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abstract
introduction. Gastrointestinal disorders become more prevalent with ageing. This study is aimed to describe 
morphological changes that occur in the jejunal mucosa of male albino rats as a result of ageing and the protec-
tive effect of green tea (GT) extract. 
Material and methods. The experiment was performed on sixty rats: thirty young-adult (6-month old, body 
mass 200–220 g) and thirty old (24-month-old, body mass 220–260 g) animals. Each group was further divided 
into two subgroups (n = 15 each): control rats and GT-treated rats that received 1.5 mL (300 mg/kg/day) of GT 
extract for 14 weeks by oral gavage. Sections of the jejunum were stained with hematoxylin and eosin, periodic 
acid Schiff, toluidine blue and Mallory trichrome methods. The presence of proliferating cell nuclear antigen 
(PCNA)- and CD68-positive cells was evaluated by immunohistochemical staining. Ultrathin sections were 
prepared and examined by a transmission electron microscope (TEM). 
results. Jejunal sections of the old control rats showed distortion of submucosa and attenuated muscularis externa 
with decreased height of intestinal villi. The villi also showed partial loss of acidophilic brush border with wide 
spaces between enterocytes. Swollen, short, blunt or broad villi with abundant mononuclear cell infiltration of 
lamina propria and congested blood vessels were evident both by light and electron microscopy. The number 
of PCNA- and CD68-positive cells in jejunal mucosa of old rats was higher than in young rats. The activity of 
glutathione peroxidase (GPX) and total antioxidant capacity (TAC) in the mucosa of old control rats were 
lower, whereas malondialdehyde (MDA) levels were higher in the jejunal homogenates of old rats as compared 
to young control rats. Administration of GT extract protected the jejunal mucosa from age-related changes by 
restoring its histological structure. The treatment of old rats with GT extract significantly decreased MDA levels 
in the jejunum and increased TAC and GPX activity.
Conclusions. The age-related changes of the morphology of rat jejunum could be ameliorated by prolonged 
supplementation of the green tea extract. (Folia Histochemica et Cytobiologica 2017, Vol. 55, No. 3, 124–139)
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introduction

The gastrointestinal (GI) tract is comprised of struc-
turally and functionally distinct regions. It holds the 
largest population of neurons and most complex sys-
tem of nervous tissue outside the central nervous sys-
tem as well as the greatest number of immune cells in 
the body and a variety of specialized epithelial cells [1]. 
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The small intestine is the primary digestive apparatus 
of mammals. It absorbs nutrients via the intestinal 
epithelial cells, i.e. enterocytes. Villi and microvilli 
have a major role in increasing the intestinal surface 
area [2]. There is a rapid, almost complete renewal of 
the functional villus epithelium by the stem cells of the 
crypts of Lieberkuhn every 2 to 6 days [3]. Intestinal 
stem cells are pluripotential and give rise to all cell 
lineages in the intestinal epithelium. Mucosal cell 
proliferation is essential for the maintenance of the 
integrity of the GI system while the proliferation rates 
are high, second only to hematopoietic system [4].

Aging is a multifactorial process, which comprises 
both intrinsic and extrinsic factors, and age-related 
gastrointestinal dysfunction has a major impact on 
the quality of life. Disorders of the GI tract are prev-
alent amongst the elderly population [5, 6]. Aging of 
the cells of the GI tract is likely to be involved in the 
etiology of GI disorders. Also other factors, such as 
exercise, diet and the microbiota may influence both 
function and properties of GI cells during aging which 
affects body’s ability to maintain homeostasis [1, 6, 7]. 
These deteriorations result in the increased preva-
lence of certain diseases associated with aging, such 
as gastroesophageal reflux, intestinal inflammation 
and constipation [1, 8]. 

The effects of aging on the human body vary de-
pending on tissue, and it was shown that organ systems 
with higher cell turnover, including the GI epithelium, 
experienced the highest cumulative DNA damage [9]. 
Aging was shown to be associated with the accumula-
tion of oxidative damage to DNA and other cellular 
components and tissues during lifetime [10]. Oxidative 
damage to DNA, proteins, carbohydrates and lipids 
are likely causes of degenerative diseases due to dis-
turbances in cellular homeostasis [10]. Many markers 
were used to measure the oxidative stress-associated 
tissue damage and antioxidant defense including 
measurement of antioxidant enzyme activities [11]. 

Another aspect of aging-related impairment of 
the intestinal epithelium are inflammatory process-
es. Since the intestinal macrophages are the largest 
population of mononuclear phagocytes in the body, 
they are the vital part of the first-line defense mech-
anisms against the pathogenic microorganisms and 
their immunostimulatory products [12]. 

Green tea (GT) is a popular drink used worldwide 
by more than two-thirds of the world’s population. 
It is obtained from leaves and the terminal apical 
buds of Camellia sinensis. GT leaves contain caf-
feine, theobromine, theophylline and phenolic acid. 
GT also contains methylxanthines and polyphenols, 
especially flavonoids of the catechin type. The four 
kinds of catechins mainly present in GT leaves are 

epicatechin, epigallocatechin, epicatechin-3-gallate 
and epigallocatechin-3-gallate (EGCG) [13]. The 
role of tea catechins in decreasing risk of many dis-
eases and maintenance of a healthy physiological 
status have been thoroughly documented throughout 
different stages of life [14]. GT has well-established 
hypocholesterolemic, anti-hyperglycemic, hepatopro-
tective and anticarcinogenic effects [15]. Also, GT 
stimulates production of endogenous antioxidants 
during oxidative stress, ischemia and inflammation. 
It prevents apoptosis process by altering expression 
of the anti- and proapoptotic genes [16]. Long-term 
ingestion of tea decreases the age-related declines 
in physical performance and energy metabolism in 
senescence-accelerated mice [17]. Therefore, the 
aim of this study was to explore age-related changes 
in the jejunal mucosa of male Wistar albino rats and 
the possible protective role of GT administration.

Material and methods

green tea extract. Green tea extract which consist of 70% total 
catechin, 4.39% epigallocatechin (EGC), 1.26% catechin (C), 
43.95% epigallocatechin-3-gallate (EGCG), 2.9% epicatechin 
(EC) and 17.5% epicatechin-3-gallate (ECG) was purchased 
(El-Obour Modern Pharmaceutical Industries, Obour City, 
Egypt) in the form of tablets, each containing 200 mg of 
the extract. Briefly, 100 tablets were dissolved in 100 mL of 
distilled water to prepare 10% aqueous GT extract (GTE), 
which was given to rats by oral gavage [18].

animals. Male Wistar rats were maintained under specific 
pathogen-free conditions at 22°C under a 12-hour light/dark 
cycle in the Animal House of Faculty of Medicine, Zagazig 
University, Egypt. All animals were fed a standard pelleted 
chow, and were given free access to water. Animals were 
maintained according to the guidelines for animal research 
issued by National Institute of Health and approved by 
Animal Ethics Committee, Zagazig University, Egypt.

Experimental design. The experiment was performed on 
sixty rats: thirty young-adult (6-month-old, body mass 200– 
–220 g) and thirty old (24-month-old, body mass 220–260 g) 
animals. Each group was further divided into two subgroups 
(n = 15 each): control rats had free access to water and 
were additionally given 1.5 mL of distilled water daily by 
oral gavage for 14 weeks, whereas GT-treated rats received 
1.5 mL (300 mg/kg/day) of GT extract daily for 14 weeks by 
oral gavage according to Gad et al. [18].

The animals were euthanized under full anesthesia by 
intraperitoneal injection of sodium thiopental (25 mg/kg) 
according to Kara et al. [19]. The jejunum was carefully dis-
sected by laparotomy and processed for light and electron 
microscopy and biochemical assays.
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For light microscopic examination tissue samples were 
fixed in 10% neutral formalin prior to sectioning into 
5 µm-thick sections. Sections were stained with hematoxylin 
and eosin (H & E) to evaluate general tissue morphology 
according to Bancroft et al. [20]. Mallory trichrome stain was 
used for the detection of collagen fibers, and PAS reaction 
was applied for histochemical detection of carbohydrates as 
described by Bancroft et al. [21].

immunohistochemistry. Jejunal sections were placed on 
charged slides, and used for immunohistochemical (IHC) 
examination. Detection of proliferating cell nuclear antigen 
(PCNA) and cluster of differentiation 68 (CD68) antibodies 
was done using streptavidin–biotin complex immunoper-
oxidase system. Sections were incubated in 0.1% hydrogen 
peroxide for 30 min to block the endogenous peroxidase 
activity. Then they were incubated with PCNA Ab-1 (Clone 
PC10) mouse monoclonal (Cat. No. MS-106-PCS, Lab Vi-
sion Corp., Fremont, CA, USA), diluted 1:75 and applied 
to sections for 12 h at 4°C for the detection of PCNA. For 
the detection of CD68, the sections were incubated with 
mouse CD68/Macrosialin antibody (KP1) (Cat. No. MA5-
13324, Lab Vision) diluted 1:200 in phosphate-buffered 
saline (PBS) for 30 min. After several washes with PBS, 
sections were incubated with biotinylated goat anti-mouse 
IgG (Zymed Laboratories, South San Francisco, CA, USA) 
for 30 min at room temperature (RT). Thereafter, all sec-
tions were incubated with the streptavidin-biotin peroxidase 
complex for 30 min at RT. After washing with PBS, reactions 
were visualized with 3’,3’-diaminobenzidine-tetrahydrochlo-
ride (DAB; Sigma-Aldrich, St. Louis, MO, USA) used as 
chromogen to visualize antibody binding. The sections were 
counterstained with Mayer’s hematoxylin, dehydrated and 
mounted. For negative control, primary antibodies were 
replaced with PBS. Positive reaction for PCNA was nucle-
ar one, whereas CD68 protein appeared as brown-yellow 
particles inside the cytoplasm [2, 22].

transmission electron microscopy. Specimens for electron 
microscopy were immediately fixed in 2.5% phosphate-buff-
ered glutaraldehyde (pH 7.4) and post-fixed in 1% osmium 
tetroxide at 4°C followed by dehydration, and embedded 
in epoxy resin. Ultrathin sections were stained with uranyl 
acetate and lead citrate [23]. They were examined and 
photographed using a JEOL JEM 1010 electron microscope 
(Jeol Ltd, Tokyo, Japan).

Biochemical assays. Parts of the jejunum were homogenized 
for the estimation of the oxidative status. About 0.1 g of 
the frozen jejunum sample in ice-cold saline (0.9% NaCl) 
solution was weighed. The proportion of saline (mL) and 
jejunum sample (g) was 9:1. The mixture of jejunal tissue 
and phosphate-buffered saline was homogenized using 

a tissue digital homogenizer (IKA Ultra-turax T25, Sig-
ma-Aldrich) and the homogenate was then centrifuged at 
3500 g for 10 min. Finally, the supernatant was collected and 
stored at –20°C for the detection of oxidative/antioxidative 
parameters. 

Total antioxidant capacity (TAC) assay. Tissue TAC was 
determined using a commercial kit following the manufac-
turer’s protocol (Biodiagnostic, Giza, Egypt) on the basis 
of the oxidation/reduction colorimetric assay at 532 nm. 
The method is based on that the antioxidants in the sample 
eradicate a certain amount of the provided hydrogen per-
oxide. The remaining H2O2 is measured colorimetrically by 
an enzymatic reaction transforming 3,5-dichloro-2-hydroxyl 
benzenesulfonate to a color product.

Glutathione peroxidase (GPx) activity assay. GPx activities in 
tissue were measured according to manufacturer’s protocol 
(Biodiagnostic, Obour City, Egypt). The rate of decrease 
in the absorbance at 340 nm is directly proportional to the 
GPX activity in the sample.

Malondialdehyde (MDA) assay. Measurements of MDA levels 
were done by a commercial chemical colorimetrical assay 
kit according to manufacturer’s protocol (Biodiagnostic, 
Obour City, Egypt). MDA is a natural bi-product of lipid 
peroxidation; in the samples it reacts with thiobarbituric acid 
(TBA) to generate a MDA-TBA adduct. The MDA-TBA 
adduct can be quantified colorimetrically at 534 nm.

histomorphometry. All morphometric measurements were 
made using a Leica QWin 500 image analyzer (Leica, Wet-
zlar, Germany). Measurements were taken in 10 randomly 
selected non-overlapping fields from jejunal section of each 
animal according to the method described by Giblot et al. 
[24]. For the measurements only sections cut along the 
crypt’s axis were used. All morphometric measurements 
were taken at total magnification of ×200. Sections were 
evaluated as follow: 1) The heights of villi (from the tip of 
the villus to the junction of the villus and crypt; 2) Total 
thickness of the mucosa in µm (from the top of the villus to 
the muscularis mucosa); 3) The depths of crypts in µm (the 
subtraction of villus height from total mucosa thickness). 
Moreover, the numbers of PCNA and CD68 positively 
immunostained cells were counted at ×400 magnification 
in 10 fields selected randomly. 

Statistical analysis. Differences among the groups were 
analyzed via a one-way analysis of variance (ANOVA) 
followed by a Tukey-Kramer post-hoc test for inter-group 
comparisons using SPSS software v.16 (SPSS Inc., Chicago, 
IL, USA). All results were expressed as mean ± standard de-
viation (SD), p < 0.05 was considered statistically significant.
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figure 1. Morphology of the jejunum of young and old rats. a, B. Young control rat — the mucosa consisting of long and 
slender villi is covered by columnar absorbing cells with a brush border (arrows) and goblet cells (arrowheads). Paneth cells 
are lining the crypts (curved arrow). The lamina propria contains mononuclear cells (asterisks); C, d. The jejunum of old rat 
shows decreased number and length of intestinal villi and crypts. Distorted submucosa and attenuated muscularis externa 
can also be seen; E, f. The jejunum of old rat shows partial loss of acidophilic brush border (double arrowhead). Broad and 
blunt villus with disrupted epithelium and wide intercellular spaces (arrowhead). The crypt-lining cells are small with darkly 
stained nuclei (D, F; thick arrows). Abundant mononuclear cell infiltration in the lamina propria (asterisks) and congested 
blood vessels (bv) can be seen. Abbreviations: bv — blood vessels; C — crypts; IC — inner muscular layer; M — muscularis 
externa; mm — muscularis mucosa; OL — outer muscular layer; S — submucosa; V — villi. H & E staining. Scale bars:  
A, C — 30 µm; B, D, E, F — 50 µm.

a B

C d

fE

results 

Comparison of the morphology of the jejunal  
wall in young and old control rats
The morphology of the jejunum of young control rats 
showed mucosa with long and slender villi covered 

by columnar absorbing cells tightly adherent to each 
other with a prominent brush border and goblet 
cells (Fig. 1A and Suppl. Fig. 1A, B). Intraepithelial 
lymphocytes could also be seen (Suppl. Fig. 1A). In-
testinal crypts at the base of villi were surrounded by 
mucosal lamina propria which extended to the villous 
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figure 2. Morphology of the jejunum of young and old rats treated with green tea extract. The epithelium contains columnar 
cells with a brush border (arrow) and goblet cells (arrowheads). The crypts are lined with columnar absorbing cells (thick 
arrow), goblet cells (arrowhead) and Paneth cells (curved arrow). The lamina propria contains mononuclear cells (asterisks). 
a, B. Green tea extract-treated young rats; C, d. Green tea extract-treated old rats. Abbreviations as in the description of 
Figure 1. H & E staining. Scale bars: A and C — 30 µm; B and D — 50 µm.

a B

C d

core containing lacteals. Submucosa separates the mu-
cosa from muscle layer (Fig. 1A and Suppl. Fig. 1A). 
Paneth cells with basal darkly-stained nucleus and 
acidophilic cytoplasm were seen at the base of the 
crypts. The lamina propria contained mononuclear 
cells. Muscularis externa was formed by inner circu-
lar and outer longitudinal smooth muscle cell layers 
(Fig. 1B).

Examination of the jejunal wall of old control rats 
showed decreased height of intestinal villi with spacing 
between adjacent enterocytes. Many intraepithelial 
lymphocytes (Suppl. Fig. 1C), distorted submucosa 
and attenuated muscularis externa were also ob-
served (Fig. 1E, F). The villi showed partial loss of 
acidophilic brush border. Short, blunt and broad villi 
with disruption of their surface epithelium were also 
noticed. The epithelial lining cells of the crypts showed 
darkly-stained nuclei. Abundant mononuclear cell 
infiltration of the lamina propria and congested blood 
vessels were evident (Fig. 1C and Suppl. Fig. 1C). 

Sections of young control rats displayed positive 
PAS reaction in the apical distended portion of gob-

let cells (Fig. 3A), whereas jejunal epithelium of old 
control rats showed increased number of goblet cells 
with positive PAS reaction in the apical distended 
portion (Fig. 3C). In young control rats few mucosal 
and submucosal collagen fibers could be observed 
(Fig. 3E), whereas old rats showed many collagen 
fibers in the mucosa and submucosa (Fig. 3G). 

Comparison of the morphology of the jejunal wall 
in young and old rats treated with green tea extract
The examination of the GT extract-treated rats re-
vealed nearly similar structure of the jejunal wall as 
in the control group (Figs. 2A, B; 3B, F; 4B, F; and 
Suppl. Fig. 1B). Examination of jejunal sections of rats 
treated with GT extract showed the mucosa consisting 
of long villi covered by columnar absorbing cells. En-
terocytes were tightly adherent to each other, between 
some cells wide spaces were present. The absorptive 
cells showed basal oval nuclei and prominent nucleoli. 
Brush borders were also noticed. Many goblet cells 
and intraepithelial lymphocytes were visible. The 
crypts were lined with columnar absorbing cells, goblet 
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cells and Paneth cells. The lamina propria contained 
mononuclear cells (Fig. 2C, D and Suppl. Fig. 1D). 
Old GT extract-treated rats showed positive PAS re-
action in the apical distended portion of goblet cells 
(Fig. 3D) and some collagen fibers in the mucosa and 
submucosa (Fig. 3H). 

The presence of proliferating cells and monocytes/ 
/macrophages in the jejunal mucosa of control  
and green tea extract-treated young and old rats
IHC staining for PCNA in the control (Fig. 4A) 
and GT extract-treated (Fig. 4B) young rats showed 
increased number of immunopositive nuclei of the 
crypt-lining cells. Decreased number of immuno-
reactive nuclei were detected in crypt cells of old 
control rats (Fig. 4C); however, increased number of 
PCNA-positive nuclei was observed in crypt cells of 
old GT-treated rats (Fig. 4D).

The IHC staining of control (Fig. 4E) and 
GT-treated rats (Fig. 4F) revealed few CD68-positive 
cells scattered all over the lamina propria. However, 
in the mucosa of old control rats many cells distrib-
uted throughout the lamina propria displayed CD68 
immunoreactivity (Fig. 4G). Few CD68-positive 
cells were scattered over the lamina propria of GT 
extract-treated old rats (Fig. 4H). 

Ultrastructure of the jejunal mucosa  
of young and old control rats
Electron microscopic examination of young rat’s 
jejunum revealed adjacent columnar absorbing cells 
with numerous long microvilli in the luminal surface 
with terminal web at the apical cytoplasm. The cells 
presented oval basal electron-lucent nuclei and prom-
inent nucleoli; their cytoplasms were abundant in mi-
tochondria and rER cisternae. The neighboring cells 
were firmly adherent by complex junction (Fig. 5A, B). 
Goblet cells showed basal oval nuclei and prominent 
nucleoli, apical electron-dense secretory granules and 
cytoplasm was rich in rER cisternae. Enteroendocrine 
cells contained basal electron-dense secretory granules. 
All cells were resting on thin basal lamina (Fig. 5C, D). 
Paneth cells with electron-dense granules and irregular 
heterochromatic nucleus were also detected in the 
crypts. The lamina propria contained collagen fibers, 
lymphocytes, mast cells with many electron-dense gran-
ules. Eosinophils with characteristic ellipsoid granules 
were also detected (Fig. 5E, F).

Ultrastructural examination of the jejunum of old 
rats revealed columnar absorbing cells with wide spaces 
between adjacent cells. Degenerated goblet cells ap-
peared with dilated rER cisternae. All cells were resting 
on thick basal lamina. The columnar absorbing cells 
showed few degenerated microvilli with formation of 

blebs. Apical cytoplasm showed many lysosomes and 
a multivesicular body (Fig. 6A, B). Paneth cells showed 
few electron-dense secretory granules (Fig. 6C). The 
lamina propria showed many collagen fibers, lympho-
cytes and mast cells with many electron-dense granules. 
Eosinophils with bi-lobed nucleus and characteristic 
ellipsoid granules could also be seen (Fig. 6D).

Ultrastructure of the jejunal mucosa of green tea 
extract-treated young and old rats
The jejunal epithelium of GT extract-treated young 
rats demonstrated columnar absorbing cells with basal 
oval electron-lucent nuclei and prominent nucleoli. 
The cytoplasm contained many mitochondria and 
rER cisternae. In the apical region of columnar ab-
sorbing cells long cylindrical microvilli, terminal web 
and junctional complex were present (Fig. 7A, B). 
Paneth cells with electron-dense granules were 
detected (Fig. 7C). The lamina propria contained 
thin basement membrane with blood capillaries and 
fibroblasts located below (Fig. 7D). 

Electron microscopic examination of old GT-treat-
ed rats revealed the presence of adjacent columnar 
absorbing cells with numerous long microvilli. The 
neighboring cells were closely adjacent to each oth-
er. They contained basal oval electron-lucent nuclei. 
They were firmly adherent by junctional complex. 
Moreover, Paneth cells with many electron-dense 
granules and adjacent enterocytes with relatively nar-
row intercellular spaces between them were observed 
(Fig. 8A). The lamina propria contained collagen 
fibers and eosinophils with characteristic ellipsoid 
granules. Blood capillary with thick irregular base-
ment membrane was also noticed (Fig. 8D). 

Histomorphometry of the rat jejunal mucosa  
in the studied model
The histomorphometric measurements of the height 
of villi, depth of crypts and mucosal thickness are pre-
sented in Table 1. There was a significant decrease in 
these parameters in the jejunal mucosa of old control 
rats compared to the young control rats. Contrary, 
in the group of old rats treated with GT, there was 
a significant increase in all three measured parameters 
as compared to old control rats.

The number of PCNA-positive cells was signif-
icantly decreased in old control rats as compared 
with the young control rats. We observed a signifi-
cant increase in the number of PCNA-positive cells 
in old rats treated with GT extract as compared to 
old control rats (Table 1). Moreover, the old control 
rats showed a significant increase in the number of 
CD68-positive cells as compared to the young control 
rats. On the other hand, treatment of old rats with 
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figure 3. Morphology of the jejunum of rats stained by the PAS and Mallory methods. a. Young control rat; B. The jejunum 
of green tea-treated young rat showing positive PAS reaction in the apical distended portion of goblet cells (arrow); C. Old 
control rats — microscopic examinations revealed increased number of goblet cells with positive PAS reaction (arrow); 
d. The jejunum of green tea-treated old rat showing positive PAS reaction (arrow); E, f. Young control rats — microscopic 
examinations revealed few collagen fibers (double arrows) in the mucosa and submucosa; g. The jejunum of green tea ex-
tract-treated old rat showing some collagen fibers (double arrows) in the mucosa and submucosa; h. Old control rats showed 
many collagen fibers (double arrows) in the mucosa and submucosa. PAS staining: A–D. Mallory trichrome staining: E–H. 
Scale bars: 50 µm.
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figure 4. PCNA and CD68 immunoreactivity in the jejunum of young and old rats. a. Young control rats; B. Green tea 
extract-treated young rats — microscopic examinations revealed intense positive PCNA immunoreactivity (Ir) in the nuclei 
of crypt cells (arrow); C. Control old rats — microscopic examinations revealed weak PCNA Ir in the nuclei of crypt cells 
(arrow); d. The jejunum of green tea extract-treated old rats shows positive PCNA Ir in the nuclei of crypt cells (arrow); 
E, f. Young control rats — microscopic examinations revealed few CD68+ macrophages (thick arrow) distributed throughout 
the lamina propria; g. The jejunum of old control rats showing intense CD68+ Ir in many macrophages (thick arrow) distrib-
uted throughout the lamina propria; h. The jejunum of green tea extract-treated old rats showing few CD68+ macrophages 
(thick arrow) in the lamina propria. Immunochemical staining was performed as described in Material and methods. Scale 
bars: 50 µm.
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figure 5. Ultrastructure of the jejunal epithelium of young control rats. a, B. The adjacent columnar absorbing cells are 
firmly adherent to each other due to junctional complex (arrowheads). Long cylindrical microvilli (arrow) and terminal 
web at the apical cytoplasm (white arrow) are also seen. They have basal oval electron-lucent nuclei (N) and prominent 
nucleoli (n). The cytoplasm is rich in mitochondria (m) and RER cisternae (rr); C, d. Goblet cells have basal oval nucleus 
with prominent nucleolus (N), electron-dense secretory granules (g) and their cytoplasm is rich in RER cisternae (rr). Part 
of an enteroendocrine cell (En) contains basal electron-dense secretory granules (En). The cells rest on thin basal lamina 
(curved arrow); E, f. Paneth cells with electron-dense granules (P) and irregular heterochromatic nucleus (N); lamina 
propria contains collagen fibers (F), lymphocytes (Ly), mast cell with many electron-dense granules (Mc). Eosinophils with 
characteristic ellipsoid granules are present (Eo). Scale bars: A, C–F — 2 µm; B — 500 nm. 
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figure 6. Ultrastructure of the jejunal epithelium of old control rats. a, B. The adjacent columnar absorbing cells present 
degenerated microvilli (arrow) and irregular heterochromatic nuclei (N). Apical cytoplasm contains numerous lysosomes 
(arrowhead) and multivesicular body (curved arrow in B). The enterocytes are bound by tight junction and desmosomes 
(white arrow). Part of degenerated goblet cell with dilated rER cisternae (G) could be noticed. Widened intercellular spac-
es between adjacent cells (asterisks) could be seen. The cells rest on thick basal lamina (curved arrow in A); C, d. Paneth 
cells contain few electron-dense granules (G) and irregular heterochromatic nucleus (N). Lamina propria contains collagen 
fibers (F), lymphocytes (Ly), mast cells with many electron-dense granules (Mc). Eosinophils with bi-lobed nucleus and 
characteristic ellipsoid granules could be seen (Eo). Scale bars: A, C, D — 2 µm; B — 500 nm. 

Ba

dC

GT extract significantly decreased the number of 
CD68-positive cells in the jejunal mucosa as compared 
to old control rats (Table 1).

Oxidative status of rat jejunal mucosa  
in the studied model
Total antioxidative capacity and glutathione peroxidase 
activity were significantly lower in the jejunal homoge-

nates of old control rats as compared with the young 
control rats (Table 2). MDA levels were significantly 
higher in the jejunum of old control rats than in young 
rats. A significant increase in the antioxidant parameters 
(TAC and GPx) was found in GT extract-treated old 
rats as compared to control group of old rats. Moreover, 
the treatment of old rats with GT extract significantly 
decreased MDA levels in the jejunum (Table 2). 
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figure 7. Ultrastructure of the jejunal mucosa of the green tea extract-treated young rats. a, B. Columnar absorbing cells 
contain numerous long cylindrical microvilli (arrows), terminal web (white arrow), basal oval electron-lucent nucleus (N) 
and prominent nucleolus (n). The cytoplasm is rich in mitochondria (m) and RER cisternae (rr). Junctional complexes were 
found between neighboring cells (arrowheads); C. Paneth cell (P) with electron-dense granules and irregular heterochromatic 
nucleus (N); d. Lamina propria contains fibroblasts (Fi) and blood capillary with thin basement membrane (curved arrow). 
Scale bars: A, C, D — 2 µm; B — 500 nm.

a B

C d

discussion

Specific age-related malabsorption, resulting from 
the altered function of gastrointestinal mucosa, and 
maldigestion are two main causes of senile undernu-
trition [25].

The main finding of our study was the demon-
stration that GT extract administration effectively 
ameliorated age-related alterations in the jejunum of 

old rats, and that this effect might have been related 
to the antioxidative components of green tea.

In the current study, old rats showed decreased 
thickness of the mucosa including intestinal villi 
and depth of crypts with disruption of the surface 
epithelium in short villi. These findings are in agree-
ment with Baum et al. [26] who reported in a dog 
a strong correlation between age and thickness of the 
intestinal wall. They found an age-related reduction 
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figure 8. Ultrastructure of the jejunal mucosa of green tea extract-treated old rats. a, B. Enterocytes, closely adjacent to 
each other (arrowheads) present numerous long microvilli (arrows) and oval electron-lucent nuclei (N); C, d. Paneth cell 
appeared with many electron-dense granules (G) and irregular heterochromatic nucleus (N). Adjacent enterocytes show 
irregular heterochromatic nuclei (N) with relatively narrow intercellular spaces (asterisks). Collagen fibers (F), and eosino-
phils with characteristic ellipsoid granules (Eo) as well as blood capillary with thick irregular basement membrane (curved 
arrow) are seen in the lamina propria. Scale bars: A, C, D — 2 µm; B — 500 nm.

a B

C d

in the height of villi and the surface area of intestinal 
mucosa. On the contrary, Martin et al. [27] found 
that the mean thickness of all layers of the murine 
jejunum increased with age. Holt et al. [28] noticed 
increases in the width of villi over the small intestine 
of old Fischer 344 rats. They found increased villus 
height with decrease in the number of villi and crypts 
in aged rats [28]. Interestingly, no age-related changes 
of intestinal mucosa were found in humans [29]. 

In our study, we report preservation of the normal 
mucosal structure of jejunum of GT extract-treated 
old rats. In line with the potential role of green tea ad-
ministration, previous studies reported that polyphe-
nol-rich extracts induced an increased villus height 
to crypt depth ratio in jejunum of weaned pigs [30]. 
They believed that polyphenols might recover the 
digestibility of nutrients owing to the increase in 
absorptive surface of the intestine [30]. Similar con-
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table 2. The mean values of the level of total antioxidant capacity (TAC), malondialdehyde (MDA) and glutathione perox-
idase (GPx) activities in the jejunal mucosa of young and old rats

Young rats old rats

Control group rats treated with 
green tea

Control group rats treated with 
green tea

TAC [mmol/mg protein] 0.96 ± 0.09 0.92 ± 0.06 0.63 ± 0.05* 0.88 ± 0.07#

GPx [U/mg protein] 0.89 ± 0.07 0.89 ± 0.03 0.32 ± 0.06* 0.92 ± 0.06#

MDA [nmol/mg protein] 0.63 ± 0.05 0.65 ± 0.04 1.26 ± 0.09* 0.58 ± 0.04#

Data are expressed as mean and SD. *Significantly different from the young control group, p < 0.05; #Significantly different from the old control 
group, p < 0.05. 

clusions were drawn by Frejngel and Wroblewska, 
who examined the physiological effect of high doses 
of polyphenol extracts from green tea on nutrient 
absorption and digestibility in rats [31]. 

In the presented study, sections of the jejunal 
mucosa of old control rats revealed increased num-
ber of goblet cells at the age of 24 months, whereas 
in GT extract-treated old rats the number of goblet 
cells was reduced to the normal level. These findings, 
confirmed by PAS reaction, are consistent with Wang 
et al. [2] who reported an increased number of gob-
let cells in 12-month-old rats, which was associated 
with an increase in mucus secretion. They concluded 
that the increased number of goblet cells might be 
a protective mechanism against the malfunction of 
digestive tract in aged rat. In streptozotocin-treated 
rats GT extract improved the histological structure of 
the small intestine and stimulated the changes in the 
goblet cells distribution in small intestine [32].

The old rats’ lamina propria showed heavy infil-
tration of mononuclear cells and presence of collagen 
fibers, which returned to the normal state after GT ex-
tract administration. Kang et al. [33] found increased 
deposition of connective tissue and collagen in the 
rat’s gastric mucosa with aging. It was suggested that 
accumulation of oxidative products during aging con-
tributes to increased deposition of connective tissue 

and replacement of mucosal tissue [34]. A study in 
10 month-old mice showed that green tea postponed 
age-related collagen deposition by an antioxidant 
mechanism that interrupts collagen cross-linking in 
tendons and skin [35].

PCNA is strongly associated with the nuclear 
regions where DNA synthesis occurs; thus, it can 
objectively reflect the rate of cell proliferation [2]. In 
the current study, the number of PCNA-positive cells 
was significantly lower in the crypts of old control rats 
than in young control rats. This age-related decrease 
was reversed by the prolonged treatment of old rats 
with green tee extract. Wang et al. [2] found that the 
proliferation index of PCNA+ cells in the intestinal 
crypts decreased in rats in 12th postnatal month. On 
the contrary, Holt and Yeh [36] demonstrated that 
duodenal, jejunal, and ileal crypt cell production rates 
were increased in old male Fischer rats fed using the 
vincristine-induced metaphase arrest technique. This 
suggests that small intestinal cell production is en-
hanced in senescent rats compared to young rats fed the 
same diet and kept under the same living conditions. 
The discrepancies between our results and those of 
Holt and Yeah [36] may be attributed to differences 
between the strains of rats or applied techniques. How-
ever, a study performed by Xiao et al. [37] on Fischer 
344 rats showed that aging is associated with increased 

table 1. Histomorphometrical measures of the height of villi, depth of crypts, total mucosal thickness, number of PCNA- 
-positive and CD68-positive cells

Young rats old rats

Control group rats treated with 
green tea extract

Control group rats treated with 
green tea extract

Crypt depth [µm] 984.3 ± 243.0 980.5 ± 239.7 577.2 ± 189.6* 905.4 ± 151.6#

Villus height [µm] 932 ± 185.5 933.6 ± 183.2 707.9 ± 101.3* 889.6 ± 92.8#

Thickness of the mucosa [µm] 1914.4 ± 156.7 1917.1 ± 158.3 1285.0 ± 112.5* 1795.0 ± 82.7*#

PCNA+ [cells/mm2] 0.39 ± 0.07 0.43 ± 0.03 0.08 ± 0.01* 0.33 ± 0.04#

CD68+ [cells/mm2] 50.3 ± 15.2 55.3 ± 14.5 78.4 ± 14.8* 56.5 ± 12.3#

Data are expressed as mean and SD. *Significantly different from the young control group, p < 0.05; #Significantly different from the old control 
group, p < 0.05.
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proliferation and decreased apoptosis in the colonic 
mucosa.The increased number of PCNA-positive cells 
in the jejunum of GT extract-treated old rats might 
be attributed to the ability of green tea polyphenols 
to increase DNA synthesis and promote cellular dif-
ferentiation due to the regulation of pro-survival and 
cell differentiation factors at the transcriptional and/
or translational level [38].

The CD68 protein is widely recognized as a marker 
of monocytes/macrophages, neutrophils and large 
lymphocytes with the predominant presence on mac-
rophages [39]. Interestingly, only few studies dealing 
with the measurement of the number of mononuclear 
cells in the small intestine during aging have been 
performed. Whereas we found higher number of the 
CD68-immunopositive cells in the lamina propria of 
old control rats than in young rats, Kleinschmidt et al. 
demonstrated decreased number of MAC387-posi-
tive macrophages in the small intestine of senescent 
dogs [40]. Since macrophages play a major role in 
the protective responses to bacteria and antigens 
that reach the epithelium, our finding that the ad-
ministration of GT extract returned the number 
of CD68-positive cells to the level found in young 
control rats suggests that green tea components may 
increase the immunoprotective function of the small 
intestine in aging. 

In the present study, the columnar absorbing cells 
showed few degenerated microvilli with formation of 
blebs with many apical lysosomes and a multivesicular 
body. Confirming this result, Jang et al. [41] found 
by electron microscopic examination that there were 
less dense brush border membranes in the duodenum 
of old rats than in young control group. The authors 
attributed this finding to the specific activities of 
alkaline phosphatase (ALP) and gamma-glutamyl 
transpeptidase (gamma-GT) which were significantly 
increased with age [41].

Aging is frequently caused by many pathologi-
cal conditions and some related phenomena such 
as increased lipid peroxidation, generation of free 
radicals, and increased peroxidation of nitric oxide 
resulting from oxidative stress [42]. Alterations in 
glutathione-dependent antioxidant system may affect 
the physiological and metabolic functions of cellular 
membranes. Generally, the aging process enhanc-
es lipid peroxidation and disruption of membrane 
structure [43]. In this work, a significant decrease in 
the activities of antioxidant parameters (TAC and 
GPX activity) in the old rats’ jejunum and a signifi-
cant increase in MDA levels were observed. By the 
administration of the green tea extract to old rats, 
these parameters recovered to normal values of young 
rats. This effect can be attributed to the antioxidative 

activity of green tea, since its administration prevented 
decreases in liver glutathione (GSH) concentrations 
induced by ethanol administration [44]. A previous 
study showed that green tea extract has the capacity 
to scavenge free radicals with significant increase in 
the activity of antioxidant enzymes such as glutathione 
S-transferases (GST), superoxide dismutase (SOD) 
and GPX [45]. Administration of GT extract resulted 
in considerable improvement in lipid peroxidation and 
protected lipids against peroxidation in tamoxifen-in-
toxicated rats [45]. The general cancer-preventive 
activities of green tea in animal models have been 
comprehensively described by Yang et al. [46].

In this study we have also revealed increased 
prevalence of intercellular spaces between adjacent 
enterocytes in old rats’ jejunum. Ren et al. found that 
tight junctions (TJ) of intestinal epithelial cells were 
wider and discontinuous in old rats. Age-induced 
down-regulation of mRNA expression and decreased 
expressions of zonula occludens and occludin pro-
teins were observed in the ileum [47]. Mabbott [48] 
stated that the intestinal barrier becomes leaky with 
age, developing the so-called ‘leaky gut’. Increased 
tight junction permeability leads to increased micro-
bial translocation into mucosal tissue and the blood 
stream, resulting in increased systemic inflammatory 
cytokine production [49]. Zhang et al. [50] stated that 
disruption of tight junction complexes is associated 
with a variety of diseases including genital and gas-
tric cancers, inflammatory bowel disease, and HIV 
infection. In addition, flavonoids are involved in the 
quercetin-mediated enhancement of the intestinal 
tight junction barrier function. Flavonoids are sup-
posed to mediate cellular biological effects through 
the interaction with intercellular signaling molecules, 
such as protein kinases, rather than through their 
antioxidant properties [51].

In conclusion, we confirmed the occurrence of the 
age-related histological, ultrastructural and functional 
changes in rat jejunal mucosa. These alterations may 
be responsible for increased frequency of gastroin-
testinal disorders such as irritable bowel syndrome 
and constipation in the elderly. We suggest that these 
changes could be ameliorated by the green tea power-
ful antioxidative and apoptosis-regulating properties. 
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