study was selected based
on effective and well-tolerated doses reported in other rat
disease models [23, 26, 40, 41]. This approach is widely
accepted in preclinical research when stress-specific dos-
ing data are unavailable. Previous studies have demon-
strated that oral NR doses of 200 mg/kg are effective and

NRO (n=7)
) NR150 (n=7)
shd (e o NR Administration
NR300 (n=7) by Oral Gavage for
{ 40 Days
Normal (N) Group NR600 (n=7) 3
i )
(N=56) CVS+NRO (n=7) .
B0 CVS+NR150 (n=7)
CVS+NR300 (n=7)
Chronic Variable Stress (CVS) Group
CVS+NR600 (n=7)
L 1 1 ]
- ; ] | ||
Adaptation Period Day 0 Day 40 Day 41
(14 Days) Sacrificed

Fig. 1 The experimental design was as follows: NR refers to Nico-
tinamide Riboside. NRO represents the normal control group, NR150
the normal group receiving 150 mg/kg NR, NR300 the normal group
receiving 300 mg/kg NR, and NR600 the normal group receiving

600 mg/kg NR. CVS-NRO represents the chronic variable stress con-
trol group, while CVS-NR150, CVS-NR300, and CVS-NR600 repre-
sent the chronic variable stress groups receiving 150 mg/kg, 300 mg/
kg, and 600 mg/kg NR, respectively
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non-toxic in chemotherapy-induced peripheral neuropathy
models [42], while doses of 400 mg/kg have improved lipid
metabolism, inflammation, and oxidative stress in obese
Wistar rats [40, 43]. Additionally, cardiometabolic studies
have successfully used NR doses ranging from 100 to 400
mg/kg, reporting significant benefits in mitochondrial func-
tion, NAD" turnover, and metabolic homeostasis [26, 44].
Based on these published dose ranges, we implemented a
graded NR dosing scheme (150, 300, and 600 mg/kg) to
identify the most effective and biologically relevant dose in
a CVS model being investigated for the first time. A struc-
tured toxicity-monitoring protocol was incorporated into the
study to ensure that NR administration at 150, 300, and 600
mg/kg did not produce overt adverse effects. Throughout
the 40-day experimental period, animals were monitored
daily for general clinical signs including grooming behav-
ior, locomotor activity, food intake, and fur condition.

At the end of the experiment, all the animals were decapi-
tated by cervical dislocation, and blood, liver, and intestinal tis-
sue samples were taken from the animals. The collected blood
samples were centrifuged in gel biochemistry tubes to obtain
the serum. Liver and intestinal tissue samples taken for histo-
logical examination were preserved in a 10% formaldehyde
solution. For molecular analyses, tissue samples were stored
in a -80 °C deep freezer (Hettich, Germany) until analysis.

Stress model

The CVS protocol used in this study was adapted from the
stress factors described by Tagliari et al. (2010) (Table 1) [2].
To prevent the rats from adapting to the stressors, a single
stressor was applied at different times each day. Seven differ-
ent stressors were employed, including 24-hour water restric-
tion, cold exposure at + 4 °C for 1.5-2 h, cage placement at
a 45° angle for 4-6 h, exposure to flashing light for 120-210
min (using a 40 W lamp flashing at 60 flashes per minute),
movement restriction for 1-3 h using a rat restrainer, place-
ment on a damp substrate for 1.5-2 h (300 ml of water was
added to the cage to create the damp environment), and 3
days of isolation. These stressors were applied to the CVS
group for 40-day period, as outlined in Table 1. In contrast,
rats in the normal group were housed in a storage room with-
out exposure to stressors throughout the study.

Biochemical analysis
Serum concentrations of glucose, triglycerides, urea, and

creatinine, along with the activities of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST), were
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assessed using rat-specific kits on a biochemical autoana-
lyzer (LABGEOPT10V-Samsung, Labgeo, South Korea).
Serum levels of corticosterone, adrenocorticotropic hor-
mone (ACTH), and insulin, as well as liver levels of tri-
glyceride, NAD+, NAM, NA, and NADPH, were measured
using an ELISA device (EIx-800; Bio-Tek, Vermont, USA)
following the protocols of commercial kits (Corticoste-
rone: Cat. No. 201-11-0497; ACTH: Cat. No. 201-11-0185;
Insulin: Cat. No. 201-11-0708; Triglyceride: Cat. No. 201-
11-0250; NAD*: Cat. No. 201-11-2313; NAM: Cat. No.
201-11-5145; NA: Cat. No. 201-11-5146; NADPH: Cat.

Table 1 Applied stress factors

Days Applied Stressors

1 Restriction at 4 °C for 1.5-2 h

2 Cages placed at a 45° angle for 4-6 h

3 Flashing light for 120-210 min

4 Movement restriction for 1-3 h

5 Isolation

6 Isolation

7 Isolation

8 Housing on damp bedding for 1.5-2 h
9 Cages placed at a 45° angle for 4—6 h

10 No treatment

11 Flashing light for 120-210 min

12 Water restriction for 24 h

13 Movement restriction for 1-3 h

14 Housing on damp bedding for 1.5-2 h
15 Cages placed at a 45° angle for 46 h

16 Restriction at 4 °C for 1.5-2 h

17 Flashing light for 120-210 min

18 Movement restriction for 1-3 h

19 Housing on damp bedding for 1.5-2 h
20 Isolation

21 Isolation

22 Isolation

23 Restriction at 4 °C for 1.5-2 h

24 Water restriction for 24 h

25 Cages placed at a 45° angle for 4-6 h

26 Movement restriction for 1-3 h

27 Flashing light for 120-210 min

28 Movement restriction for 1-3 h

29 Housing on damp bedding for 1.5-2 h
30 No treatment

31 Water restriction for 24 h

32 Cages placed at a 45° angle for 4—6 h

33 Flashing light for 120-210 min

34 Restriction at 4 °C for 1.5-2 h

35 Isolation

36 Isolation

37 Isolation

38 Flashing light for 120-210 min

39 Housing on damp bedding for 1.5-2 h
40 Movement restriction for 1-3 h
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No. 201-11-0699, all from SunRed Biotechnology Com-
pany, Shanghai, China).

Western blotting analysis

Liver peroxisome proliferator-activated receptor gamma
(PPARY), glucose transporter 2 (GLUT2), insulin receptor
substrate-1 (IRS-1), Sirtuin 1 (SIRT1), and fatty acid syn-
thase (FASN) levels and jejunal tight and adherence junc-
tion-associated proteins (claudin-1, claudin-4, occludin,
zonula occludens-1), MUC2, sodium-dependent glucose
transporter 1 (SGLT1/SLC5A1), GLUT2, peptide trans-
porter 1 (PepT1), L-type amino acid transporter 2 (LAT2),
excitatory amino acid transporter 3 (EAAT3), fatty acid-
binding protein 2 (FABP2) and fatty acid transporter protein
4 (FATP4) were determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed
by Western blotting [45—47]. The biomarker panel was
intentionally designed to represent four major metabolic
and intestinal pathways known to be disrupted by chronic
variable stress (CVS): glucose homeostasis (GLUT2,
IRS1), lipid metabolism (FASN), amino acid and peptide
absorption (PepT1, LAT2, EAAT3), and fatty acid handling
(FABP2, FATP4). Including these markers allowed for
an integrated assessment of liver-gut metabolic dysfunc-
tion and provided a mechanistic framework for evaluating
the restorative effects of NR under CVS conditions. Tis-
sue samples were mechanically homogenized (three times
for 10 s each) for 30 s in radioimmunoprecipitation assay
buffer (1:10, w/v) containing a protease inhibitor cocktail
(Sigma, St. Louis, MO, USA), and the homogenates were
centrifuged for 60 min at 15,000 rpm at 4 °C. Determina-
tion of protein content in the supernatants was carried out
using a microvolume spectrophotometer (MaestroNano,
Maestrogen Inc., USA). Homogenates were mixed 1:1 with
2x Laemmli buffer, heated at 95 °C for 5 min, separated
on 12% SDS-PAGE, and transferred to nitrocellulose mem-
branes using a semi-dry system (Power Blotter, Thermo
Fisher, Waltham, USA). Membranes were blocked with 5%
bovine serum albumin (BSA) for 2 h at room temperature
and incubated overnight at 4 °C with primary antibodies as
follows: PPARy (sc-271392), GLUT2 (sc-518022), IRS-1
(sc-8038), SIRT1 (sc-74465), FASN (sc-48357), claudin-1
(sc-166338), claudin-4 (sc-376643), occludin (sc-133256),
Z0O-1 (sc-33725), MUC2 (sc-53381), PepT1 (sc-373742),
LAT?2 (sc-293242), FABP2 (sc-374482), FATP4 (sc-393309)
and B-Actin (sc-517582) (all from Santa Cruz Biotechnol-
ogy); SGLT1 (DF7202-100; Affinity Biosciences); EAAT3
(orb1161904; Biorbyt Ltd., Cambridge, UK). The second-
ary antibody was horseradish peroxidase (HRP)-conjugated

anti-rabbit IgG (ab97023, Abcam, Cambridge, UK; 1:5000,
2 h, room temperature). The presence of proteins was
checked using an anti-B-actin antibody (Sigma, St. Louis,
MO, USA). Immunoreactive bands were visualized with
diaminobenzidine (DAB), and densitometry was performed
using ImageJ (NIH, Bethesda, MD, USA).

Histopathological analysis

To evaluate the effects of NR on liver and intestinal histopa-
thology, the tissue samples were fixed in 10% formalin and
processed using a standard protocol involving dehydration
with graded alcohol, clearing with xylene, and embedding
in paraffin. The tissues were sectioned into 5-um thick slices
using a microtome for further analysis. The sections were
stained with Hematoxylin and Eosin (H&E) and examined
under a light microscope. Intestinal villus height was mea-
sured from the apex of the villus to the lamina propria, while
crypt depth was assessed accordingly [48, 49].

Statistical analysis

Data are expressed as mean+=SEM. A two-way analy-
sis of variance (Two-way ANOVA) was conducted using
the General Linear Model procedure to evaluate the data.
Linear, quadratic, and cubic responses to NR levels were
obtained using polynomial contrasts. The effects of condi-
tion (normal vs. stress), dose effects of the administered
substances, and interactions between the condition and dose
were determined. The following linear model was applied:
yij=p+Si+MgTDj + (S*MgTD)ij +eij, where y represents
the response variable, p is the population mean, S denotes
the main effect of stress (environment), NRD represents the
main effect of NR levels, S¥NRD refers to the interaction
effect between stress and NR levels, and e is the residual
error [N (o, pu; 0, 1)]. A polynomial contrast analysis was
applied to determine the nature of the response to increasing
NR levels. A p-value of <0.05 was considered statistically
significant.

Results
Body weight

Rats housed under normal conditions exhibited significantly
greater body weight gain compared to those under CVS
conditions (p<0.001, Fig. 2). NR supplementation showed
a linear increase in body weight gain in both the N and CVS
groups (»<0.05). There was no interaction between CVS
and NR supplementation on body weight gain (p=0.506).
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Fig. 2 Weekly body weight changes (A) and final body weight (B) in
normal and chronic variable stress (CVS)-exposed rats with differ-
ent doses of nicotinamide riboside (NR) supplementation. Data are
expressed as mean+ SEM. Different letters (a—c) indicate statistically
significant differences between groups (p <0.05) according to Tukey’s
post hoc test following two-way ANOVA. Two-way ANOVA revealed

Biochemical parameters

Serum glucose, ALT, AST, corticosterone, and ACTH
concentrations were significantly higher in the groups
exposed to CVS factors compared to the N group (p<0.001,
Table 2). Specifically, in the CVS group, increasing doses
of NR supplementation led to a linear decrease in these lev-
els, with reductions of approximately 35% in glucose, 20%

0 150 300 600 O 150 300 600

N Ccvs

NR levels, mg/kg

significant effects for body weight changes (Groups p<0.0001; Time
2<0.0001; Groups x Time p<0.0001), and final body weight (Condi-
tion p<0.0001; NR p=0.0454; Condition x NR p<0.9700). In addi-
tion, comprehensive statistical data can be found in Supplementary
Table A.1

in ALT, %20 in AST, 48% in corticosterone, and 35% in
ACTH (p<0.001); however, no significant difference was
observed in the normal group (p>0.05, Table 2). Addition-
ally, an interaction was observed between stress conditions
and NR supplementation concerning glucose, ALT, corti-
costerone, and ACTH levels (p<0.001). Serum triglyceride
levels were found to increase in rats exposed to stressors
(»<0.001, Table 2). In the CVS group, a linear reduction

Table 2 The statistical analysis of the effect of different doses of nicotinamide riboside (NR) on biochemical parameters in normal (N) and chronic
variable stress (CVS)-exposed rats (Two-way ANOVA and polynomial contrast, p<0.05)

Condition NR Glucose Triglyceride BUN (mg/ Creatine ALT AST Corticos- ACTH  Insulin
(mg/dl) (mg/dL) dl) (mg/dL) (U/L) (U/L) terone (ng/ (ng/L) (mIU/L)
ml)

N 0 113.86 75.62 23.06 0.41 99.29 114.14  56.69 38.68 17.71
150 111.55 73.72 22.84 0.40 97.86 112.00  54.74 36.21 17.86
300 108.97 74.50 21.91 0.40 96.43 110.57  53.38 37.07 17.13
600 107.44 76.39 22.61 0.39 96.86 111.14  51.30 40.45 16.65

CVs 0 188.96 96.88 23.96 0.40 149.00  157.57  97.27 91.61 12.78
150 171.63 88.27 22.71 0.39 136.00 15143  79.17 80.37 13.84
300 148.75 84.59 22.63 0.39 12829  139.14  74.84 72.78 14.50
600 139.37 81.62 22.41 0.39 124.14  130.29  65.69 67.39 15.04

SEM 4.05 1.36 0.01 0.23 2.74 1.33 2.12 2.89 0.31

ANOVA Condition  0.001 0.001 0.487 0.511 0.001 0.001 0.001 0.001 0.001
NR 0.001 0.410 0.267 0.909 0.001 0.001 0.001 0.001 0.656
Condition  0.001 0.033 0.767 0.994 0.001 0.008 0.001 0.001 0.026
x NR

Polynomial Contrast

N Linear 0.055 0.833 0.496 0.472 0.320 0.596 0.011 0.369 0.136
Quadratic ~ 0.875 0.565 0.876 0.515 0.633 0.757 0.964 0.065 0.581
Cubic 0.903 0.914 0.967 0.456 0.831 0.948 0.838 0.905 0.664

CVSs Linear 0.001 0.001 0.754 0.093 0.001 0.001 0.001 0.001 0.007
Quadratic  0.189 0.181 0.976 0.402 0.089 0.648 0.056 0.164 0.645
Cubic 0.160 0.647 0.881 0.638 0.879 0.473 0.074 0.874 0.912

The data are presented as mean+standard deviation. BUN blood urea nitrogen; ALT Alanine transaminase; AST Aspartate transaminase; ACTH

Adrenocorticotropic hormone; SEM standard error of the mean
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of approximately 18% in triglyceride levels was detected
with increasing doses of NR supplementation (p<0.001).
An interaction was also observed between stress conditions
and NR supplementation on triglyceride levels (p<0.05).
No significant differences were observed in serum BUN
or creatinine levels between the normal and CVS groups
(p>0.05, Table 2). Insulin levels decreased in the CVS
group (p<0.001, Table 2), with a significant interaction
between stress and NR supplementation (»p<0.001).

Liver triglycerides and nicotinamide metabolites

Liver triglyceride levels increased in rats exposed to CVS
compared to rats kept under normal conditions (p<0.001,
Table 3). In rats exposed to chronic variable stress fac-
tors, increasing doses of NR supplementation resulted in
a linear decrease of approximately 18% in liver triglycer-
ide levels (»p<0.001). Liver NAM levels were significantly
lower in rats exposed to CVS compared to the normal group
(»<0.001, Table 3). With increasing doses of NR supple-
mentation, a linear increase in NAM levels was observed,
reaching approximately 49% in the normal group and 71%
in the CVS group (p<0.001, Table 3). Liver NAD+and
NADPH levels showed a decrease in the CVS groups
(»<0.001, Table 3). In the normal group, a linear and qua-
dratic increase of approximately 129% in NAD +levels and
about 44% in NADPH levels was found with increasing

doses of NR supplementation (p<0.001). In the stress group,
a linear increase of approximately 77% in NAD +levels and
about 68% in NADPH levels was detected (p<0.001). An
interaction was detected between stress exposure and NR
supplementation concerning NAD+and NADPH levels
(»<0.001 and p=0.038, respectively). Liver NA concentra-
tion decreased with stress exposure (p<0.001, Table 3). In
the group not subjected to chronic variable stress, a linear
increase of approximately 34% in NA concentration was
observed with increasing doses of NR supplementation
(»<0.005). In the stress group, a linear increase of approxi-
mately 46% in NA concentration was found with increasing
doses of NR supplementation (»p<0.001).

Liver protein levels

The liver PPARY protein levels were found to be decreased
in animals exposed to chronic variable stress factors
(»<0.001). In the stress-exposed groups, NR supplemen-
tation dose-dependently increased PPARy protein levels
(»<0.001, Fig. 3A). An interaction was observed between
the stress condition and NR supplementation regarding
PPARYy protein levels (p<0.001). In the normal groups,
NR supplementation did not cause any statistically sig-
nificant change in PPARy protein levels (p>0.05). How-
ever, in the stress-exposed groups, a linear and quadratic
increase in PPARY protein levels was observed (p<0.05).

Table 3 The statistical analysis of the effect of different doses of nicotinamide riboside (NR) on biochemical parameters in normal (N) and chronic
variable stress (CVS)-exposed rats (Two-way ANOVA and polynomial contrast, p<0.05)

Condition NR Triglyceride (mg/g) NAM (pmol/g) NAD" (umol/g) NADPH (nmol/g) NA (umol/g)
N 0 54.20 3.16 0.98 71.31 1.97
150 53.60 3.71 1.31 86.28 2.26
300 51.31 4.07 1.70 96.28 2.50
600 48.92 4.71 2.25 103.06 2.64
CvSs 0 74.43 1.69 0.45 35.23 1.21
150 64.92 2.18 0.59 45.72 1.46
300 62.60 2.66 0.70 52.80 1.60
600 60.57 2.89 0.80 59.40 1.77
SEM 1.30 0.13 0.08 3.14 0.06
ANOVA Condition 0.001 0.001 0.001 0.001 0.001
NR 0.001 0.001 0.001 0.001 0.001
Condition x NR 0.141 0.001 0.001 0.038 0.105
Polynomial Contrast
N Linear 0.086 0.001 0.001 0.001 0.001
Quadratic 0.696 0.342 0.001 0.028 0.042
Cubic 0.879 0.047 0.551 0.826 0.667
CVS Linear 0,001 0.001 0.001 0.001 0.001
Quadratic 0,109 0.001 0.293 0.069 0.190
Cubic 0,500 0.094 0.838 0.528 0.248

The data are presented as mean#standard deviation. NAM Nicotinamide; NAD+ Nicotinamide adenine dinucleotide; NADPH Nicotinamide
adenine dinucleotide phosphate; N4 Nicotinic acid; SEM standard error of the mean
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Fig.3 The effects of different nicotinamide riboside doses on the levels
of PPARy (A), SIRT1 (B), FASN (C), GLUT2 (D), and IRS1 (E) pro-
teins in the liver tissue of rats under normal (N) and chronic variable
stress (CVS) conditions. Protein levels were analyzed via Western blot
using B-actin as a loading control to ensure equal protein loading. The
representative bands are displayed in panel (F). Different letters (a—d)
indicate statistically significant differences between groups (»<0.05)
according to Tukey’s post hoc test following two-way ANOVA.
Two-way ANOVA revealed significant effects for PPARy (Condition

Stress exposure resulted in a decrease in SIRT1 protein lev-
els (p<0.001, Fig. 3B). It was determined that NR admin-
istered at different doses linearly increased SIRT1 protein
levels in both normal and chronic variable stress-exposed
groups (p<0.001). FASN protein levels were found to be
increased in stress-exposed rats compared to those not
subjected to stress (p<0.001, Fig. 3C). An interaction was
identified between stress and NR supplementation concern-
ing FASN levels (p<0.001). In the normal groups, no sig-
nificant effect of NR supplementation on FASN levels was
observed (p>0.05), whereas a linear decrease was noted
in the groups exposed to stress (p<0.001). The effect of
stress led to a decrease in GLUT2 and IRS1 protein levels
(»<0.001, Fig. 3D and E). In the group subjected to chronic
variable stress, NR supplementation resulted in an increase
in both GLUT2 and IRS1 protein levels (»p<0.001). NR
supplementation in the stressed group, a linear increase was
observed (p<0.001). Furthermore, in the chronic variable
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»<0.0001; NR p<0.0001; Condition x NR p<0.0001), SIRT1 (Con-
dition p<0.0001; NR p=0.1593; Condition x NR p=0.0006), FASN
(Condition p<0.0001; NR p<0.0001; Condition x NR p<0.0001),
GLUT2 (Condition p<0.0001; NR p=0.4003; Condition x NR
»=0.002), and IRS1 (Condition p<0.0001; NR p=0.0004; Condi-
tion x NR p=0.0169). Comprehensive statistical data are presented in
Supplementary Table A.2 and full immunoblots images are shown in
supplementary Fig. A.1

stress-exposed groups, linear and quadratic increases in
IRS1 levels were noted (p <0.05), while no significant effect
on IRS1 levels was observed in the normal groups (p>0.05).

Jejunum protein levels

In this study, the levels of jejunal cell junction proteins clau-
din-1, ZO-1, and mucin protein MUC-2 were examined. It
was found that in rats subjected to stress, the levels of these
proteins decreased compared to the non-stressed group
(»<0.001, Fig. 4A, D and E). An interaction between stress
conditions and NR supplementation was identified con-
cerning the levels of claudin-1, ZO-1, and MUC-2 proteins
(»<0.001). In the normal group, a linear increase in MUC-2
levels was observed with increasing doses of NR supple-
mentation (p<0.001), while no significant differences were
found in the levels of claudin-1 and ZO-1 proteins (p>0.05).
However, in the groups subjected to chronic variable stress,
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Fig. 4 The effects of different nicotinamide riboside doses on the lev-
els of Claudin-1 (A), Claudin-4 (B), Occludin (C), ZO-1 (D), MUC-2
(E), SGLT1 (F), and GLUT2 (G) proteins in the jejunum tissue of rats
under normal (N) and chronic variable stress (CVS) conditions. West-
ern blot analysis was performed using B-actin as a loading control to
ensure equal protein loading. All bands are shown in (H). Different let-
ters (a—e) indicate statistically significant differences between groups
(»<0.05) according to Tukey’s post hoc test following two-way
ANOVA. Two-way ANOVA revealed significant effects for Claudin-1
(Condition p<0.0001; NR p<0.0001; Condition x NR p=0.0002),

a linear increase in claudin-1 levels was observed, along
with linear and quadratic increases in the levels of ZO-1
and MUC-2 proteins (p<0.05). The level of jejunal clau-
din-4 protein was found to be decreased in stressed rats
compared to the control group (p<0.001, Fig. 4B). An inter-
action between stress conditions and NR supplementation

Claudin-4 (Condition p<0.0001; NR p<0.0001; Condition x NR
p=0.0155), Occludin (Condition p<0.0001; NR p<0.0001; Condi-
tion x NR p<0.0001), ZO-1 (Condition p<0.0001; NR p<0.0001;
Condition x NR p<0.0001), MUC-2 (Condition p<0.0001; NR
2<0.0001; Condition x NR p<0.0001), SGLT1 (Condition p<0.0001;
NR p<0.0001; Condition x NR p=0.0002), and GLUT2 (Condition
»<0.0001; NR p<0.0001; Condition x NR p<0.0001). Comprehen-
sive statistical data are presented in Supplementary Table A.3 and full
immunoblots images are shown in supplementary Fig. A.2

regarding claudin-4 protein levels was noted (p<0.05). A
linear increase in claudin-4 protein levels was observed
with increasing doses of NR supplementation in both
stressed and non-stressed groups (»<0.05). A decrease in
the levels of jejunal occludin, SGLT1, and GLUT2 proteins
was observed due to stress exposure (p<0.001, Fig. 4C, F
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and G). There was an interaction between stress conditions
and NR supplementation regarding the levels of occludin,
SGLT1, and GLUT?2 proteins (p<0.05). In the groups sub-
jected to stress, a linear and quadratic increase in occludin
and GLUT?2 protein levels was detected in parallel with the
increasing doses of NR supplementation (p<0.05), while a
linear and quadratic decrease in SGLT1 protein levels was
noted (p<0.001). In the stressed group, a linear increase in
occludin, SGLT1, and GLUT?2 protein levels was observed
with increasing doses of NR supplementation (p <0.05).

In CVS-treated rats, protein levels of jejunum PepTl,
LAT2, EAAT3, FABP2, and FATP4 were significantly
reduced compared to the normal group (p<0.0001, Fig. 5).
NR supplementation at various doses led to a linear increase
in PepT1, LAT2, and FATP4 protein levels in CVS groups
(»<0.001, Fig. 5A, B and C). Additionally, increases in
PepT1 levels (linear, p<0.001) and in FABP2 levels (linear
»<0.001) were identified in CVS-treated groups (Fig. SA
and D). Similarly, an increase in FATP4 levels was observed
in both normal and CVS groups (linear, p<0.001, Fig. 5E).
An interaction between stress conditions and NR supple-
mentation was observed for these proteins (p<0.05).

Histopathological analyses in the liver and jejunum

In the stress group, macro and microvesicular steatosis
was observed in hepatocytes surrounding the central vein.
No significant difference was found between the groups
treated with NR and the control group (Fig. 6). The steatosis
observed in the stress group was not present in the treatment
groups.

In rats subjected to chronic variable stress, it was
observed that stress significantly reduced jejunum villus
length (p=0.003, Fig. 7B). An interaction between stress
and nicotinamide riboside (NR) supplementation was iden-
tified (p=0.003). In stressed rats, a linear and quadratic
increase in villus length was noted with increasing doses of
NR (p<0.001 and p=0.008), whereas no significant changes
were detected in non-stressed rats (p>0.05). Furthermore,
stress exposure was found to decrease the crypt depth in the
jejunum (p=0.024, Fig. 7C). When examining the interac-
tion between stress and NR on crypt depth, an interaction
was also identified between these two factors (p<0.001).
In rats housed in normal conditions, NR supplementation
did not show any effect on crypt depth (p>0.05). However,
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Fig.5 The effects of different nicotinamide riboside doses on the levels
of PepT1 (A), LAT2 (B), EAAT3 (C), FABP2 (D), and FATP4 (E) pro-
teins in the jejunum tissue of rats under normal and chronic variable
stress (CVS) conditions. Western blot analysis was performed using
B-actin as a loading control to ensure equal protein loading. All bands
are shown in (G). Different letters (a—e) indicate statistically signifi-
cant differences between groups (p<0.05) according to Tukey’s post
hoc test following two-way ANOVA. Two-way ANOVA revealed sig-
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nificant effects for PepT1 (Condition p<0.0001; NR p=0.0001; Con-
dition x NR p<0.0001), LAT2 (Condition p<0.0001; NR p=0.0002;
Condition x NR p=0.0007), EAAT3 (Condition p<0.0001; NR
»<0.0001; Condition x NR p<0.0001), FABP2 (Condition p<0.0001;
NR p<0.0001; Condition x NR p=0.0236), and FATP4 (Condition
»<0.0001; NR p<0.0001; Condition x NR p=0.3521). Comprehen-
sive statistical data are presented in Supplementary Table A.4 and full
immunoblots images are shown in supplementary Fig. A.3
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Fig. 6 Histopathological appearance of hepatic tissue stained with

Hematoxylin-Eosin (H&E): NRO (A), NR150 (B), NR300 (C), NR600
(D), CVS-NRO (E), CVS-NR150 (F), CVS-NR300 (G), CVS-NR600

(H). Blue arrow: hepatocytes, green arrow: central vein, yellow arrow:
portal area, red arrow: fat vacuoles (H&E x200)
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Fig. 7 Histopathological appearance of jejunum tissue stained with
Hematoxylin-Eosin (H&E): Panel A: NRO (A), NR150 (B), NR300
(C), NR600 (D), CVS-NRO (E), CVS-NR150 (F), CVS-NR300 (G),
CVS-NR600 (H). (H&E x100). Blue arrow: villus; red arrow: crypt;
yellow arrow: inflammation. Effects of different doses of nicotinamide
riboside on villus length (Panel B) and crypt depth (Panel C) in jeju-
num tissue of normal (N) and chronic variable stress (CVS) exposed
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rats. Different letters (a—d) indicate statistically significant differences
between groups (p<0.05) according to Tukey’s post hoc test follow-
ing two-way ANOVA. Two-way ANOVA revealed significant effects
for villus length (Condition p<0.0001; NR p=0.0001; Condition x
NR p<0.0001), and crypt depth (Condition p<0.0001; NR p<0.0001;
Condition x NR p=0.0239). In addition, comprehensive statistical data
can be found in Supplementary Table A.5
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in rats exposed to chronic variable stress, a linear and qua-
dratic increase in crypt depth was observed with increasing
doses of NR (p<0.001 and p=0.044). Comprehensive sta-
tistical data can be found in Supplementary Table S5.

Beyond microscopic evaluation, no clinical signs of tox-
icity such as reduced mobility, grooming abnormalities, or
decreased food intake, were observed in any NR-only group
during the study period. Body weight progression remained
within physiological limits at all NR doses, and serum
BUN and creatinine levels showed no indication of renal
impairment.

Discussion

This study was conducted to investigate the dose-dependent
effects of NR supplementation on liver and intestinal health
in rats exposed to chronic variable stress (CVS). Chronic
stress is widely recognized for its detrimental impact on
metabolic, endocrine, and structural homeostasis, particu-
larly in the liver and intestine, where glucocorticoid excess
induces oxidative stress, inflammation, and epithelial dis-
ruption [1, 3, 7]. Our findings demonstrate that NR exerts
significant protective and restorative effects, supporting its
potential use as a therapeutic agent in stress-induced meta-
bolic disturbances.

Consistent with earlier studies, CVS markedly increased
serum ALT and AST levels, indicating hepatocellular injury
driven by glucocorticoid-mediated oxidative and inflamma-
tory stress [50, 51]. NR supplementation dose-dependently
normalized these enzymes, demonstrating strong hepato-
protection. Because NR has not previously been evaluated
in a CVS model, dose selection was based on effective and
well-tolerated ranges reported in neuropathy (200 mg/kg
[41, 42]), metabolic dysfunction (400 mg/kg [23, 43]), and
cardiometabolic disease models (100400 mg/kg [40, 44]).
Despite the highest dose (600 mg/kg) exceeding human
clinical intake ranges, such differences reflect higher meta-
bolic rate and NAD" turnover in rodents. Across all evalu-
ated endpoints including BUN, creatinine, ALT/AST, body
weight, and histopathology, no NR-related toxicity was
observed. However, we acknowledge that full toxicologi-
cal characterization (organ weights, behavioral assessments,
long-term exposure) is required for translational relevance.

Chronic stress has been shown to significantly increase
serum corticosterone and ACTH levels, likely due to hyper-
activation of the hypothalamic-pituitary-adrenal axis as part
of the physiological stress response [51]. Elevated glucocor-
ticoids are known to induce hyperglycemia by stimulating
gluconeogenesis and glycogenolysis [52]. NR supplementa-
tion substantially reduced corticosterone, ACTH, and glu-
cose concentrations in stressed rats, suggesting regulatory
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effects on neuroendocrine stress signaling and glucose
homeostasis. CVS further disrupted lipid metabolism, as
evidenced by increased triglyceride levels [53]. Whereas
NR lowered triglycerides in a dose-dependent manner.
Reduced insulin levels observed under CVS are in line with
reports that chronic glucocorticoid elevation impairs insu-
lin signaling [54]. NR restored insulin levels under stress,
likely through SIRT1-dependent improvements in meta-
bolic regulation [55].

Chronic stress is known to induce hepatic steatosis,
reflected by increased hepatic triglyceride accumulation and
histopathological damage [56]. Similarly, CVS increased
hepatic triglycerides in our study, whereas NR supplemen-
tation significantly reduced these levels. Additionally, NR
supplementation elevated hepatic NAM, NAD*, NADPH,
and NA concentrations in both normal and CVS groups,
consistent with research demonstrating that NR efficiently
increases intracellular NAD" pools [38]. Elevated NAD
+ levels are believed to play a critical role in preventing
hepatic lipid accumulation, enhancing mitochondrial func-
tion, and mitigating the adverse effects of CVS on the liver
by reducing oxidative stress [57]. In addition to NAD+,
its precursors NA and NAM contribute to sustaining NAD
+ biosynthesis, which supports glucose homeostasis and
reduces liver steatosis [58]. Furthermore, the observed
increase in NADPH levels reinforces liver health by pre-
venting oxidative damage, maintaining cellular redox bal-
ance, and reducing inflammation [59]. These findings
collectively underscore the pivotal role of NR supplementa-
tion and its metabolites in protecting and supporting liver
health, particularly under conditions of chronic stress.

At the molecular level, CVS induced marked reduc-
tions in PPARy, SIRT1, SREBF1, FASN, GLUT2, and
IRS1 protein levels, each of which plays a crucial role in
regulating hepatic lipid and glucose metabolism. PPARY is
protective against liver fibrosis and metabolic dysfunction
[60, 61]; its normalization by NR suggests mitigation of
stress-related fibrogenic processes. CVS-induced suppres-
sion of SIRT1, previously associated with hepatic steatosis
and inflammation [23, 62], was dose-dependently reversed
by NR. Likewise, CVS-driven activation of the SREBF1-
FASN lipogenic pathway [63] was suppressed by NR
supplementation, demonstrating reversal of stress-induced
lipogenesis. Decreased GLUT2 expression, a hallmark of
impaired hepatic glucose handling, was alleviated by NR
in agreement with Chen et al., 2020 [64]. The NR-mediated
restoration of IRS1, a key regulator of insulin signaling and
cell survival [65], further confirms NR’s role in improving
metabolic function under stress.

The biomarker panel used in this study was intentionally
selected to represent four mechanistically interconnected
metabolic and epithelial pathways known to be disrupted



Modulation of SIRT1/PPARy pathways and tight junction proteins by nicotinamide riboside under chronic...

Page 13 of 16 3

by CVS, rather than redundant endpoints. GLUT2 and
IRS1 were chosen as central markers of glucose—insulin
homeostasis because glucocorticoid excess suppresses both
glucose uptake and insulin signaling, and their normaliza-
tion by NR reflects restoration of NAD*/SIRT1-dependent
metabolic regulation [12, 66]. SREBF1 and FASN were
included as indices of hepatic lipogenesis, as CVS acti-
vates the SREBF1-FASN axis and promotes steatosis [13,
40]. PepT1, LAT2, and EAAT3 were evaluated to capture
amino acid and peptide absorption pathways, which influ-
ence insulin secretion, mTOR signaling, and epithelial met-
abolic adaptation, and are highly sensitive to stress-induced
mucosal injury [15, 16]. FABP2 and FATP4 represented
long-chain fatty acid uptake and intracellular trafficking,
processes linked to intestinal barrier function, systemic
inflammation, and insulin resistance [17, 18]. Integrating
these markers provides a coherent mechanistic framework
showing how CVS disrupts interconnected metabolic net-
works and how NR counteracts these alterations by restor-
ing NAD*-dependent metabolic and epithelial pathways.

Chronic stress is well-documented to compromise intes-
tinal barrier integrity and increase intestinal permeability,
primarily by affecting tight junction proteins. Zheng et al.
demonstrated that chronic stress reduces claudin-1 levels, a
key tight junction protein in the intestinal epithelium, weak-
ening the barrier function [67]. Similarly, Machorro-Rojas
et al. found that chronic immobilization stress significantly
lowers occludin and claudin-4 levels in the colon epithe-
lium, leading to colon barrier dysfunction [68]. Addition-
ally, stress-induced reductions in ZO-1 protein levels have
been linked to exacerbating conditions such as inflamma-
tory bowel disease [69].

The MUC2 protein, which forms a protective mucus
layer over the intestinal epithelium and is vital for main-
taining intestinal homeostasis, is also affected by chronic
stress. Shigeshiro et al. reported that exposure to repeated
water immersion stress reduces the number of goblet cells
and suppresses the levels of MUC2 secreted by these cells,
resulting in a decrease in colon MUC2 levels [10]. In the
present study, similar significant decreases in claudin-1,
claudin-4, occludin, ZO-1, and MUC?2 levels were observed
in the CVS groups. Notably, NR supplementation reversed
these reductions, improving the levels of these proteins. This
suggests that NR supplementation helps maintain intestinal
barrier integrity, reduces permeability to pathogens, and
supports glucose absorption. These results highlight the
beneficial effects of NR on gut health. There are inconsis-
tencies in the literature regarding SGLT1 levels under stress,
with Chooi Yeng et al. reporting no changes in GLUT?2 lev-
els but observing an increase in SGLT1 levels in the jeju-
num and ileum [70]. In contrast, our study found decreases

in both GLUT2 and SGLT1 levels in the CVS groups. These
differences suggest that stress may have variable effects on
glucose transport proteins, highlighting the need for further
research to understand these mechanisms better.

There is limited information in the literature on the effects
of chronic variable stress (CVS) on the protein levels of
PepT1, LAT2, EAAT3, FABP2, and FATP4 in the jejunum.
Therefore, direct comparison of the nutrient transporter
data from this study with existing findings is not possible.
However, previous studies suggest that stress increases
intestinal permeability and can negatively impact the func-
tion of transporter proteins [71, 72]. In this study, CVS was
found to reduce the protein levels of PepT1, LAT2, EAAT3,
FABP2, and FATP4 in rats compared to the control group.
Notably, NR treatment improved the levels of these proteins
in CVS-exposed rats. Additionally, chronic stress has been
shown to cause structural changes in the gut, such as vil-
lus atrophy and reduced crypt depth [7]. Our findings align
with these observations, as we also noted similar atrophic
changes in stressed groups. However, NR treatment dem-
onstrated significant protective effects, reversing villus atro-
phy and increasing crypt depth. These results suggest that
NR supplementation has a restorative and protective effect
on gastrointestinal alterations caused by chronic stress.

Emerging evidence further contextualizes our findings
by showing that NR may exert context-dependent or even
bidirectional effects in stress environments. In aged mice,
NR increased stress sensitivity and altered hematopoietic
homeostasis under chronic stress conditions [32]. Similarly,
in chronic corticosterone exposure, NR modulated mito-
chondrial function, oxidative-inflammatory signaling, and
behavioral stress vulnerability [33]. These studies indicate
that NR’s biological effects depend on the physiological
environment and degree of glucocorticoid burden. Given
that CVS induces persistent glucocorticoid excess, mito-
chondrial redox imbalance, tight junction destabilization,
mucin depletion, epithelial atrophy, and metabolic suppres-
sion, the CVS paradigm is a robust model for evaluating
NR'’s actions. The present findings demonstrate that NR
supplementation restores NAD* bioavailability, supports
SIRT1-dependent mitochondrial and metabolic activity,
normalizes lipid and glucose regulatory pathways, and pre-
serves intestinal epithelial integrity.

The beneficial effects of NR observed in this study are
attributable to its ability to replenish NAD" pools essen-
tial for cellular energy production, DNA repair, and meta-
bolic regulation. By enhancing NAD*-dependent processes,
including SIRT1 activation, NR effectively reduces oxida-
tive stress, inflammation, and lipid accumulation, thereby
supporting coordinated liver—gut axis health under chronic
stress conditions.
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Conclusions

In conclusion, the present study has shown that the appli-
cation of NR supplementation, particularly at a high dose
(600 mg/kg), resulted in an increase in liver NAD+and
metabolite levels in rats exposed to CVS; furthermore, it
demonstrated an improvement in the levels of liver meta-
bolic regulatory proteins, potentially alleviating metabolic
abnormalities. Additionally, the increase in adhesion and
tight junction proteins in the intestine, which had decreased
due to stress as a result of NR supplementation, could
improve intestinal barrier integrity. NR supplementation
has been found to alleviate the adverse effects of stress on
liver and gut health. Future studies should explore the trans-
lational potential of NR in clinical settings and its broader
applicability across other stress-related health conditions.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s13105-0
26-01153-7.

Acknowledgements The authors thank the Scientific and Technologi-
cal Research Council of Tiirkiye for supporting the project (TUBI-
TAK-123S5482).

Author contributions AC-Data curation, Formal analysis, Investiga-
tion, Methodology, Writing — original draft. NS-Conceptualization,
Formal analysis, Investigation, Methodology, Supervision, Visualiza-
tion, CO-Data curation, Formal analysis. Methodology, BE-Formal
analysis. FE-Formal analysis. BO-Formal analysis MT-Formal analy-
sis, IHO-Formal analysis. KS-Conceptualization, Funding acquisition,
Investigation, Methodology, Project administration, Supervision. Vi-
sualization, Writing — original draft; Writing — review & editing.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). This study was
supported by the Scientific and Technological Research Council of
Tiirkiye (TUBITAK-123S482).

Data availability The datasets used and analyzed in this current study
are available from the corresponding author upon reasonable request.

Declarations

Ethics statement Animal experiments were approved by the Local
Ethics Committee for Animal Experiments of Firat University (proto-
col number: 27.02.2024-22557).

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended

@ Springer

use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Ebrahim OS, Sayed HA, Rabei S, Hegazy N (2024) Per-
ceived stress and anxiety among medical students at Helwan
university: A cross-sectional study. J Public Health Res
13:22799036241227891. https://doi.org/10.1177/227990362412
27891

2. Tagliari B, Noschang CG, Ferreira AGK et al (2010) Chronic
variable stress impairs energy metabolism in prefrontal cortex
and hippocampus of rats: prevention by chronic antioxidant treat-
ment. Metab Brain Dis 25:169—176. https://doi.org/10.1007/s110
11-010-9194-x

3. LiC, Guo Z, Zhao R et al (2017) Proteomic analysis of liver pro-
teins in a rat model of chronic restraint stress-induced depression.
BioMed Res Int 2017:7508316. https://doi.org/10.1155/2017/750
8316

4. Zafar MS, Nauman M, Nauman H et al (2021) Impact of stress on
human body: A review. Eur J Med Health Sci 3:1-7. https://doi.o
rg/10.24018/ejmed.2021.3.3.821

5. Loépez-Lopez AL, Jaime HB, del Escobar Villanueva M C, et
al (2016) Chronic unpredictable mild stress generates oxidative
stress and systemic inflammation in rats. Physiol Behav 161:15—
23. https://doi.org/10.1016/j.physbeh.2016.03.017

6. Dille M, Nikolic A, Wahlers N et al (2022) Long-term adjust-
ment of hepatic lipid metabolism after chronic stress and the
role of FGF21. Biochim biophys acta BBA -. Mol Basis Dis
1868:166286. https://doi.org/10.1016/j.bbadis.2021.166286

7. Xu M-Y, Guo C-C, Li M-Y et al (2022) Brain-gut-liver axis:
chronic psychological stress promotes liver injury and fibrosis via
gut in rats. Front Cell Infect Microbiol 12. https://doi.org/10.3389
/fcimb.2022.1040749

8. Mehranfard N, Yazdi A, Sardooi AR et al (2020) Honey protects
against chronic unpredictable mild stress induced- intestinal
barrier disintegration and hepatic inflammation. Mol Biol Rep
47:8475-8484. https://doi.org/10.1007/s11033-020-05888-4

9. Shepherd EJ, Helliwell PA, Mace OJ et al (2004) Stress and glu-
cocorticoid inhibit apical GLUT2-trafficking and intestinal glu-
cose absorption in rat small intestine. J Physiol 560:281-290. htt
ps://doi.org/10.1113/jphysiol.2004.072447

10. Shigeshiro M, Tanabe S, Suzuki T (2012) Repeated exposure
to water immersion stress reduces the Muc2 gene level in the
rat colon via two distinct mechanisms. Brain Behav Immun
26:1061-1065. https://doi.org/10.1016/j.bbi.2012.05.016

11. Bai X, lhara E, Ogawa Y (2024) A23 impairment of intestinal
Cryptal stem cell cycle and Paneth cell proliferation by chronic
stress. J Can Assoc Gastroenterol 7:13. https://doi.org/10.1093/jc
ag/gwad061.023

12. Berger C, Zdzieblo D (2020) Glucose transporters in pancreatic
Islets. Pflugers Arch 472:1249-1272. https://doi.org/10.1007/s00
424-020-02383-4

13. Shimano H, Sato R (2017) SREBP-regulated lipid metabolism:
convergent physiology - divergent pathophysiology. Nat Rev
Endocrinol 13:710-730. https://doi.org/10.1038/nrendo.2017.91

14. Xiong X, Wang X, Lu Y et al (2014) Hepatic steatosis exacer-
bated by Endoplasmic reticulum stress-mediated downregulation
of FXR in aging mice. J Hepatol 60:847-854. https://doi.org/10.1
016/j.jhep.2013.12.003


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/22799036241227891
https://doi.org/10.1177/22799036241227891
https://doi.org/10.1007/s11011-010-9194-x
https://doi.org/10.1007/s11011-010-9194-x
https://doi.org/10.1155/2017/7508316
https://doi.org/10.1155/2017/7508316
https://doi.org/10.24018/ejmed.2021.3.3.821
https://doi.org/10.24018/ejmed.2021.3.3.821
https://doi.org/10.1016/j.physbeh.2016.03.017
https://doi.org/10.1016/j.bbadis.2021.166286
https://doi.org/10.3389/fcimb.2022.1040749
https://doi.org/10.3389/fcimb.2022.1040749
https://doi.org/10.1007/s11033-020-05888-4
https://doi.org/10.1113/jphysiol.2004.072447
https://doi.org/10.1113/jphysiol.2004.072447
https://doi.org/10.1016/j.bbi.2012.05.016
https://doi.org/10.1093/jcag/gwad061.023
https://doi.org/10.1093/jcag/gwad061.023
https://doi.org/10.1007/s00424-020-02383-4
https://doi.org/10.1007/s00424-020-02383-4
https://doi.org/10.1038/nrendo.2017.91
https://doi.org/10.1016/j.jhep.2013.12.003
https://doi.org/10.1016/j.jhep.2013.12.003
https://doi.org/10.1007/s13105-026-01153-7
https://doi.org/10.1007/s13105-026-01153-7

Modulation of SIRT1/PPARy pathways and tight junction proteins by nicotinamide riboside under chronic...

Page 15 of 16 3

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Broer S (2022) Amino acid transporters as modulators of glucose
homeostasis. Trends Endocrinol Metab TEM 33:120-135. https:/
/doi.org/10.1016/j.tem.2021.11.004

Javed K, Fairweather SJ (2019) Amino acid transporters in the
regulation of insulin secretion and signalling. Biochem Soc Trans
47:571-590. https://doi.org/10.1042/BST20180250

Huang X, Zhou Y, Sun Y, Wang Q (2022) Intestinal fatty acid
binding protein: A rising therapeutic target in lipid metabolism.
Prog Lipid Res 87:101178. https://doi.org/10.1016/j.plipres.2022
101178

Li H, Herrmann T, SeeB3le J et al (2022) Role of fatty acid trans-
port protein 4 in metabolic tissues: insights into obesity and fatty
liver disease. Biosci Rep 42:BSR20211854. https://doi.org/10.10
42/BSR20211854

Sharma C, Donu D, Cen Y (2022) Emerging role of nicotinamide
riboside in health and diseases. Nutrients 14:3889. https://doi.org
/10.3390/mu14193889

Giroud-Gerbetant J, Joffraud M, Giner MP et al (2019) A reduced
form of nicotinamide riboside defines a new path for NAD + bio-
synthesis and acts as an orally bioavailable NAD + precursor. Mol
Metab 30:192-202. https://doi.org/10.1016/j.molmet.2019.09.013
Pandit A, Kim H-J, Oh G-S et al (2015) Dunnione amelio-
rates cisplatin-induced small intestinal damage by modulating
NAD +metabolism. Biochem Biophys Res Commun 467:697—
703. https://doi.org/10.1016/j.bbrc.2015.10.081

Poljsak B, Milisav I (2016) NAD+as the link between oxidative
stress, inflammation, caloric restriction, exercise, DNA repair,
longevity, and health span. Rejuvenation Res 19:406—413. https:/
/doi.org/10.1089/rej.2015.1767

Cant6 C, Houtkooper RH, Pirinen E et al (2012) The NAD +pre-
cursor nicotinamide riboside enhances oxidative metabolism
and protects against high-fat diet-induced obesity. Cell Metab
15:838-847. https://doi.org/10.1016/j.cmet.2012.04.022
Sambeat A, Ratajczak J, Joffraud M et al (2019) Endogenous
nicotinamide riboside metabolism protects against diet-induced
liver damage. Nat Commun 10:4291. https://doi.org/10.1038/s41
467-019-12262-x

Wang S, Wan T, Ye M et al (2018) Nicotinamide riboside attenu-
ates alcohol induced liver injuries via activation of SirT1/PGC-1a/
mitochondrial biosynthesis pathway. Redox Biol 17:89-98. https
://doi.org/10.1016/j.redox.2018.04.006

Gariani K, Menzies KJ, Ryu D et al (2016) Eliciting the mito-
chondrial unfolded protein response by nicotinamide adenine
dinucleotide repletion reverses fatty liver disease in mice. Hepa-
tology 63:1190. https://doi.org/10.1002/hep.28245

Niflo-Narvion J, Rojo-Lopez MI, Martinez-Santos P et al (2023)
NAD+Precursors and intestinal inflammation: therapeutic
insights involving gut microbiota. Nutrients 15:2992. https://do
1.0rg/10.3390/nu15132992

Peluso AA, Lundgaard AT, Babaei P et al (2023) Oral supplemen-
tation of nicotinamide riboside alters intestinal microbial compo-
sition in rats and mice, but not humans. Npj Aging 9:7. https://do
i.org/10.1038/s41514-023-00106-4

Zhang X, Tian B, Deng Q et al (2022) Nicotinamide riboside
relieves the severity of experimental necrotizing Enterocolitis
by regulating endothelial function via eNOS deacetylation. Free
Radic Biol Med 184:218-229. https://doi.org/10.1016/j.freeradbi
omed.2022.04.008

Li W, Zhou Y, Pang N et al (2022) NAD supplement alleviates
intestinal barrier injury induced by ethanol via protecting epithe-
lial mitochondrial function. Nutrients 15:174. https://doi.org/10.3
390/nul5010174

Chen Y, Yu T (2023) Nicotinamide riboside alleviates heat stress-
induced intestinal barrier dysfunction in mice. https://doi.org/10.
1097/SHK.0000000000002628

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Culig L, Kashyap A, Kuribayashi W et al (2025) Nicotinamide
riboside treatment enhances stress sensitivity and modulates
hematological dynamics in aged mice. GeroScience. https://doi.o
rg/10.1007/s11357-025-01793-5

Orhan C, Sahin E, Tuzcu M et al (2023) Nicotinamide riboside
and phycocyanin oligopeptides affect stress susceptibility in
chronic Corticosterone-Exposed rats. Antioxidants 12:1849. https
://doi.org/10.3390/antiox 12101849

Bitd A, Scorei IR, Ciocilteu MV et al (2023) Nicotinamide Ribo-
side, a promising vitamin B3 derivative for healthy aging and
longevity: current research and perspectives. Mol Basel Switz
28:6078. https://doi.org/10.3390/molecules28166078

Faul F, Erdfelder E, Lang A-G, Buchner A (2007) G*Power 3: A
flexible statistical power analysis program for the social, behav-
ioral, and biomedical sciences. Behav Res Methods 39:175-191.
https://doi.org/10.3758/BF03193146

Cohen J (2013) Statistical power analysis for the behavioral sci-
ences, 2nd edn. Routledge, New York

Percie du Sert N, Hurst V, Ahluwalia A et al (2020) The ARRIVE
guidelines 2.0: updated guidelines for reporting animal research.
PLoS Biol 18:e3000410. https://doi.org/10.1371/journal.pbio.30
00410

Trammell SAJ, Schmidt MS, Weidemann BJ et al (2016) Nico-
tinamide riboside is uniquely and orally bioavailable in mice and
humans. Nat Commun 7:12948. https://doi.org/10.1038/ncomms
12948

Mehmel M, Jovanovi¢ N, Spitz U (2020) Nicotinamide ribo-
side—The current state of research and therapeutic uses. Nutri-
ents 12:1616. https://doi.org/10.3390/nu12061616

de Castro JM, Assumpc¢éo JAF, Stein DJ et al (2020) Nicotin-
amide riboside reduces cardiometabolic risk factors and modu-
lates cardiac oxidative stress in obese Wistar rats under caloric
restriction. Life Sci 263:118596. https://doi.org/10.1016/j.1f5.202
0.118596

Hamity MV, Kolker SJ, Hegarty DM et al (2022) Nicotinamide
riboside alleviates corneal and somatic hypersensitivity induced
by Paclitaxel in male rats. Invest Ophthalmol Vis Sci 63:38. https
://doi.org/10.1167/i0vs.63.1.38

Hamity MV, White SR, Walder RY et al (2017) Nicotinamide
riboside, a form of vitamin B3 and NAD +precursor, relieves
the nociceptive and aversive dimensions of paclitaxel-induced
peripheral neuropathy in female rats. Pain 158:962-972. https://d
0i.0rg/10.1097/j.pain.0000000000000862

de Castro JM, Stein DJ, Medeiros HR et al (2021) Nicotinamide
riboside neutralizes hypothalamic inflammation and increases
weight loss without altering muscle mass in obese rats under calo-
rie restriction: a preliminary investigation. Front Nutr 8. https://d
oi.org/10.3389/fnut.2021.648893

Lee HJ, Hong Y-S, Jun W, Yang SJ (2015) Nicotinamide ribo-
side ameliorates hepatic metaflammation by modulating NLRP3
inflammasome in a rodent model of type 2 diabetes. ] Med Food
18:1207-1213. https://doi.org/10.1089/jmf.2015.3439

Orhan C, Tuzcu M, Deeh PBD et al (2019) Organic chromium
form alleviates the detrimental effects of heat stress on nutrient
digestibility and nutrient transporters in laying hens. Biol Trace
Elem Res 189:529-537. https://doi.org/10.1007/s12011-018-148
5-9

Sahin K, Sahin N, Orhan C et al (2021) Effects of Maca (Lep-
idium meyenii) on nutrient digestibility and major nutrient trans-
porters in rats fed a high-fat diet. Food Sci Nutr 9:5765-5773. htt
ps://doi.org/10.1002/fsn3.2545

Sahin E, Orhan C, Erten F et al (2023) The effect of different
Boron compounds on nutrient digestibility, intestinal nutrient
transporters, and liver lipid metabolism. Turk J Med Sci 53:619—
629. https://doi.org/10.55730/1300-0144.5624

@ Springer


https://doi.org/10.1007/s11357-025-01793-5
https://doi.org/10.1007/s11357-025-01793-5
https://doi.org/10.3390/antiox12101849
https://doi.org/10.3390/antiox12101849
https://doi.org/10.3390/molecules28166078
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BF03193146
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1038/ncomms12948
https://doi.org/10.1038/ncomms12948
https://doi.org/10.3390/nu12061616
https://doi.org/10.1016/j.lfs.2020.118596
https://doi.org/10.1016/j.lfs.2020.118596
https://doi.org/10.1167/iovs.63.1.38
https://doi.org/10.1167/iovs.63.1.38
https://doi.org/10.1097/j.pain.0000000000000862
https://doi.org/10.1097/j.pain.0000000000000862
https://doi.org/10.3389/fnut.2021.648893
https://doi.org/10.3389/fnut.2021.648893
https://doi.org/10.1089/jmf.2015.3439
https://doi.org/10.1007/s12011-018-1485-9
https://doi.org/10.1007/s12011-018-1485-9
https://doi.org/10.1002/fsn3.2545
https://doi.org/10.1002/fsn3.2545
https://doi.org/10.55730/1300-0144.5624
https://doi.org/10.1016/j.tem.2021.11.004
https://doi.org/10.1016/j.tem.2021.11.004
https://doi.org/10.1042/BST20180250
https://doi.org/10.1016/j.plipres.2022.101178
https://doi.org/10.1016/j.plipres.2022.101178
https://doi.org/10.1042/BSR20211854
https://doi.org/10.1042/BSR20211854
https://doi.org/10.3390/nu14193889
https://doi.org/10.3390/nu14193889
https://doi.org/10.1016/j.molmet.2019.09.013
https://doi.org/10.1016/j.bbrc.2015.10.081
https://doi.org/10.1089/rej.2015.1767
https://doi.org/10.1089/rej.2015.1767
https://doi.org/10.1016/j.cmet.2012.04.022
https://doi.org/10.1038/s41467-019-12262-x
https://doi.org/10.1038/s41467-019-12262-x
https://doi.org/10.1016/j.redox.2018.04.006
https://doi.org/10.1016/j.redox.2018.04.006
https://doi.org/10.1002/hep.28245
https://doi.org/10.3390/nu15132992
https://doi.org/10.3390/nu15132992
https://doi.org/10.1038/s41514-023-00106-4
https://doi.org/10.1038/s41514-023-00106-4
https://doi.org/10.1016/j.freeradbiomed.2022.04.008
https://doi.org/10.1016/j.freeradbiomed.2022.04.008
https://doi.org/10.3390/nu15010174
https://doi.org/10.3390/nu15010174
https://doi.org/10.1097/SHK.0000000000002628
https://doi.org/10.1097/SHK.0000000000002628

3 Page 16 of 16 A. Celik et al.
48. Onderci M, Sahin N, Sahin K et al (2006) Efficacy of supplemen- 61. Nan Y-M, Fu N, Wu W-J et al (2009) Rosiglitazone prevents
tation of alpha-amylase-producing bacterial culture on the perfor- nutritional fibrosis and steatohepatitis in mice. Scand J Gastroen-
mance, nutrient use, and gut morphology of broiler chickens fed terol 44:358-365. https://doi.org/10.1080/00365520802530861
a corn-based diet. Poult Sci 85:505-510. https://doi.org/10.1093/ 62. Purushotham A, Schug TT, Xu Q et al (2009) Hepatocyte-spe-
ps/85.3.505 cific deletion of SIRT1 alters fatty acid metabolism and results in
49. Yalniz M, Demirel U, Orhan C et al (2012) Nadroparin sodium hepatic steatosis and inflammation. Cell Metab 9:327-338. https:
activates Nrf2/HO-1 pathway in acetic Acid-Induced colitis in //doi.org/10.1016/j.cmet.2009.02.006
rats. Inflammation 35:1213-1221. https://doi.org/10.1007/s1075 63. Tillman EJ, Rolph T (2020) FGF21: an emerging therapeutic tar-
3-012-9431-z get for non-alcoholic steatohepatitis and related metabolic dis-
50. Chen C, Yin Q, Tian J et al (2020) Studies on the potential link eases. Front Endocrinol 11. https://doi.org/10.3389/fend0.2020.6
between antidepressant effect of Xiaoyao San and its Pharma- 01290
cological activity of hepatoprotection based on multi-platform 64. Chen M-J, Wei Y-J, Dong X-X et al (2020) The effect of Cande-
metabolomics. J Ethnopharmacol 249:112432. https://doi.org/10. sartan on chronic stress induced imbalance of glucose homeosta-
1016/j.jep.2019.112432 sis. Biomed Pharmacother 128:110300. https://doi.org/10.1016/].
51. Gong S, Miao Y-L, Jiao G-Z et al (2015) Dynamics and correla- biopha.2020.110300
tion of serum cortisol and corticosterone under different physi- 65. Garcia-Monzon C, Lo Iacono O, Mayoral R et al (2011) Hepatic
ological or stressful conditions in mice. PLoS ONE 10:¢0117503. insulin resistance is associated with increased apoptosis and
https://doi.org/10.1371/journal.pone.0117503 fibrogenesis in nonalcoholic steatohepatitis and chronic hepatitis
52. Sharma N, Sim Y-B, Park S-H et al (2015) Effect of sulfonylureas C. J Hepatol 54:142—152. https://doi.org/10.1016/j.jhep.2010.06.
administered centrally on the blood glucose level in immobili- 021
zation stress model. Korean J Physiol Pharmacol Off J Korean 66. Sun B, Chen H, Xue J et al (2023) The role of GLUT2 in glu-
Physiol Soc Korean Soc Pharmacol 19:197-202. https://doi.org/1 cose metabolism in multiple organs and tissues. Mol Biol Rep
0.4196/kjpp.2015.19.3.197 50:6963—6974. https://doi.org/10.1007/s11033-023-08535-w
53. Zhu X, HuS, Zhu L et al (2015) Effects of lycium barbarum poly- 67. Zheng G, Victor Fon G, Meixner W et al (2017) Chronic stress
saccharides on oxidative stress in hyperlipidemic mice following and intestinal barrier dysfunction: glucocorticoid receptor and
chronic composite psychological stress intervention. Mol Med transcription repressor HES1 regulate tight junction protein Clau-
Rep 11:3445-3450. https://doi.org/10.3892/mmr.2014.3128 din-1 promoter. Sci Rep 7:4502. https://doi.org/10.1038/s41598
54. Woo H, Hong CJ, Jung S et al (2018) Chronic restraint stress -017-04755-w
induces hippocampal memory deficits by impairing insulin sig- 68. Machorro—Rojas N, Sainz—Espuiies T, Godinez—Victoria M et al
naling. Mol Brain 11:37. https://doi.org/10.1186/s13041-018-03 (2019) Impact of chronic immobilization stress on parameters of
81-8 colonic homeostasis in BALB/c mice. Mol Med Rep 20:2083—
55. Pang J, Cui J, Gong H et al (2015) Effect of NAD on PARP- 2090. https://doi.org/10.3892/mmr.2019.10437
mediated insulin sensitivity in oleic acid treated hepatocytes. J 69. Zhao Y, Wang C, Yang T et al (2023) Chlorogenic acid allevi-
Cell Physiol 230:1607—-1613. https://doi.org/10.1002/jcp.24907 ates chronic stress-induced intestinal damage by inhibiting the
56. Liu Y-Z, Chen J-K, Zhang Y et al (2014) Chronic stress induces P38MAPK/NF-kB pathway. J Agric Food Chem 71:9381-9390.
steatohepatitis while decreases visceral fat mass in mice. BMC https://doi.org/10.1021/acs.jafc.3c00953
Gastroenterol 14:106. https://doi.org/10.1186/1471-230X-14-106 70. Lee CY (2013) Chronic restraint stress induces intestinal inflam-
57. Dall M, Hassing AS, Treebak JT (2022) NAD+and NAFLD mation and alters the expression of hexose and lipid transporters.
— caution, causality and careful optimism. J Physiol 600:1135— Clin Exp Pharmacol Physiol 40:385-391. https://doi.org/10.1111
1154. https://doi.org/10.1113/JP280908 /1440-1681.12096
58. Mitchell SJ, Bernier M, Aon MA et al (2018) Nicotinamide 71. Vanuytsel T, van Wanrooy S, Vanheel H et al (2014) Psychologi-
improves aspects of healthspan, but not lifespan, in mice. Cell cal stress and corticotropin-releasing hormone increase intestinal
Metab 27:667-676e4. https://doi.org/10.1016/j.cmet.2018.02.00 permeability in humans by a mast cell-dependent mechanism.
1 Gut 63:1293-1299. https://doi.org/10.1136/gutjnl-2013-305690
59. Rodriguez-Ramiro I, Pastor-Fernandez A, Lopez-Aceituno JL et 72. Kanamori A, Tanaka F, Ominami M et al (2022) Psychological
al (2024) Pharmacological and genetic increases in liver NADPH stress exacerbates inflammation of the ileum via the Cortico-
levels ameliorate NASH progression in female mice. Free Radic tropin-Releasing Hormone-Mast cell axis in a mouse model of
Biol Med 210:448-461. https://doi.org/10.1016/j.freeradbiomed. eosinophilic enteritis. Int J Mol Sci 23:8538. https://doi.org/10.33
2023.11.019 90/ijms23158538
60. Ahmadian M, Suh JM, Hah N et al (2013) PPARYy signaling and

metabolism: the good, the bad and the future. Nat Med 19:557—
566. https://doi.org/10.1038/nm.3159

@ Springer

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1080/00365520802530861
https://doi.org/10.1016/j.cmet.2009.02.006
https://doi.org/10.1016/j.cmet.2009.02.006
https://doi.org/10.3389/fendo.2020.601290
https://doi.org/10.3389/fendo.2020.601290
https://doi.org/10.1016/j.biopha.2020.110300
https://doi.org/10.1016/j.biopha.2020.110300
https://doi.org/10.1016/j.jhep.2010.06.021
https://doi.org/10.1016/j.jhep.2010.06.021
https://doi.org/10.1007/s11033-023-08535-w
https://doi.org/10.1038/s41598-017-04755-w
https://doi.org/10.1038/s41598-017-04755-w
https://doi.org/10.3892/mmr.2019.10437
https://doi.org/10.1021/acs.jafc.3c00953
https://doi.org/10.1021/acs.jafc.3c00953
https://doi.org/10.1111/1440-1681.12096
https://doi.org/10.1111/1440-1681.12096
https://doi.org/10.1136/gutjnl-2013-305690
https://doi.org/10.3390/ijms23158538
https://doi.org/10.3390/ijms23158538
https://doi.org/10.1093/ps/85.3.505
https://doi.org/10.1093/ps/85.3.505
https://doi.org/10.1007/s10753-012-9431-z
https://doi.org/10.1007/s10753-012-9431-z
https://doi.org/10.1016/j.jep.2019.112432
https://doi.org/10.1016/j.jep.2019.112432
https://doi.org/10.1371/journal.pone.0117503
https://doi.org/10.1371/journal.pone.0117503
https://doi.org/10.4196/kjpp.2015.19.3.197
https://doi.org/10.4196/kjpp.2015.19.3.197
https://doi.org/10.3892/mmr.2014.3128
https://doi.org/10.1186/s13041-018-0381-8
https://doi.org/10.1186/s13041-018-0381-8
https://doi.org/10.1002/jcp.24907
https://doi.org/10.1186/1471-230X-14-106
https://doi.org/10.1113/JP280908
https://doi.org/10.1016/j.cmet.2018.02.001
https://doi.org/10.1016/j.cmet.2018.02.001
https://doi.org/10.1016/j.freeradbiomed.2023.11.019
https://doi.org/10.1016/j.freeradbiomed.2023.11.019
https://doi.org/10.1038/nm.3159

	﻿Modulation of SIRT1/PPARγ pathways and tight junction proteins by nicotinamide riboside under chronic variable stress
	﻿Introduction
	﻿Materials and methods
	﻿Experimental animals

	﻿Experimental design
	﻿Stress model
	﻿Biochemical analysis
	﻿Western blotting analysis
	﻿Histopathological analysis
	﻿Statistical analysis

	﻿Results
	﻿Body weight
	﻿Biochemical parameters
	﻿Liver triglycerides and nicotinamide metabolites
	﻿Liver protein levels
	﻿Jejunum protein levels
	﻿Histopathological analyses in the liver and jejunum

	﻿Discussion
	﻿Conclusions
	﻿References


