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mtDNA4834 copy levels was observed between 
the old and young intestinal tissues (p > 0.05). The 
intestinal mitochondrial DNA copy number was 
similar between the two age groups (p > 0.05). No 
significant difference was observed in ATP levels in 
the intestinal tissue lysates between old and young 
rats (p > 0.05). ATP levels in isolated mitochon-
dria from both groups were also similar. Analysis 
of MMP using JC-10 in intestinal tissue mitochon-
dria showed that mitochondrial membrane potentials 
(red/green ratios) were similar between the two age 
groups (p > 0.05). Pyruvate tended to be higher in the 
24-month-old rat group and the L/P ratio was found 
to be approximately threefold lower in the intestinal 
tissue of the older rats compared to the younger rats 
(p < 0.002). The tissue lactate/pyruvate ratio (L/P) 
was three times lower in old rats than in young rats. 
Additionally, there were significant negative correla-
tions between intestinal permeability parameters and 
L/P ratios. The intestinal tissues of aged rats are not 
prone to accumulate mtDNA common deletion, we 
suggest that this mutation does not explain the age-
related increase in intestinal permeability. It seems to 
be more likely that altered glycolytic capacity could 
be a link to increased intestinal permeability with age. 
This observation strengthens assertions that the bal-
ance between glycolysis and mitochondrial metabo-
lism may play a critical role in intestinal barrier 
functions.

Abstract Some evidence points to a link between 
aging-related increased intestinal permeability and 
mitochondrial dysfunction in in-vivo models. Several 
studies have also demonstrated age-related accumula-
tion of the of specific deletion 4834-bp of “common” 
mitochondrial DNA (mtDNA) in various rat tissues 
and suggest that this deletion may disrupt mitochon-
drial metabolism. The present study aimed to inves-
tigate possible associations among the mitochondrial 
DNA (mtDNA) common deletion, mitochondrial 
function, intestinal permeability, and aging in rats. 
The study was performed on the intestinal tissue from 
(24 months) and young (4 months) rats. mtDNA4834 
deletion, mtDNA copy number, mitochondrial mem-
brane potential, and ATP, lactate and pyruvate lev-
els were analyzed in tissue samples. Zonulin and 
intestinal fatty acid-binding protein (I-FABP) levels 
were also evaluated in serum. Serum zonulin and 
I-FABP levels were significantly higher in 24-month-
old rats than 4-month-old rats (p = 0.04, p = 0.026, 
respectively). There is not significant difference in 
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Introduction

The intestinal barrier controls digestive processes, 
and can also create physical and immune barriers to 
protect the host (Gribble and Reimann 2017; Peter-
son and Artis 2014). The epithelial layer, a cellular 
component of the barrier is completely renewed every 
3–5  days as a protective mechanism against minor 
injuries and infections (Barker 2014). Nevertheless, 
many studies on different rat models showed changes 
in the microvascular and epithelium architecture, and 
villus ultrastructure in the small intestine at different 
ages. Furthermore, intestinal permeability increases 
with age were also observed in 22 to 24 months old 
rats (Ren et al. 2014).

Several studies have defined that mitochondrial 
function plays a critical role in maintaining bowel 
permeability, motility, and homeostasis (Berger et al. 
2016; Novak and Mollen 2015). These studies showed 
that intestinal barrier protection is energy-dependent, 
as in most cellular functions, and mitochondrial dys-
function can stimulate abnormal intestinal barrier 
function. Intestinal barrier is exposed to the deleteri-
ous effects of various environmental and lifestyle fac-
tors, as well as endogenous causes throughout human 
life. Due to these effects, mitochondria in intestinal 
cells are heavily exposed to oxidative stress (Bhat-
tacharyya et  al. 2014). Since mitochondrial DNA 
(mtDNA) has no protective histone protein and its 
repair mechanism is limited, mitochondria are more 
susceptible to genome damage (Roy et al. 2022). It is 
known from studies with different types of tissues and 
cells that increased oxidative stress can lead to large 
deletions in the mitochondrial genome (Shu et  al. 
2021; Dahal and Raghavan 2021).

It has been shown that the small intestine mucosa 
cells exhibit a high rate of glucose usage and lactate 
production via the glycolytic pathway (Yang et  al. 
2021). The results obtained from associated studies 
showed that the glycolytic pathway might be much 
more important than the oxidative phosphorylation 
respiratory pathway in producing ATP in intestinal 
tissue (Li et  al. 2022). However, accumulation of 
the deleted mtDNA in tissue with age may disturb 

metabolic homeostasis by mitochondrial dysfunc-
tion, since it has been proposed that this deletion has 
the potential to disrupting mitochondrial metabolism 
(Zhang et al. 2015).

The present study aimed to investigate possi-
ble associations among the mitochondrial DNA 
(mtDNA) common deletion, mitochondrial function, 
intestinal permeability, and aging in 24-month old 
rats. For this purpose, mtDNA4834 deletion, mtDNA 
copy number, mitochondrial membrane potential, and 
ATP, lactate and pyruvate levels were analyzed in tis-
sue samples. Zonulin and intestinal fatty acid-binding 
protein (I-FABP) levels were also evaluated in serum 
samples.

Method

Animals

Male Wistar Albino rats of young [~ 4 months (n = 6)] 
and old [~ 24-month-old (n = 6)] were obtained 
from Istanbul University Aziz Sancar Institute of 
Experimental Medicine, the Department of Labo-
ratory Animals Science. All animals were in good 
health and were housed under controlled environ-
mental conditions (12-h light/dark cycles, tempera-
ture 21.5 ± 0.3  °C, relative humidity 51.3 ± 3.1%, 
8–10 air changes per hour). Animals had access to 
water ad  libitum and were fed pelleted rat food with 
18–20% protein-containing pellet rat food through-
out the experiment. The study protocol was approved 
by the Animal Research Ethics Committee of Istan-
bul University, Istanbul, Turkey (ethical approval no: 
35980450-050.01.04).

In-vivo procedures

After fasting for 24  h, rats were anesthetized with 
intraperitoneal pentobarbital (40  mg/kg) and eutha-
nized by cardiac puncture. A ~ 4-cm incision was 
made below the sternum along the central line of the 
abdomen. Small intestine samples, defined as the part 
of the gastrointestinal tract between the pylorus and 
the ileocecal valve were collected, washed with 10 ml 
of phosphate-buffered saline (pH 7.4), and stored at 
− 80 °C.
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Blood samples were centrifuged at room tempera-
ture for 10  min at 1000×g, and the obtained serum 
samples were stored at − 80 °C until analysis.

Measurement of zonulin levels

Serum zonulin (or prehaptoglobin-2) levels were 
measured by a commercially available enzyme-linked 
immunoassay (ELISA) kit (MyBiosource, San Diego, 
CA, USA) following the manufacturers’ instructions.

Measurement of intestinal fatty acid-binding protein 
(I-FABP) levels

Serum I-FABP levels were measured by a commer-
cially available Rat I-FABP/FABP2 ELISA Kit (Elab-
science, Bethesda, MD, USA) following the manufac-
turers’ instructions.

Intestinal tissue homogenization and mitochondrial 
isolation

The intestinal tissue (3–5  g) was cut into small 
pieces < 5 mm, homogenized in ice-cold homogeniz-
ing buffer (0.25  M sucrose, 5  mM HEPES buffer, 
and 1 mM EDTA, pH 7.2) by sonication and centri-
fuged at 500×g for 10 min at 4 °C. Subsequently the 
supernatants of homogenates of intestinal cells were 
filtered sequentially using 40-µm and 10-µm-mesh 
filters on ice. After centrifugation at 9400×g for 
10 min at 4 °C, mitochondrial pellets were collected. 
The process was repeated diluting the pellet with the 
homogenizing medium (Preble et al. 2014).

Protein concentrations in all samples were meas-
ured using the Bio-Rad DCTM Protein Assay Kit 
(Bio-Rad Laboratories, Mississauga, Canada).

Analysis of the amount of  mtDNAd-loop and 
 mtDNA4834 bp deletion by real-time PCR

The homogenized intestinal tissue stored at − 80 °C 
was processed for mtDNA analysis using the High 
Pure PCR Template Preparation Kit (Roche Diag-
nostics, Mannheim, Germany) and subsequently 
tested for the presence of a 4834  bp deletion in the 
mitochondrial DNA with fluorescence-based quanti-
tative PCR, using slight modified primer sets (Kang 
et  al. 2016). A deletion-free conservative region of 
80  bp was taken as reference for total mtDNA. In 

amplifying DNA fragments by PCR the following 
primer sets were used:

(1) for the total mtDNA  (mtDNAd-loop) as an internal 
control,

forward 5-GGT TCT TAC TTC AGG GCC ATCA-3
reverse 5-GAT TAG ACC CGT TAC CAT CGA GAT -3
(2) for  mtDNA4834bp deletion,
forward 5-ATT TCT TCC CAA ACC TTT CCTG-3
reverse 5-GGC GTT TGA TTG GAT TAA TGAG-3
(3) for the rats ß-actin gene,
forward 5-GGG ATG TTT GCT CCA ACC AA-3
reverse 5-GCG CTT TTG ACT CAA GGA TTTAA-3

The PCR products of  mtDNAd-loop, the  mtDNA4834 
mutation and ß-actin gene yielded 80  bp, 475  bp 
and 268  bp amplicons, respectively. Purified PCR 
products were cloned into the pGEM-T Easy Vector 
(Promega, Madison, WI, USA) and dose-depend-
ent plasmid-constructed (ß-actin,  mtDNAd-loop and 
 mtDNA4834) standards were used in each run of real-
time PCR. The plasmids were further confirmed by 
DNA sequencing. The DNA samples were subjected 
to real-time PCR with CFX Connect™ Real-Time 
PCR Detection System Bio-Rad with the following 
reaction procedure: 95  °C for 3  min, 40 cycles of 
denaturation at 95 °C for 15 s, annealing at 58 °C for 
30 s, and extension at 72 °C for 40 s using the SYBR 
PCR Mix (A&A Biotechnology RT PCR Mix SYBR 
A/B/C). Real-time PCR amplifications were per-
formed in 20  μl reaction volumes containing 20  ng 
DNA template and 10  nM concentration of each 
primer. The average threshold cycle number values 
were used to calculate mtDNA content and deletion 
load in samples. Each measurement was done two or 
three times and normalized against a serial dilution 
of the corresponding plasmid clones with a known 
input copy number. The quantity of each target gene 
in our samples was calculated according to the cor-
responding standard curve. The formula provided 
by the University of Rhode Island, Genomics and 
Sequencing Center was used to calculate the mtDNA 
copy number (available from: http:// cels. uri. edu/ gsc/ 
cndna. html). The level of  mtDNA4834 was expressed 
as the percentage ratio of deleted mitochondrial DNA 
copy number to total mtDNA. Also, the mtDNA con-
tent was expressed as percentage ratio of copy num-
ber of total mitochondrial DNA to ß-actin gene copy 
number.

http://cels.uri.edu/gsc/cndna.html
http://cels.uri.edu/gsc/cndna.html
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Measurement of ATP levels

The intestinal cell homogenates or the mitochondria 
lysates from the intestinal tissue were neutralized with 
75  μl of ice-cold 2  M KOH, 2  mM  Na2EDTA, and 
50 mM MOPS and incubated on ice for 10 min. The 
precipitate was pelleted by centrifugation (10,000×g, 
1 min at room temperature). ATP levels in the super-
natant were determined using the ATP Biolumines-
cence Assay Kit (ATP Bioluminescence Assay Kit 
CLC II) according to the manufacturer’s instruc-
tions (Roche, Boehringer Mannheim, Germany). The 
standard curve was generated from known concentra-
tions of ATP, and the concentrations of the samples 
were calculated and corrected by their total protein 
levels.

Mitochondrial membrane potential assay (ΔΨm)

Mitochondrial membrane potential assay (MMP) 
(ΔΨm) of the mitochondrial pellets in kit assay buffer 
and JC-10 dye loading solution (20 µM) was assessed 
using a JC-10 Fluorometric Assay Kit (AAT Bioquest 
Inc, USA) according to the manufacturer’s protocol. 
Spectrofluorometric analysis and settings were as fol-
lows: 540-nm excitation, 590-nm emission to detect 
red-fluorescence JC-10 aggregates, and 490-nm exci-
tation, 525-nm emission to detect green fluorescence 
due to the ΔΨm collapse. The ratio of fluorescence 
intensities on emission at 525/590 was used to deter-
mine mitochondrial membrane depolarization. Data 
were obtained in relative fluorescence units and cor-
rected with total protein. The JC-10 aggregate/mono-
mer ratio is related to ΔΨm.

Lactate and pyruvate assays

Lactate and pyruvate levels in the intestinal cell 
homogenates were measured with an Amplite™ Col-
orimetric l-Lactate Assay Kit (AAT Bioquest, Inc., 
Sunnyvale, CA, USA) and a Pyruvic Acid Assay 
Kit (Megazyme, Bray, Ireland), respectively, follow-
ing the manufacturers’ guidance. The concentrations 
were normalized to total protein content. For insight 
into the shift from oxidative phosphorylation to gly-
colysis, we also calculated the lactate/pyruvate (L/P) 
ratios (Debray et al. 2007).

Statistical analysis

Statistical analyses were performed with GraphPad 
Prism software 6.0 (GraphPad Software, San Diego, 
CA, USA). Data were expressed as mean ± SD and a 
two-sided P value of 0.05 was considered statistically 
significant. Each continuous variable was checked for 
normality using the Shapiro Wilks test. Continuous 
variables were compared by post hoc analysis using 
Mann–Whitney U test for nonparametric data. The 
correlation coefficients and their significance between 
 mtDNA4834 deletion load and various parameters 
were calculated using Spearman’s test.

Results

Serum zonulin and I-FABP levels as intestinal perme-
ability markers were evaluated. As shown (Fig.  1A, 
B), both marker levels were significantly higher in 
24-month-old rats than 4-month-old rats (zonulin; 
55.07 ± 6.19 ng/mg serum protein vs 62.94 ± 5.01 ng/
mg serum protein in 4- and 24  month-old tissues, 
respectively, p = 0.04: I-FABP; 2.04 ± 0.11  ng/
mg serum protein vs 2.54 ± 0.36  ng/mg serum pro-
tein in 4- and 24 month-old rat tissues, respectively, 
p = 0.026).

This mutation was detected in all examined sam-
ples, however, no significant difference in  mtDNA4834 
copy levels was observed between the old and young 
intestinal tissues (p > 0.05; Fig. 2A). In addition, the 
intestinal mitochondrial DNA copy number was simi-
lar between the two age groups (p > 0.05; Fig. 2B).

No significant difference was observed in ATP 
levels in the intestinal tissue lysates between old and 
young rats (p > 0.05; Fig. 3B). Furthermore, ATP lev-
els in isolated mitochondria from both groups were 
also similar (Fig.  3A). MMP was also evaluated an 
as indicator of mitochondrial bioenergetic function. 
Analysis of MMP using JC-10 in intestinal tissue 
mitochondria showed that mitochondrial membrane 
potentials (red/green ratios) were similar between the 
two age groups (p > 0.05; Fig. 4).

In this case, pyruvate tended to be higher in the 
24-month-old rat group and the L/P ratio was found 
to be approximately threefold lower in the intestinal 
tissue of the older rats compared to the younger rats 
(p < 0.002; Table 1).
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From Spearman’s analyses, no significant corre-
lations were found between the  mtDNA4834 deletion 
frequency in the intestinal tissue and serum zonulin 
or I-FABP levels (Table  2). However, analysis of 
correlations between serum intestinal permeabil-
ity markers and the L/P ratio in the intestinal tissue 
cells of rats demonstrated that both serum zonulin 
and I-FABP levels were negatively correlated with 
L/P (zonulin: r = − 0.801, p = 0.002 and I-FABP: 
r = − 0.829, p = 0.001; Table 2).

Discussion

An increased proportion of mitochondrial common 
DNA deletions is associated with mitochondria-
related problems such as an overall decrease in energy 
supply and lactic acidosis. As such, it is an important 
factor correlated with the severity of mitochondrial 
disease symptoms (Zhang et al. 2015; Mohamed et al. 
2006). It has been suggested that among the deletions 
observed in humans,  mtDNA4977may be involved in 
the age-dependent decline of cell or tissue function 
(von Wurmb-Schwark et al. 2010; Zabihi Diba et al. 
2016). In addition,  mtDNA4977, which is considered a 
pathogenic mutation, may disrupt bioenergetic func-
tion by affecting the respiratory chain as previously 

reported (Picca et  al. 2023; Peng et  al. 2006). It is 
believed that if the ratio of deletions to wild-type 
mtDNA exceeds a threshold for a cell or tissue, this 
leads to a decrease in mitochondrial ATP production 
and, as a result, a decrease in the ATP/ADP ratio of 
associated cells. In addition, studies demonstrate that 
intestinal permeability is increased by the depletion 
of ATP, suggesting that mitochondrial energy metab-
olism is vital for maintaining the intestinal barrier 
(Schneider et  al. 2020). Considering that mitochon-
drial dysfunction is implicated in an extensive list of 
various aging pathologies including intestinal barrier 
dysfunction (Berger et al. 2016; Tran and Greenwood-
Van Meerveld 2013), this deletion may alter the meta-
bolic properties of the intestines during aging and 
cause age-related changes in intestinal permeability.

Although a layer of epithelial cells forms the 
primary physical barrier between the lumen and 
mucosal tissues, intestinal organization formed by 
intestinal cell populations such as smooth muscle cell 
layers, enteric nervous system and blood vessels, as 
well intestinal epithelium, is essential for intestinal 
functions, including intestinal permeability regulation 
(Miguel-Aliaga et al. 2018). Previous studies reported 
that accumulation of the 4977-bp mtDNA deletion 
increases with age and may play a role in the develop-
ment of aging-related pathologies (Chang et al. 2005; 

Fig. 1  Comparison of serum zonulin (A) and I-FABP (B) levels between the 4-month-old rat group and the 24-month-old rat group. 
Data are expressed as the mean ± SD. * Indicates a significant difference (p < 0.05) compared to young rat group
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Zheng et al. 2012; Chen et al. 2011). mtDNA 4977 bp 
deletion is a common phenomenon in hair and 
increases with age (Zheng et al. 2012). The mtDNA 
4977 bp deletion may play a role in the early stage of 
colorectal cancer, and it is also implicated in altera-
tion of mtDNA content in cancer cells (Chen et  al. 
2011). The 4977-bp deletion accumulated during 
aging, we found the patients under 65 years old were 
more likely to carry this deletion in tumor tissues. 
Although 12 out of 48 (25%) of colorectal cancer 
patients in this younger age group were found to har-
bor the 4977-bp deletion in tumor tissues, only 5 of 
56 (8.93%) older patients carried this deletion (Chen 
et al. 2011). In current study, we performed mtDNA 
analyses of tissue homogenates to reflect the general 
status of intestinal cell populations. The abundance 
of  mtDNA4834 deletion did not correlate with the rat 

age of sampled intestinal tissue. There were no corre-
lations between the mutation load in intestinal tissue 
and intestinal permeability markers.

We also assessed the bioenergetic consequences of 
accumulating  mtDNA4834 deletion levels by measur-
ing the MMP and ATP synthesis rate in intestinal tis-
sue mitochondria. Isolation of mitochondria through 
tissue homogenization and differential centrifuga-
tion is ideal for studying mitochondrial bioenergetics 
free from the influence of other cellular factors (e.g., 
cytoskeleton and endoplasmic reticulum) (Brand and 
Nicholls 2011). In addition, use of isolated mito-
chondria enhances the ability to measure a fluores-
cence-based method for measuring mitochondrial 
membrane potential, because the isolation allows the 
mitochondria to diffuse in a small volume. Therefore, 
we also prefer to determine mitochondrial membrane 

Fig. 2  Comparison of the relative percentage of  mtDNA4834 
copy number (A) and mtDNA copy number (B) from the 
intestinal tissue samples of young rats (n = 6) and naturally 
aged rats (n = 6). Both parameters were determined by real-
time PCR as described in the Methods. The percentage of 
deleted mtDNA was obtained from the ratio of the deleted 

and the conservative region of the mtDNA (representing total 
mtDNA-mtDNAd-loop) copy number measured in each sam-
ple, while mtDNA content was determined as ratio of mtDNA 
 (mtDNAd-loop) to nuclear DNA (ß-actin). Data are expressed as 
the mean ± SD
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potential in isolated mitochondria rather than whole 
cells. Our results showed that, in compared with 
young rats, the mitochondria of the intestinal tissue 

Fig. 3  ATP levels in intestinal tissue lysates (A) and isolated mitochondria (B) from intestinal tissue samples of the 4-month-old rat 
(n = 6) and the 24-month-old rat (n = 6) groups. Data were analyzed with Mann–Whitney U tests and are expressed as the mean ± SD

Fig. 4  Comparison of mitochondrial membrane potential 
(MMP) in the mitochondria lysates from the intestinal tissue 
samples. MMP (ΔΨm) was determined by a JC-10 assay and 
data were expressed as the mean ± SD

Table 1  Intracellular lactate and pyruvate levels, and lactate/
pyruvate (L/P) ratio from intestinal tissue of young and aged 
rats

*p < 0.002

Young rats (n = 6) Old rats (n = 6)

Lactate (nmol/mg protein) 93.79 ± 14.79 76.57 ± 2.09*
Pyruvate (nmol/mg 

protein)
0.71 ± 0.15 1.74 ± 0.17*

L/P ratio 26.43 ± 2.06 8.87 ± 0.98*

Table 2  Spearman’s correlation coefficients between intestinal 
permeability biomarkers and percentage  mtDNA4834 deletion 
load or lactate/pyruvate in rat intestinal tissue (n = 12)

*p < 0.002

r p

Zonulin vs.  mtDNA4834 deletion 0.248 0.433
I-FABP vs.  mtDNA4834 deletion 0.157 0.623
Zonulin vs. Lactate/Pyruvate ratio − 0.801 0.002*
I-FABP vs. Lactat/Pyruvate ratio − 0.829 0.001*
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of old rats did not have a decrease in mitochondrial 
function. Several studies have speculated that the 
common deletion during human life may be due to 
tissue properties and that post-mitotic tissues accu-
mulate mitochondrial damage faster than mitoti-
cally active tissues (Barker 2014; Preble et al. 2014). 
Therefore, a high turnover of the intestinal epithelium 
may not allow an age-dependent accumulation of this 
deletion. Furthermore, in an mtDNA-polymerase 
γ (PolgD257A) mutated mouse model, it has been 
shown that mtDNA mutations expand clonally, caus-
ing a mosaic pattern of the oxidative phosphorylation 
complex defects in aging tissues, including the small 
intestine. These defects have been shown to have cel-
lular effects such as a decrease in cell proliferation, 
an ATP-consuming process, and an increase in the 
frequency of apoptosis in small intestine cells (30). 
Although the functional consequences of these effects 
have not yet been fully elucidated, Fox et  al. (2012) 
suggest that the transition from little functional 
impact to mitochondrial respiratory chain dysfunc-
tion may be slightly different in various cell types of 
intestinal tissue as well as slightly different in various 
tissues. Therefore, with our experimental design, we 
cannot be sure whether clonally expanded mitochon-
drial common deletion or other mtDNA mutations in 
rat intestine tissue may be responsible for direct or 
indirect functional outcomes in the context of age-
related increased intestinal permeability.

This study compared mtDNA copy number in 
younger and older rats, as an increased mtDNA 
copy number has been suggested as a possible com-
pensatory mechanism for aging-related increases in 
energy demand (Clay Montier et al. 2009). However, 
we found no significant differences between the two 
groups, suggesting that mtDNA copy number status 
in aging intestinal tissue might not play a compensa-
tory role for ATP tissue demands. On the other hand, 
glycolysis, which is the first step of the glucose oxida-
tion process that occurs in the cytosol and produces 
only two ATP molecules and leads to pyruvate, is 
mainly involved in a wide range of biological pro-
cesses. Experimental evidence demonstrates that the 
glycolytic pathway is much more important than the 
oxidative phosphorylation respiratory pathway in pro-
ducing energy in intestinal epithelial cells (Yang et al. 
2021). Recently, researchers have shown that glyco-
lytic genes in various tissues are down-regulated with 
aging, which in turn causes a reduction of glycolysis 

and glucose metabolism (Ma et al. 2018). To the best 
of our knowledge, this association is unclear. There-
fore, we also examined whether increased intesti-
nal permeability could be, at least in part, the result 
of age-related inactivation of glycolysis. Since it 
is pointed out that monitoring the lactate levels and 
L/P ratio in cells helps to detect imbalances in age-
related energy metabolism between aerobic glycoly-
sis and mitochondrial oxidation (Yanase et  al. 2017, 
2019), we also examined this parameter in intestinal 
cell homogenates. We detected a marked decrease in 
lactate levels and, accordingly, L/P ratio in the intes-
tinal tissue samples of aged rats and found significant 
negative correlations between intestinal permeability 
parameters and tissue L/P ratios. As total ATP lev-
els in the intestinal cell homogenates do not change 
in the aged tissue, our data imply the preferential 
use of aerobic glycolysis to generate ATP instead of 
mitochondrial oxidative phosphorylation in the intes-
tinal tissue of young rats. Therefore, an imbalance in 
the age-related alteration of glycolytic and oxidative 
capacities of intestinal tissue contribute to increased 
permeability. At present, the basis for the change in 
the L/P ratio in the intestinal tissue of aged rats is 
unknown.

In recent years, intestinal barrier dysfunction has 
emerged as an evolutionarily conserved feature of 
aged organisms, as reported in worms, flies, fish, 
rodents, and primates (Salazar et al. 2023). Moreover, 
aging-associated intestinal barrier dysfunction has 
been linked to microbial alterations, elevated immune 
responses, metabolic alterations, systemic health 
decline, and mortality (Funk et  al. 2020). However, 
the mechanisms of age‐related increases in intesti-
nal barrier dysfunction and how the intestinal bar-
rier maintains tissue homeostasis upon injury remain 
unclear.

The roles of lactate as a metabolic feedback regu-
lator and unique signaling molecule were considered, 
and the function of lactylation as a novel posttrans-
lational modifications of proteins has been explored. 
Therefore, lactate is recognized to play a significant 
role in many physiological and pathological pro-
cesses, including the regulation of energy metabo-
lism, immunity responses, memory formation, wound 
healing, and tumor development. These processes 
are regulated by lactate as a signaling molecule or 
through lactylation, in addition to its role as a meta-
bolic substrate (Salazar et al. 2023). The relationship 
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between l-lactate and “mitochondria health” may be 
closely related to aging processes (Funk et al. 2020). 
In current study, decreased Lactate/Pyruvate ratio 
might be related to aging-associated intestinal barrier 
dysfunction.

Numerous studies have shown the beneficial 
effects of microbiota-derived lactate as a significant 
factor in inducing enterocyte hyperproliferation and 
intestinal stem-cell-mediated epithelial development 
(Okada et al. 2013; Lee et al. 2018). Although various 
factors such as changes in diet, medication, and life-
styles lead to changes in the intestinal microbiome, its 
diversity generally decreases with age (Kumar et  al. 
2016; Lynch and Pedersen 2016). This knowledge 
suggests that lactate levels measured in rat intestinal 
tissue are affected by bacteria-derived lactate, inde-
pendent of the altered glycolytic and oxidative capac-
ities of the intestinal tissue of aged animals. With our 
experimental design and the literature published to 
date, it is not possible to provide a sufficient explana-
tion as to what causes the decrease in lactate levels 
of the intestinal tissue in aged rats and whether this 
decrease affects intestinal permeability. Therefore, 
further studies are required to understand the factors 
affecting intestinal permeability in association with 
aging.

Since ageing is primarily a progressive loss of 
health, the focus of interventional strategies requires 
a shift from the treatment and prevention of diseases 
to the maintenance, recovery and enhancement of 
health. The seven knowledge gaps (the species, sexes, 
bodily-systems, organs, cell types, organelles, and 
macromolecules) have significantly implications for 
both the basic research in biogerontology and for the 
success of interventional strategies being pursued for 
healthy ageing and longevity of human beings (Rat-
tan 2024).

Our study has several limitations. First, we only 
used tissue samples from Wistar rats having the same 
genetic background born and raised in the same facil-
ity under the same dietary pattern and environmental 
conditions. As known, lifestyle and environmental 
factors may influence the mutation rate in tissues and 
intestinal permeability. Thus, intestinal tissue from 
the rat model may not reflect the characteristics of 
human tissue. Second, the assessment of intestinal 
permeability was made through blood biomarkers as 
an indirect measurement of epithelial barrier integ-
rity. Another limitation was that we did not separately 

analyze the different parts of the intestinal tract that 
have different functions. Therefore, these issues could 
have contributed to the results obtained.

Conclusion

Our study indicates that the intestinal tissues of aged 
rats are not subject to the accumulation of mtDNA 
common deletion. The findings also demonstrated 
that the deletion load in the tissue did not correlate 
with the increased intestinal permeability of naturally 
aging rats. Considering a decrease in glycolytic flux 
in the intestinal tissue of aging rats in our study, it 
seems to be more likely that altered glycolytic capac-
ity could be a link to increased intestinal permeability 
with age. This observation strengthens assertions that 
the balance between glycolysis and mitochondrial 
metabolism may play a critical role in intestinal bar-
rier functions. Further molecular studies are required 
to understand the factors affecting intestinal perme-
ability in association with aging.

Author contributions Berrin Papilla Kundaktepe: Funding 
acquisition; Investigation; Resources; Writing—review & edit-
ing. Ayla Karimova: Conceptualization; Investigation; Writ-
ing—review & editing. Ilhan Onaran: Supervision; Formal 
analysis; Writing—review & editing.

Funding Open access funding provided by the Scientific and 
Technological Research Council of Türkiye (TÜBİTAK). This 
study was funded by Scientific Research Projects Coordina-
tion Unit of Istanbul University- Cerrahpasa. Project Number: 
ABDEP-26196.

Data availability The datasets used and/or analyzed during 
the current study are available from the corresponding author 
on reasonable request.

Declarations 

Competing interests The authors declare that they have no 
competing interests.

Ethical approval The study protocol was approved by the 
Animal Research Ethics Committee of Istanbul University, 
Istanbul, Turkey (Ethical approval no: 35980450-050.01.04).

Open Access This article is licensed under a Creative Com-
mons 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 Crea-
tive Commons licence, and indicate if changes were made. The 



 Biogerontology

1 3
Vol:. (1234567890)

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 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.org/licenses/by/4.0/.

References

Barker N (2014) Adult intestinal stem cells: critical drivers of 
epithelial homeostasis and regeneration. Nat Rev Mol Cell 
Biol 15(1):19–33. https:// doi. org/ 10. 1038/ nrm37 21

Berger E, Rath E, Yuan D, Waldschmitt N, Khaloian S, All-
gäuer M, Staszewski O, Lobner EM, Schöttl T, Giesbertz 
P (2016) Mitochondrial function controls intestinal epi-
thelial stemness and proliferation. Nat Commun 7:13171. 
https:// doi. org/ 10. 1038/ ncomm s13171

Bhattacharyya A, Chattopadhyay R, Mitra S, Crowe SE (2014) 
Oxidative stress: an essential factor in the pathogenesis of 
gastrointestinal mucosal diseases. Physiol Rev 94(2):329–
354. https:// doi. org/ 10. 1152/ physr ev. 00040. 2012

Brand MD, Nicholls DG (2011) Assessing mitochondrial dys-
function in cells. Biochem J 435:297–312. https:// doi. org/ 
10. 1042/ BJ201 10162

Chang MC, Hung SC, Chen WY, Chen TL, Lee CF, Lee HC, 
Wang KL, Chiou CC, Wei YH (2005) Accumulation of 
mitochondrial DNA with 4977-bp deletion in knee carti-
lage—an association with idiopathic osteoarthritis. Osteo-
arthr Cartil 13(11):1004–1011. https:// doi. org/ 10. 1016/j. 
joca. 2005. 06. 011

Chen T, He J, Shen L, Fang H, Nie H, Jin T, Wei X, Xin Y, 
Jiang Y, Li H et al (2011) The mitochondrial DNA 4,977-
bp deletion and its implication in copy number alteration 
in colorectal cancer. BMC Med Genet 12:8. https:// doi. 
org/ 10. 1186/ 1471- 2350- 12-8

Clay Montier LL, Deng JJ, Bai Y (2009) Number matters: 
control of mammalian mitochondrial DNA copy number. 
J Genet Genomics 36:125–131. https:// doi. org/ 10. 1016/ 
S1673- 8527(08) 60099-5

Dahal S, Raghavan SC (2021) Mitochondrial genome stabil-
ity in human: understanding the role of DNA repair path-
ways. Biochem J 478(6):1179–1197. https:// doi. org/ 10. 
1042/ BCJ20 200920

Debray FG, Mitchell GA, Allard P, Robinson BH, Hanley JA, 
Lambert M (2007) Diagnostic accuracy of blood lactate-
to-pyruvate molar ratio in the differential diagnosis of 
congenital lactic acidosis. Clin Chem 53(5):916–921. 
https:// doi. org/ 10. 1373/ clinc hem. 2006. 081166

Fox RG, Magness S, Kujoth GC, Prolla TA, Maeda N (2012) 
Mitochondrial DNA polymerase editing mutation, Pol-
gD257A, disturbs stem-progenitor cell cycling in the 
small intestine and restricts excess fat absorption. Am J 
Physiol Gastrointest Liver Physiol 302(9):G914–G924. 
https:// doi. org/ 10. 1152/ ajpgi. 00402. 2011

Funk MC, Zhou J, Boutros M (2020) Ageing, metabolism and 
the intestine. EMBO Rep 21(7):e50047. https:// doi. org/ 10. 
15252/ embr. 20205 0047

Gribble FM, Reimann F (2017) Signalling in the gut endo-
crine axis. Physiol Behav 176:183–188. https:// doi. org/ 10. 
1016/j. physb eh. 2017. 02. 039

Kang MG, Kim YN, Lee JH, Szardenings M, Baek HJ, Kook 
H, Kim HR, Shin MG (2016) Clinicopathological impli-
cations of mitochondrial genome alterations in pediatric 
acute myeloid leukemia. Ann Lab Med 36(2):101–110. 
https:// doi. org/ 10. 3343/ alm. 2016. 36.2. 101

Kumar M, Babaei P, Ji B, Nielsen J (2016) Human gut micro-
biota and healthy aging: recent developments and future 
prospective. Nutr Healthy Aging 4(1):3–16. https:// doi. 
org/ 10. 3233/ NHA- 150002

Lee YS, Kim TY, Kim Y, Lee SH, Kim S, Kang SW, Yang JY, 
Baek IJ, Sung YH, Park YY (2018) Microbiota-derived 
lactate accelerates intestinal stem-cell-mediated epithe-
lial development. Cell Host Microbe 24(6):833–846.e6. 
https:// doi. org/ 10. 1016/j. chom. 2018. 11. 002

Li X, Yang Y, Zhang B, Lin X, Fu X, An Y, Zou Y, Wang JX, 
Wang Z, Yu T (2022) Correction: lactate metabolism in 
human health and disease. Signal Transduct Target Ther 
7(1):372. https:// doi. org/ 10. 1038/ s41392- 022- 01206-5

Lynch SV, Pedersen O (2016) The human intestinal microbi-
ome in health and disease. N Engl J Med 375:2369–2379. 
https:// doi. org/ 10. 1056/ NEJMr a1600 266

Ma Z, Wang H, Cai Y, Wang H, Niu K, Wu X, Ma H, Yang Y, 
Tong W, Liu F (2018) Epigenetic drift of H3K27me3 in 
aging links glycolysis to healthy longevity in Drosophila. 
eLife 7:e35368. https:// doi. org/ 10. 7554/ eLife. 35368

Miguel-Aliaga I, Jasper H, Lemaitre B (2018) Anatomy and 
physiology of the digestive tract of Drosophila mela-
nogaster. Genetics 210:357–396. https:// doi. org/ 10. 1534/ 
genet ics. 118. 300224

Mohamed SA, Hanke T, Erasmi AW, Bechtel MJ, Scharfschw-
erdt M, Meissner C, Sievers HH, Gosslau A (2006) Mito-
chondrial DNA deletions and the aging heart. Exp Geron-
tol 41(5):508–517. https:// doi. org/ 10. 1016/j. exger. 2006. 
03. 014

Novak EA, Mollen KP (2015) Mitochondrial dysfunction in 
inflammatory bowel disease. Front Cell Dev Biol 3:62. 
https:// doi. org/ 10. 3389/ fcell. 2015. 00062

Okada T, Fukuda S, Hase K et  al (2013) Microbiota-derived 
lactate accelerates colon epithelial cell turnover in starva-
tion-refed mice. Nat Commun 4:1654

Peng TI, Yu PR, Chen JY, Wang HL, Wu HY, Wei YH, Jou 
MJ (2006) Visualizing common deletion of mitochondrial 
DNA-augmented mitochondrial reactive oxygen species 
generation and apoptosis upon oxidative stress. Biochim 
Biophys Acta 1762(2):241–255. https:// doi. org/ 10. 1016/j. 
bbadis. 2005. 10. 008

Peterson LW, Artis D (2014) Intestinal epithelial cells: regula-
tors of barrier function and immune homeostasis. Nat Rev 
Immunol 14(3):141–153. https:// doi. org/ 10. 1038/ nri36 08

Picca A, Guerra F, Calvani R, Coelho-Júnior HJ, Leeuwen-
burgh C, Bucci C, Marzetti E (2023) The contribution of 
mitochondrial DNA alterations to aging, cancer, and neu-
rodegeneration. Exp Gerontol 178:112203. https:// doi. org/ 
10. 1016/j. exger. 2023. 112203

Preble JM, Pacak CA, Kondo H, MacKay AA, Cowan DB, 
McCully JD (2014) Rapid isolation and purification of 
mitochondria for transplantation by tissue dissociation and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrm3721
https://doi.org/10.1038/ncomms13171
https://doi.org/10.1152/physrev.00040.2012
https://doi.org/10.1042/BJ20110162
https://doi.org/10.1042/BJ20110162
https://doi.org/10.1016/j.joca.2005.06.011
https://doi.org/10.1016/j.joca.2005.06.011
https://doi.org/10.1186/1471-2350-12-8
https://doi.org/10.1186/1471-2350-12-8
https://doi.org/10.1016/S1673-8527(08)60099-5
https://doi.org/10.1016/S1673-8527(08)60099-5
https://doi.org/10.1042/BCJ20200920
https://doi.org/10.1042/BCJ20200920
https://doi.org/10.1373/clinchem.2006.081166
https://doi.org/10.1152/ajpgi.00402.2011
https://doi.org/10.15252/embr.202050047
https://doi.org/10.15252/embr.202050047
https://doi.org/10.1016/j.physbeh.2017.02.039
https://doi.org/10.1016/j.physbeh.2017.02.039
https://doi.org/10.3343/alm.2016.36.2.101
https://doi.org/10.3233/NHA-150002
https://doi.org/10.3233/NHA-150002
https://doi.org/10.1016/j.chom.2018.11.002
https://doi.org/10.1038/s41392-022-01206-5
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.7554/eLife.35368
https://doi.org/10.1534/genetics.118.300224
https://doi.org/10.1534/genetics.118.300224
https://doi.org/10.1016/j.exger.2006.03.014
https://doi.org/10.1016/j.exger.2006.03.014
https://doi.org/10.3389/fcell.2015.00062
https://doi.org/10.1016/j.bbadis.2005.10.008
https://doi.org/10.1016/j.bbadis.2005.10.008
https://doi.org/10.1038/nri3608
https://doi.org/10.1016/j.exger.2023.112203
https://doi.org/10.1016/j.exger.2023.112203


Biogerontology 

1 3
Vol.: (0123456789)

differential filtration. J Vis Exp 91:e51682. https:// doi. org/ 
10. 3791/ 51682

Rattan SIS (2024) Seven knowledge gaps in modern biogeron-
tology. Biogerontology 25(1):1–8. https:// doi. org/ 10. 1007/ 
s10522- 023- 10089-0

Ren WY, Wu KF, Li X, Luo M, Liu HC, Zhang SC, Hu Y 
(2014) Age-related changes in small intestinal mucosa 
epithelium architecture and epithelial tight junction in rat 
models. Aging Clin Exp Res 26(2):183–191. https:// doi. 
org/ 10. 1007/ s40520- 013- 0148-0

Roy A, Kandettu A, Ray S, Chakrabarty S (2022) Mitochon-
drial DNA replication and repair defects: clinical pheno-
types and therapeutic interventions. Biochim Biophys 
Acta Bioenerg 5:148554. https:// doi. org/ 10. 1016/j. bbabio. 
2022. 148554

Salazar AM, Aparicio R, Clark RI, Rera M, Walker DW (2023) 
Intestinal barrier dysfunction: an evolutionarily conserved 
hallmark of aging. Dis Model Mech 16(4):dmm049969. 
https:// doi. org/ 10. 1242/ dmm. 049969

Schneider AM, Özsoy M, Zimmermann FA, Feichtinger 
RG, Mayr JA, Kofler B, Sperl W, Weghuber D, Mör-
wald K (2020) Age-related deterioration of mitochon-
drial function in the intestine. Oxid Med Cell Longev 
2020:4898217. https:// doi. org/ 10. 1155/ 2020/ 48982 17

Shu L, Hu C, Xu M, Yu J, He H, Lin J, Sha H, Lu B, Enge-
lender S, Guan M et  al (2021) ATAD3B is a mitophagy 
receptor mediating clearance of oxidative stress-induced 
damaged mitochondrial DNA. EMBO J 40(8):e106283. 
https:// doi. org/ 10. 15252/ embj. 20201 06283

Tran L, Greenwood-Van Meerveld B (2013) Age-associated 
remodeling of the intestinal epithelial barrier. J Gerontol 
A 8:1045–1056. https:// doi. org/ 10. 1093/ gerona/ glt106

von Wurmb-Schwark N, Schwark T, Caliebe A, Drenske C, 
Nikolaus S, Schreiber S, Nebel A (2010) Low level of 
the mtDNA (4977) deletion in blood of exceptionally old 
individuals. Mech Ageing Dev 131(3):179–184. https:// 
doi. org/ 10. 1016/j. mad. 2010. 01. 005

Yanase S, Suda H, Yasuda K, Ishii N (2017) Impaired p53/
CEP-1 is associated with lifespan extension through an 

age-related imbalance in the energy metabolism of C. ele-
gans. Genes Cells 22:1004–1010. https:// doi. org/ 10. 1111/ 
gtc. 12540

Yanase S, Yasuda K, Ishii N (2019) Monitoring age-related 
changes in the lactate/pyruvate ratio using a colorimetric 
assay in a C. elegans model of increased life span. Meth-
ods Mol Biol 1916:123–132. https:// doi. org/ 10. 1007/ 978-
1- 4939- 8994-2_ 12

Yang M, Darwish T, Larraufie P, Rimmington D, Cimino I, 
Goldspink DA, Jenkins B, Koulman A, Brighton CA, 
Ma M et  al (2021) Inhibition of mitochondrial function 
by metformin increases glucose uptake, glycolysis and 
GDF-15 release from intestinal cells. Sci Rep 11(1):2529. 
https:// doi. org/ 10. 1038/ s41598- 021- 81349-7

Zabihi Diba L, Mohaddes Ardebili SM, Gharesouran J, Housh-
mand M (2016) Age-related decrease in mtDNA content 
as a consequence of mtDNA 4977 bp deletion. Mitochon-
drial DNA A 27(4):3008–3012. https:// doi. org/ 10. 3109/ 
19401 736. 2015. 10630 46

Zhang Y, Ma Y, Bu D, Liu H, Xia C, Zhang Y, Zhu S, Pan H, 
Pei P, Zheng X et al (2015) Deletion of a 4977-bp frag-
ment in the mitochondrial genome is associated with mito-
chondrial disease severity. PLoS ONE 10(5):e0128624. 
https:// doi. org/ 10. 1371/ journ al. pone. 01286 24

Zheng Y, Luo X, Zhu J, Zhang X, Zhu Y, Cheng H, Xia Z, Su 
N, Zhang N, Zhou J (2012) Mitochondrial DNA 4977 bp 
deletion is a common phenomenon in hair and increases 
with age. Bosn J Basic Med Sci 12(3):187–192. https:// 
doi. org/ 10. 17305/ bjbms. 2012. 2480

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.3791/51682
https://doi.org/10.3791/51682
https://doi.org/10.1007/s10522-023-10089-0
https://doi.org/10.1007/s10522-023-10089-0
https://doi.org/10.1007/s40520-013-0148-0
https://doi.org/10.1007/s40520-013-0148-0
https://doi.org/10.1016/j.bbabio.2022.148554
https://doi.org/10.1016/j.bbabio.2022.148554
https://doi.org/10.1242/dmm.049969
https://doi.org/10.1155/2020/4898217
https://doi.org/10.15252/embj.2020106283
https://doi.org/10.1093/gerona/glt106
https://doi.org/10.1016/j.mad.2010.01.005
https://doi.org/10.1016/j.mad.2010.01.005
https://doi.org/10.1111/gtc.12540
https://doi.org/10.1111/gtc.12540
https://doi.org/10.1007/978-1-4939-8994-2_12
https://doi.org/10.1007/978-1-4939-8994-2_12
https://doi.org/10.1038/s41598-021-81349-7
https://doi.org/10.3109/19401736.2015.1063046
https://doi.org/10.3109/19401736.2015.1063046
https://doi.org/10.1371/journal.pone.0128624
https://doi.org/10.17305/bjbms.2012.2480
https://doi.org/10.17305/bjbms.2012.2480

	Altered lactatepyruvate ratio may be responsible for aging-associated intestinal barrier dysfunction in male rats
	Abstract 
	Introduction
	Method
	Animals
	In-vivo procedures
	Measurement of zonulin levels
	Measurement of intestinal fatty acid-binding protein (I-FABP) levels
	Intestinal tissue homogenization and mitochondrial isolation
	Analysis of the amount of mtDNAd-loop and mtDNA4834 bp deletion by real-time PCR
	Measurement of ATP levels
	Mitochondrial membrane potential assay (ΔΨm)
	Lactate and pyruvate assays
	Statistical analysis

	Results
	Discussion
	Conclusion
	References


