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Abstract: The lemon flavonoid extract Eriomin® (LE), which is rich in eriocitrin, has demon-
strated antioxidant and anti-inflammatory properties in both animal and human studies.
Given the established interplay among aging, oxidative stress, and inflammation, this study
investigated the influences of LE on the pituitary–adrenal (PA) axis in aged rats and its
potential to mitigate age-related physiological changes in this system. The effects of LE
(40 mg/kg/day suspended in sunflower oil) on the morphofunctional properties of the PA
axis were studied in 24-month-old male Wistar rats following four weeks of oral treatment.
Control groups included vehicle-treated (sunflower oil; CON) and untreated intact controls
(ICON). Stereological and imaging analyses revealed no significant changes in pituitary
ACTH cells; however, Pomc gene expression was significantly downregulated in the LE
group compared to both controls (p ≤ 0.05). LE treatment resulted in a significant reduction
in adrenal gland weight (p ≤ 0.05), adrenal gland volume (p ≤ 0.01), zona fasciculata (ZF)
volume (p ≤ 0.01) and ZF cell volume (p ≤ 0.05). These changes were accompanied by a sig-
nificant decrease in serum corticosterone levels (p ≤ 0.05). In conclusion, LE downregulated
PA axis activity in aged rats. Considering the association between age-related increases in
PA activity and adverse health outcomes, citrus flavonoid extracts such as LE may hold
promise as anti-aging supplements aimed at mitigating age-related stress dysregulation.

Keywords: lemon flavonoid extract Eriomin®; pituitary gland; adrenal gland; aged rat;
healthy ageing

1. Introduction
Aging is a continuous and irreversible process characterized by a gradual decline

in physiological functions and an increased risk of various diseases, including metabolic,
stress-related, cognitive, cardiovascular, and neurodegenerative disorders. According to the
World Health Organization, by 2030, the proportion of the global population aged 65 and
older will be greater than the proportions of younger age groups. Consequently, research
aimed at preventing or delaying the onset of age-related disabilities to promote healthy
aging is becoming increasingly vital [1,2].

During aging, hormone secretory patterns and sensitivity to negative feedback by
end hormones change, affecting the regulation and maintenance of physiological home-
ostasis [3]. At the level of the pituitary–adrenal (PA) axis (as the functional module
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of the hypothalamic–pituitary–adrenal axis), aging is associated with increased corti-
sol/corticosterone levels, disruption of negative feedback by glucocorticoids (GC), and
attenuation of the diurnal rhythm of GC secretion [4], while ACTH levels remain relatively
stable [3]. Age-related dysfunction of the PA axis under both basal and stress conditions
disrupts key physiological functions, such as metabolism and cardiovascular regulation,
thereby contributing to pathophysiological conditions that favor the development of age-
related diseases [5,6]. The interplay among increased PA axis activity, oxidative stress, and
inflammation during aging forms a self-reinforcing cycle that accelerates age-related phys-
iological decline. Thus, the age-associated elevation in basal cortisol levels is partly due
to hippocampal damage caused by oxidative stress, which impairs cortisol regulation [7].
Conversely, chronic cortisol elevation contributes to oxidative damage in different tissues
and may play pivotal roles in age-related pathology [8–10].

There is growing evidence that certain fruits have significant health benefits, and
research into natural compounds that promote healthy aging by maintaining metabolic and
endocrine balance—which is crucial for overall physiological homeostasis—is highly valu-
able. The lemon flavonoid extract Eriomin® (LE), which is mainly composed of eriocitrin,
hesperidin, naringin, and didymin (chemical structures are presented in Figure 1), has been
recognized for its anti-inflammatory, antioxidant (the ortho-hydroxyl groups on the B ring
of eriocitrin indicate antioxidant potential), antitumor, and antidiabetic properties [11,12].

Figure 1. Chemical structures of the main citrus flavonoids in Eriomin®.

An earlier study demonstrated that LE supplementation can reduce the excessive
oxidative stress associated with diabetes mellitus and other chronic diseases [13–15]. Sup-
porting this, our previous studies showed that naringenin and hesperetin exert antiox-
idant effects in the liver and in the pituitary and thyroid glands of aged animal mod-
els [16–18]. Our latest research revealed that LE acts as a potent antioxidant by effectively
reducing oxidative stress in the small intestine and the liver through the modulation
of the hepatic redox regulators Nrf2 and Trx1, as well as through alterations in protein
persulfidation levels [19,20].

Considering the beneficial effects of citrus flavonoids in reducing oxidative stress and
the established links among aging, oxidative stress, and elevated cortisol levels, we aimed to
investigate the influence of LE on age-related imbalances in the PA axis. This investigation
included a comprehensive analysis of histomorphological changes in pituitary ACTH-
immunoreactive cells and Pomc gene expression, alongside assessments of the adrenal
cortex, with particular focus on the zona fasciculata (ZF), the primary site of corticosterone
production in aging rats.

2. Results
2.1. Body Mass, Pituitary, and Adrenal Gland Weight

The results for body mass and the absolute and relative weights of the pituitary and
adrenal glands are shown in Table 1. In the LE-treated group, the absolute and relative
weights of the adrenal gland decreased by 18% (p ≤ 0.001) and 20% (p ≤ 0.05), respectively,
compared to those in the CON group.
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Table 1. The effects of the lemon flavonoid extract Eriomin® on body mass and pituitary and adrenal
weight in aged male rats.

ICON CON LE

Body mass (g) 438.5 ± 47.3 432.8 ± 21.3 440.5 ± 26.1
Absolute pituitary weight (mg) 11.0 ± 1.3 12.9 ± 1.1 12.8 ± 1.5
Relative pituitary weight (%) 2.5 ± 0.3 2.9 ± 0.2 3.0 ± 0.4
Absolute adrenal weight (mg) 26.4 ± 1.4 27.2 ± 1.4 22.2 ± 0.8 ***

Relative adrenal weight (%) 5.5 ± 0.5 6.4 ± 0.2 5.1 ± 0.2 *
Results are presented as means ± SEM (n = 12/group). The groups are abbreviated as follows: intact control
(ICON), sunflower-oil control (CON) and lemon flavonoid extract Eriomin® (LE); one-way ANOVA test followed
by Dunnet’s post hoc test (with CON serving as the main control group). * p ≤ 0.05, *** p ≤ 0.001.

2.2. Histological, Stereological, and Molecular Insights into Pituitary ACTH Cells

In all experimental groups, ACTH-immunopositive cells in the anterior pituitary were
observed either individually or in groups between capillaries in the pars distalis. These
cells exhibited multiple morphologies, ranging from oval to polygonal in shape, with some
displaying strong elongated projections extending toward neighboring cells. Histological
analysis revealed no changes in the shape, frequency, or distribution of ACTH cells among
the groups (Figure 2A–C). Moreover, no visible histopathological changes were detected
upon LE treatment.

Figure 2. ACTH immunopositivity in the pituitary gland of aged rats in the intact control group
(ICON, A), the sunflower-oil control group (CON, B), and the group treated with the lemon flavonoid
extract Eriomin® (LE, C). ACTH cells (arrows), blood vessels (asterisks); scale bar = 20 µm.

Stereological and image analyses showed no differences in the volume or optical
density of ACTH cells between groups (Figure 3A,B). However, mRNA expression of
proopiomelanocortin (Pomc), the precursor of ACTH, was decreased by 34% in the LE group
compared to the CON group, and this difference was significant (p ≤ 0.05) (Figure 3C).

Figure 3. Volume (A) and optical density (B) of ACTH cells and Pomc mRNA expression (C) in
aged rats in the intact control group (ICON), the sunflower-oil control group (CON) and the lemon
flavonoid extract Eriomin® group (LE). Data are presented as mean ± SEM (n = 6/group); one-way
ANOVA test followed by Dunnett’s post hoc test (with CON serving as the control group); * p ≤ 0.05.
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2.3. Histological, Stereological, and Biochemical Insights into the Adrenal Gland

Gross histological analyses showed clearly recognizable zonation of the adrenal gland
in all groups, with no visible pathological changes (Figure 4). The zona glomerulosa
(ZG) consisted of spherical cell clusters aligned with radially arranged zona fasciculata
(ZF) strands, which connect to the anastomosing network of zona reticularis (ZR) cells
in the cortex’s innermost region. Sirius Red staining revealed a dominant presence of
collagen fibers in the adrenal capsule, which were also visible in the ZR and medulla.
No differences in the quantity or distribution of collagen were observed among the
experimental groups (Figure 4A–C).

Figure 4. Sirius red- (A–C), Novelli- (D–F) and VEGF immune- (G–I) stained sections of the adrenal
gland from aged rats in the intact control group (ICON), the sunflower-oil control group (CON),
and the lemon flavonoid extract Eriomin® group (LE); zona glomerulosa (ZG), zona fasciculata (ZF),
zona reticularis (ZR); blood vessels (arrows); scale = 50 µm (A–C,G–I); scale = 20 µm (D–F and
inserted micrographs).

Examination of the adrenal vasculature using Novelli histological staining revealed
purple-stained blood vessels and a capillary network, which were clearly visible against
the green-stained background of the adrenal tissue. In the LE-treated group, adrenal
sections exhibited fewer prominent stained blood vessels compared to the control groups
(Figure 4D–F). Additionally, immunohistochemical analysis of vascular endothelial growth
factor (VEGF) showed reduced staining intensity in the adrenal cortex of the LE-treated
group compared to the controls (Figure 4G–I).

Stereological analysis was performed on hematoxylin–eosin-stained sections (Figure 5A–C).
The absolute volume of the adrenal gland was 35% lower in the LE group than in the CON
group, and this difference was significant (p ≤ 0.01). Similarly, the absolute volume of the
ZF was 45% lower (p ≤ 0.01) in the LE group (Figure 5D). The volume of individual cells in
the ZF was 20% lower in the LE group than in the controls (Figure 5E), and this difference
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was significant (p ≤ 0.05). The serum corticosterone concentration was 52% lower in the LE
group than in the CON group (p ≤ 0.05) (Figure 5F).

Figure 5. Hematoxylin–eosin-stained sections (A–C), the absolute volume of the adrenal gland and
its zona fasciculata (D), the absolute volume of individual cells within the zona fasciculata (E), and
serum corticosterone concentration (F) in the adrenal gland from aged rats in the intact control group
(ICON), the sunflower-oil control group (CON) and the lemon flavonoid extract Eriomin® group
(LE); scale = 50 µm (A–C), scale = 20 µm inserted micrographs. Data are presented as means ± SEM
(n = six/group); one-way ANOVA test followed by Dunnett’s post hoc test (with CON serving as the
control group); * p ≤ 0.05, ** p ≤ 0.01.

3. Discussion
Aging per se is associated with increased activity of the PA axis and a decline in

negative-feedback inhibition by glucocorticoids, resulting in elevated glucocorticoid levels
in blood and tissue in both humans and rodent models [21–23]. The present study demon-
strated that oral administration of LE significantly reduced PA axis activity in aged rats.
The administered oral dose of LE was equivalent to the daily consumption of three to four
lemons in humans. Notably, LE treatment led to decreased expression of the Pomc gene,
which encodes the precursor of ACTH, in the pituitary gland, although no changes were
observed in ACTH volume or optical density (i.e., storage within pituitary cells). At the
adrenal level, LE treatment resulted in a significant reduction in the mass and absolute
volume of the adrenal gland, which was accompanied by a decrease in the absolute vol-
ume of the ZF, reduced cell volume, and reduced gland vascularization. Finally, serum
corticosterone concentrations significantly decreased following LE treatment.

Eriocitrin, the primary component of LE, along with hesperidin, acts as a partial agonist
of peroxisome proliferator-activated receptor gamma (PPARγ), a transcriptional regulator
linked to anti-inflammatory, antidiabetic, and antioxidant effects [24,25]. The presence of
PPARγ in the hypothalamus, pituitary, and adrenal glands suggests that LE may directly
modulate PA axis activity [26–28]. Supporting this hypothesis, PPARγ activation inhibits
CRH-induced Pomc transcription, reduces ACTH and corticosterone levels [29], prevents
age-related declines in the expression of glucocorticoid receptors [30], and attenuates axis
hyperactivity in diabetic models [31]. Based on these findings, we propose that the observed
LE-induced reduction in pituitary Pomc gene expression depends on PPARγ activation.
The decrease in Pomc gene expression despite unchanged intracellular ACTH levels in the
pituitary suggests modulation of post-translational processing of POMC in response to
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current endocrine demands [32]. This implies that even with reduced Pomc gene expression,
the processing of POMC to ACTH remains stable to maintain hormonal balance, as is
reflected by unchanged values of ACTH optical density. Supporting this, ACTH levels also
remained unchanged after application of naringenin and hesperetin in the same animal
model, which in turn led to increased corticosterone levels [17].

All aspects of corticosteroidogenesis in the adrenal gland, from cholesterol import
to conversion to corticosterone, depend on proteins derived from Pomc expression [33].
In this study, the observed reduction in Pomc gene expression following LE treatment
directly corresponded with a decrease in circulating corticosterone levels. The reduction
in corticosterone synthesis is further supported by the decrease in both the volume of the
ZF and individual cell size. The reduced ZF volume, along with the decreased cell size,
correlated directly with diminished corticosterone production, confirming that structural
changes in this region reflect impaired steroidogenesis [34].

Additionally, reduced VEGF immunopositivity and adrenal vasculature were observed
following LE treatment. These effects may have resulted from decreased steroidogenesis,
which reduces the metabolic demand for oxygen and nutrients, thereby diminishing an-
giogenesis due to the reduction in hormone synthesis [35]. Alternatively, the decrease in
vascularization could be attributed to the anti-angiogenic properties of eriocitrin, which
has been shown to inhibit phosphorylation of VEGF receptor 2 (VEGFR2) and attenuate
downstream signaling cascades mediated by VEGFR2 [36].

The observed reductions in steroidogenesis and vascularization, which were mor-
phologically evidenced by significant decreases in ZF volume and cell volume, resulted
in a marked reduction in adrenal volume and mass following LE treatment. These re-
sults demonstrate the potential of LE to counteract age-related hyperactivity of the HPA
axis, normalize its function, alleviate the negative effects of aging, and reverse age-related
dysfunctions in a vital endocrine system. The significance of these findings is further under-
scored by the fact that LE is a natural product, which is particularly important given that
conventional therapeutic drugs often interact with receptors and may cause undesirable
side effects.

4. Materials and Methods
4.1. Animals and Experimental Design

All procedures involving animals complied with Directive 2010/63/EU on the protec-
tion of animals used for scientific purposes and were approved by the Ethics Committee for
the Use of Laboratory Animals of IBISS, University of Belgrade (approval number 2-12/12).

Twenty-four-month-old male Wistar rats, averaging 450 g in body weight, were ob-
tained from the animal housing facilities of the Institute for Biological Research “Siniša
Stanković”, National Institute of the Republic of Serbia (IBISS), Belgrade, Serbia. Animals
were housed under standard environmental conditions (12 h light/dark cycle, 22 ± 2 ◦C)
with free access to water and standard rodent food (commercial pellets for rats, Veterinarski
zavod, Subotica, Serbia) ad libitum.

For the experimental procedure, the animals were randomly assigned to one of three
experimental groups (n = 12): intact control (ICON; received no treatment), sunflower-oil
control (CON; orally administered 0.3 mL of sunflower oil) and lemon flavonoid extract
Eriomin® (LE; orally administered 0.3 mL of a mixture of lemon extract (40 mg/kg b.w.)
and sunflower oil).

The lemon extract Eriomin® (Nature TM, Montclair, CA, USA) is a semi-purified
extract composed of citrus flavonoids derived from commercial sources of Citrus limon (L.)
Burm. f. juice and peel. According to the manufacturer and as verified by high-performance
liquid chromatography, the standardized composition includes 70% eriocitrin, 5% hes-
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peridin, 4% naringin, and 1% di-dymin. Additionally, the extract contains 20% fibrous
material, including suberin, cutin, lignin, pectin, and cellulose.

Keeping in mind the percentage composition of individual compounds in Eriomin®, it
is clear that 40 mg of Eriomin® provides 28 mg of eriocitrin (a flavanone glucoside) and,
consequently, 15 mg of its aglycone. This ensures comparability with our previous studies,
which used a 15 mg dose of hesperetin or naringenin (also aglycones) in rats [16,18]. The
administered dose in rats, calculated allometrically, corresponds to a human equivalent
dose of 300 mg/kg per day [37], which falls within the typical supplementary range. Treat-
ments were given daily for four weeks. Based on our earlier research, four weeks of oral
administration of citrus flavanones—either as isolated compounds or within an extract—
has been shown to be sufficient for the manifestation of effects and the establishment of
physiological balance. Furthermore, the chosen dose and regimen are considered safe, as
no histopathological changes in the liver were observed in our previous studies [19,20].

4.2. Sample Collection and Processing

The animals were humanely euthanized 24 h after the last treatment. Blood was
collected, and serum was stored at −80 ◦C. For histological and stereological analyses,
the pituitary and adrenal glands (n = six/group) were excised, weighed, fixed in Bouin’s
solution, dehydrated in increasing concentrations of ethanol, cleared in xylene, and em-
bedded in Histowax (Histolab Product Ab, Göteborg, Sweden). The tissue blocks were
serially sectioned at 5 µm thickness on a rotary microtome (RM 2125RT Leica Microsystems,
Wetzlar, Germany). For PCR analysis, the pituitary tissues (n = six/group) were stored at
−80 ◦C until samples had been collected from all groups.

4.3. Histological Staining Procedure

The Novelli (acid fuchsin-light green), Sirius Red, and hematoxylin and eosin (H&E)
histological techniques were used for staining sections of the adrenal gland. Novelli staining
was applied to assess organ vasculature as previously described [38]. As a result, purple
erythrocytes in the blood vessels and capillary network were clearly visible against the
green background of the adrenal tissue. Sirius Red staining was used as a method for
identification of collagen within adrenal tissue; collagen appeared red or red–orange after
staining. Stereological measurements were performed on H&E-stained sections. Within the
gland, nucleic acids appeared dark blue, while proteins appeared red-to-orange following
the application of routine staining techniques.

4.4. Immunohistochemical Staining Procedure

Immunohistochemical (IHC) staining of the pituitary and adrenal sections was per-
formed as previously described [39,40]. In brief, after tissue deparaffinization, endogenous
peroxidase activity was blocked by incubation with 0.3% hydrogen peroxide in methanol
for 15 min. Reduction of non-specific background staining was achieved by incubation with
normal porcine serum (Dakopatts, Glostrup, Denmark; 1:10) for 45 min. ACTH cells were
identified by incubation with polyclonal rabbit antisera (donation from Dr. A.F. Parlow,
National Institute of Health, Bethesda, MD, USA; 1:1000; AFP-156102789) overnight at
4 ◦C. Rabbit polyclonal antisera against human vascular endothelial growth factor (VEGF;
Abcam, Cambridge, UK; 1:100; abcam® ab46154) were applied (overnight at 4 ◦C) for the
detection of VEGF in the adrenal glands.

4.5. Stereological Analysis

All stereological analyses were performed using a newCAST stereological software
package (VIS—Visiopharm Integrator System, version 3.2.7.0; Visiopharm, Denmark). Us-
ing photomicrographs of ACTH immune-stained sections from three levels of the pituitary
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for each animal, the volume density of ACTH cells was obtained. Photomicrographs were
imported into the Vis program. The volume density of ACTH-ir cells was calculated by
dividing the number of points hitting ACTH-ir cells by the number of points hitting the
reference space, then multiplying by ×100.

The adrenal gland volume and the volume of the ZF were estimated using Cavalieri’s
principle. Sampling of the adrenal gland sections was systematically uniform from a
random start. Every 30th section from each tissue block was analyzed. The mean distance
between two consecutively studied sections was 150 µm. The volumes of the adrenal gland
and ZF were determined according to the following formula:

V = a(p) · BA ·
n

∑
i=1

Pi

where a(p) is the area associated with each sampling point; BA (the block advance) is the
mean distance between two consecutively studied sections; n is the number of sections
studied for each adrenal gland; and ∑Pi is the sum of points hitting a given target.

The mean individual cell volume in the ZF was estimated using a planar rotator as an
unbiased local estimator, and 150–200 cells with nuclei were measured per animal (objective
magnification at 100×) [41].

4.6. Quantitative Real-Time PCR Analysis

Total RNA from the pituitary gland was isolated using TRIzol (Invitrogen, Carlsbad,
CA, USA), following the manufacturer’s instructions. The concentration of RNA was as-
sessed by measuring absorbance on a Nanophotometer® N60 (Implen, Munich, Germany)
at 260 nm, while the purity of the samples was determined by A260/A280 and A260/A230 ra-
tios. Furthermore, 500 ng of RNA was used for reverse transcription, which was carried out
with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems by Thermo
Fisher Scientific, Waltham, MA, USA). Quantitative real-time PCR (qRT-PCR) analysis was
performed using 10-fold-diluted cDNA samples. The QuantStudioTM 3 Real-Time PCR
System (Applied Biosystems by Thermo Fisher Scientific) was used for qRT-PCR with
Power SYBRTM Green PCR Master Mix (Applied Biosystems by Thermo Fisher Scientific),
and primers were designed for specific targets.

The sequences of the primers were as follows: Pomc-f: 5′-AGAACGCCATCATCAAGAACG-3,
Pomc-r: 5′-AGGTCAGGTGCTCTCGCC-3′; 18s rRNA-f: 5′CGTTGATTAAGTCCCTGCCCTT-3′,
18s rRNA-r: 5′TCAAGTTCGACCGTCTTCTCAG-3′ (all from Invitrogen, Carlsbad, CA, USA). The
expression levels of the target gene was evaluated by comparing its Ct value to the Ct value of 18s
rRNA from the same sample using the 2–∆∆Ct method.

4.7. Hormonal Analyses

The blood samples were centrifuged at 3000× g for 15 min, and all samples were stored
at −80 ◦C prior to determination of corticosterone concentration using a commercially avail-
able corticosterone kit (R&D Systems Inc., Minneapolis, MN, USA). The sensitivity of this
kit is 0.047 ng/mL. The plate was read at 450 nm, with wavelength correction set to 570 nm.
Corticosterone levels were calculated using a four-parameter logistic curve-fitting program.

4.8. Statistical Analysis

Data were analyzed using GraphPad Prism for Windows (v.8, San Diego, CA, USA).
No test for outliers was performed. Data distribution was tested using the Kolmogorov–
Smirnov normality test. To test the assumption of normality, differences between groups
were evaluated using one-way ANOVA followed by Dunnett’s post hoc test. Otherwise,
the Kruskal–Wallis test was performed and followed by Dunnett’s post hoc test. Since the
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comparison between the ICON and CON groups did not show a statistically significant
difference, the CON group was used as the control group for all further analyses. Results
are expressed as mean values ± SEM, and values of p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 were
considered to be statistically significant.

5. Conclusions
In conclusion, the lemon flavonoid extract Eriomin® modulates and restores balance

to the pituitary–adrenal axis in aged rats, highlighting its potential biomedical application
for addressing age-related dysregulations of the metabolism, cardiovascular system, and
other body systems.
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