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Late-onset hypogonadism (LOH), characterized by the
intersection of aging and androgen deficiency, impacts
the health of approximately 2%−39% of middle-aged
and elderly men, underscoring the need for compre-
hensive research. Animal models, serving as analogs
of human diseases, are indispensable for investigating
disease mechanisms and facilitating drug development.

However, the diverse array of animal models utilized for
LOH research has led to a lack of standardized modeling
approaches and evaluation systems, potentially imped-
ing progress in understanding the pathogenesis and
therapeutic development. In this paper, we summarize
and compile the characteristics, methods, and evaluation
systems of rodent models for LOH research reported in
the literature, and analyze the advantages and disadvan-
tages of each model, to facilitate the optimal choice and
development of rodent models for LOH research.

Key Words: late-onset hypogonadism, LOH, ani-
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Introduction

Androgen levels, including testosterone (T), decline
progressively with age in men, and older men
often experience physical, mental, and sexual symp-
toms associated with aging and low testosterone
levels, known as late-onset hypogonadism (LOH),1

which affects 2% to 39% of middle-aged and
elderly men’s health.2 Patients with LOH typically
present with a cluster of symptoms including hypog-
onadism, depression, anxiety, decreased physical
function, and memory decline.1,3 Additionally, men
affected by LOH exhibit elevated risks of metabolic

and cardiovascular diseases,4,5 alongside increased
cardiovascular mortality and all-cause mortality
rates.6 As the primary pharmacological interven-
tion for LOH, testosterone replacement therapy
(TRT) has demonstrated efficacy in improving sexual
function, quality of life,7–10 and metabolic param-
eters11 through multiple meta-analyses. Emerging
evidence also suggests that its risks for prostate
conditions—including benign prostatic hyperplasia
(BPH) and prostate cancer (PCa)—may be less
significant than previously assumed. TRT’s thera-
peutic benefits may surpass recurrence risks even
in post-PCa treatment scenarios,10,12 as the prin-
cipal androgen regulating prostate development,13

testosterone’s effects necessitate careful evaluation.
Current TRT safety data predominantly derive from
short- to medium-term studies. Acute testosterone
administration has been associated with transient
elevations in prostate-specific antigen (PSA) levels,
prostate volume, and blood pressure.11 Current inves-
tigations predominantly assess direct cardiovascular

Copyright © 2025 The Authors. Published by Tech Science Press; 32(5); October 2025 385

mailto:changdg@cdutcm.edu.cn
mailto:dongliang@cdutcm.edu.cn
https://www.techscience.com/journal/CJU
https://www.techscience.com/
http://dx.doi.org/10.32604/cju.2025.068136


LIU ET AL.

endpoints, with limited attention to TRT’s secondary
metabolic impacts. Consequently, the carcinogenic
and cardiovascular risks associated with prolonged
TRT regimens remain inconclusive. Caution should
be exercised when administering TRT to patients
with LOH.

Over the past few decades, as the scientific com-
munity’s understanding of the pathogenesis and
characteristics of LOH has gradually advanced, the
name of this disease has undergone a series of
changes. However, numerous studies continue to
use alternative terms, including functional hypogo-
nadism (adopted by the 2020 European guidelines
to supersede ‘late-onset hypogonadism’),14 male cli-
macteric,15 age-related male menopause,16 organic
hypogonadism,17 andropause,18 and partial androgen
deficiency of aging men (PADAM).19 This inconsis-
tency in nomenclature complicates research efforts
and comparative analysis across studies. Rodent
models for the study of LOH are also diversified,
and different models have their strengths and weak-
nesses for different research purposes, which adds
complexity and challenge to the selection of animal
models for LOH. In addition, the selection of animal
models also affects the accuracy of drug testing and
mechanism studies, and it is necessary to reevaluate
the existing LOH models and to develop new animal
models to promote the progress of LOH research. This
study mainly aims to summarize the characteristics
of rodent models of LOH, the evaluation methods,
and analyze their strengths and weaknesses, and put
forward ideas of improvement in future research, to
provide a reference for the selection and development
of models for the subsequent study of LOH.

Essential Elements of an Ideal LOH Animal
Model

Simulating the etiology and pathogenesis of
LOH
Etiologically, LOH can be classified into primary,
secondary, and mixed types.20 The pathogenesis
involves bidirectional interactions between metabolic
inflammation and gonadal aging.21 This encompasses
multi-level alterations: aging-induced testicular
functional decline, microenvironmental imbalance,
progressive hypothalamic-pituitary-gonadal (HPG)
axis deterioration, cumulative damage from systemic
metabolic disorders, and synergistic amplification
via chronic inflammation and oxidative stress.22–24

Testicular dysfunction represents the core
mechanism in LOH pathogenesis.23,25 Aging induces
seminiferous tubule basement membrane thickening,

luminal atrophy, and significant reduction of key
functional cells (e.g., Leydig and Sertoli cells).26,27

Additionally, aging impairs Sertoli cell degradative
capacity, compromises lysosomal acidification, and
promotes lipid accumulation, collectively disrupting
testicular microenvironment homeostasis.28,29 The
HPG axis—a core regulatory system for reproductive
and metabolic balance—progressively declines with
aging.30–32 The condition manifests in three ways:
(1) diminished pulsatile GnRH secretion from the
hypothalamus, exhibiting altered frequency and
regularity;33–36 (2) reduced pituitary responsiveness
to GnRH, resulting in modified gonadotropin
secretion patterns;34,37 and (3) progressive gonadal
secretory dysfunction.34 Furthermore, aging
elevates risks of metabolic disorders (e.g., diabetes,
hypertension, dyslipidemia).38,39 These directly
exacerbate hypogonadism by impairing testicular
cell function and disrupting HPG axis regulation,
causing hormonal disorders.40–42

Chronic inflammation and oxidative stress
are key recent advances in understanding LOH
pathogenesis.42 Inflammation—a defensive response
to infection or injury—becomes chronically activated
during aging via: persistent low-grade immune
activation, sustained pro-inflammatory cytokine
release, and pro-inflammatory secretory phenotype
development, causing systemic cellular damage.43,44

Oxidative stress refers to pathological accumulation
of reactive oxygen (ROS) and nitrogen species (RNS)
that disrupt redox homeostasis, inducing multi-organ
pathophysiological alterations. These processes
are interconnected: ROS activates inflammatory
pathways (e.g., NF-κB), driving inflammatory cell
infiltration and mediator release. Conversely, chronic
inflammation stimulates excessive ROS generation.
This self-reinforcing cycle synergistically damages
neuroendocrine structures in the testes and HPG
axis.43

These factors reciprocally interact, intertwine, and
mutually exacerbate, collectively impairing Leydig
cell function and testosterone biosynthesis, ulti-
mately causing LOH.45 Consequently, an ideal LOH
animal model should recapitulate key aspects of
this etiopathogenesis. Among the four primary
pathogenic mechanisms of LOH—testicular dys-
function, HPG axis disruption, systemic metabolic
disease involvement, and chronic inflammation with
oxidative stress. Animal models should prioritize
simulating testicular dysfunction and HPG axis
disruption. Although systemic metabolic diseases
and chronic inflammation/oxidative stress also sig-
nificantly contribute to LOH pathogenesis, they
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primarily mediate the condition through testicular
impairment and HPG axis disruption.

Simulating the sex hormone changes in LOH
During the pathogenesis of LOH, alterations in var-
ious hormone levels constitute both a component
of its pathological mechanism and a primary clini-
cal manifestation post-onset.21 Consequently, animal
models should comprehensively simulate LOH-
associated sex hormone fluctuations—including total
testosterone (TT), free testosterone (FT), luteinizing
hormone (LH), follicle-stimulating hormone (FSH),
and sex hormone-binding globulin (SHBG) levels—
aligned with research objectives. In most LOH animal
models, TT and FT levels serve as key indicators
for validating successful modeling. Typically, serum
TT levels below 8 nmol/L (231 ng/dL) and serum
FT levels below 8.5 pg/mL support LOH diagno-
sis.20 Furthermore, secondary hypogonadism exhibits
decreased LH and FSH due to HPG axis dysfunc-
tion, whereas primary hypogonadism demonstrates
elevated LH and FSH resulting solely from testicular
impairment.30,46 This distinction facilitates differenti-
ation between primary and secondary LOH models,
enabling mechanistic studies of heterogeneous patho-
genesis.

Although concepts like testosterone annual
decrease velocity47 and testosterone secretion
index (TSI, calculated as TT/LH ratio)48 remain
underutilized in LOH diagnosis due to insufficient
large-scale multicenter validation; their potential
utility in animal model assessment warrants
consideration. These parameters may offer valuable
insights given the roles of aging and testicular
secretory function in LOH progression.

Simulating the symptomatology and behavioral
manifestations of LOH
Patients with LOH experience a range of sexual
and non-sexual symptoms and signs. A diagnosis
of LOH cannot be established solely based on
decreased hormone levels or impaired testicular
function, necessitating animal models that replicate
relevant clinical manifestations to align with
current guidelines.3,49 Sexual symptoms—including
decreased libido, reduced spontaneous erections,
and erectile dysfunction—can be evaluated in animal
models through Sexual Index (a comprehensive
sexual behavior assessment index, including sniffing,
mounting, intromission, etc.), mating frequency,
mounting frequency, post-ejaculation intervals,
and opposite-sex social interaction behaviors.29,50,51

Non-sexual symptoms manifest as reduced energy,
diminished physical/functional activity, decreased

vitality, and impaired attention.52,53 These are
primarily assessed via behavioral indicators in
mice, such as open field tests, running wheel
experiments, and grip strength measurements.
Although depression is not a core clinical feature of
LOH, some models incorporate depression-related
metrics54—including forced swim, tail suspension,
and open field tests—into their evaluations.
Histological and physiological changes are directly
measurable through parameters like testicular
volume and weight, hair density and coverage, and
areas of alopecia.

Simulating the testicular tissue morphology
changes of LOH
Testicular aging and functional impairment play
a crucial role in the pathogenesis of LOH. Aged
human testes typically exhibit a series of distinctive
pathological alterations,55,56 including thickening
of connective tissue and tunica albuginea with
reduced parenchymal volume;57 decreased numbers
of Leydig cells,58–60 which display cytoplasmic or
intranuclear Reinke’s crystals and para-crystalline
inclusions, abundant vacuoles and lipid droplets,
reduced organelle content, underdeveloped
endoplasmic reticulum, and mitochondria exhibiting
swelling with cristae disappearance;61–63 increased
arteriosclerotic lesions in testicular arteries with
luminal narrowing,64,65 degeneration of peritubular
capillary networks and reduced blood supply;66

thickening of the seminiferous tubule basement
membranes,26,67 narrowing of tubule diameter,
tubular sclerosis, germ cell loss, and impaired
spermatogenesis;26 reduced Sertoli cell numbers with
cytoplasmic vacuolization,27,68,69 rare tight junctions
between Sertoli cells and a compromised blood-testis
barrier.56,67 Downregulation of StAR and cytochrome
P450scc (CYP11A1) protein expression in testicular
tissue leads to diminished testosterone synthesis.63 In
model animals, these alterations typically encompass
changes in testicular weight and volume, structural
modifications of seminiferous tubules (including
variations in diameter, epithelial height, and
structural integrity), and phenotypic transformations
in testicular cells such as Sertoli and Leydig cells,
manifested through organelle morphology and
cellular characteristics. The application of certain
aberrantly expressed proteins, such as CYP11A1,
remains primarily confined to cytological assays and
is less frequently utilized in animal models.
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Validity and Reliability Assessment
Methods for Animal Models

A robust animal model must demonstrate adequate
validity and reliability, as employing appropriate
models can significantly advance research progress.70

The primary goal of establishing animal models is
to observe the progression of specific mechanisms
and corresponding metabolic alterations within these
models, thereby inferring their mechanistic roles in
humans. Consequently, model validity hinges on the
etiological and/or symptomatic similarities between
the animal model and human diseases.71 A model
is considered valid if it mimics humans in etiology,
pathophysiology, clinical symptoms, and responsive-
ness to therapeutic interventions.71 Validity is usually
evaluated through three dimensions: face validity,
predictive validity, and construct validity.

Face validity involves phenotypic or morpholog-
ical similarities; in LOH models, these often include
hormonal profiles, tissue alterations, and behav-
ioral symptoms. Predictive validity assesses whether
the model accurately reflects human responses,
particularly in evaluating the correlation between

intervention effects in the model and clinical out-
comes in humans. This metric is often obtained from
clinical trial data, such as that from drug develop-
ment research using LOH animal models. Construct
validity determines whether the model is based on
sound theoretical bases, like etiological parallels, for
instance, whether the modelled LOH stems from
aging and androgen insufficiency.

Common Rodent Models of LOH and their
Advantages/Disadvantages

Current LOH research primarily employs rat and
mouse models. These models can be categorized as
follows based on their induction methods: natural
models and artificial induction models (Table 1).

Natural models
The natural model defined in this paper refers to ani-
mals that haven’t undergone any modeling-related
interventions during the modeling process and are
obtained in a natural growth state. Since aging is
a direct and inevitable factor in LOH, ideal model
animals should exhibit the aging characteristics of

TABLE 1. The table presents the basic information for each model, including the species, age, and specific
modeling methods used

Models Species Age Method Reference

Non-aging
natural models

Sprague-Dawley Rat 4. 5 months, 5.5
months, 6–7 months

Natural model, untreated. Multiple72–74

Natural aging Sprague-Dawley Rat 18 months Natural model, untreated. Multiple75–77

model C57BL/6 Rat 20–24 months Natural model, untreated. Zhang et al.78

Brown Norway Rat 18 months, 23 months,
28–30 months

Natural model, untreated. Wang et al.79

Rapid aging
model

SAMP8 Rat 8 months, 10 months,
12 months

Natural model, untreated. Multiple80,81

D-galactose
induction

model

Sprague-Dawley Rat 5 months Intraperitoneally injected with
D-galactose (60 mg/(kg day))

for 6 weeks.

Aydin et al.82

Sprague-Dawley Rat 3 months Intraperitoneally injected with
D-galactose (300 mg/(kg day)

or 500 mg/(kg day)) for 2
weeks.

He83

NMRI Rat 3 months Gavaged with D-galactose for
6 weeks.

Ahangarpour
et al.84

Cyclophosphamide
induction

model

Sprague-Dawley Rat 15 months Intraperitoneally injected with
cyclophosphamide (20

mg/(kg day)) for 5 or 7 days.

Multiple85,86

Sprague-Dawley Rat 2 months Intraperitoneally injected with
cyclophosphamide (20

mg/(kg day)) for 5 or 7 days.

Multiple87,88

(Continued)
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TABLE 1. The table presents the basic information for each model, including the species, age, and specific
modeling methods used

Models Species Age Method Reference

Surgical orchiectomy Wistar Rat 16 months Bilateral orchiectomy. Multiple89,90

model Sprague-Dawley
Rat

3 months Bilateral orchiectomy. Jang et al.91

ddY Rat 5 weeks Bilateral orchiectomy. Michihara
et al.92

Chronic
hypoxia-induced

model

Sprague-Dawley
Rat

10 months Subcutaneously administered a single
dose of 0.5 mg/kg leuprorelin.

Min93

Hormonal drug
induction model

Sprague-Dawley
Rat

2 months Subcutaneously injected with
dihydrotestosterone (9 mg/kg) and

estradiol valerate (0.9 mg/kg) at a ratio of
10:1 every other day for 4 consecutive

weeks.

Bae et al.94

Wistar Rat 1 months Subcutaneously injected with
dihydrotestosterone (9 mg/kg) and

estradiol valerate (0.9 mg/kg) at a ratio of
10:1 every other day for 4 consecutive

weeks.

Ejike and
Ezeanyika95

Androgen receptor
knockout model

AR-KO Rat 17 weeks Knockout of the androgen receptor gene Yeh et al.96

Cisd2 knockout
model

Cisd2-KO Rat 6 months Knockout of the redox-related Cisd2 gene Wu et al.97

LOH. Wistar and Sprague-Dawley rats are the most
commonly used experimental rats globally. The 18-
month age of these rats corresponds to approximately
45 years in humans,98,99 which aligns with the ini-
tial onset age of human LOH. And significant aging
biomarkers emerge at 24 months.100 Thus, naturally
aged LOH rat and mouse models should be at least 18
months old to accurately reflect aging effects in LOH.
Accordingly, this paper defines natural aged models
as those aged 18 months or older and non-naturally
aged models as those younger. Additionally, certain
artificially bred mouse strains have shorter lifespans
and can achieve accelerated aging under natural
conditions. Therefore, these are discussed as a sepa-
rate category.

Non-aging natural models
Non-aging natural LOH models typically utilize
young mice with declining androgen levels. Current
primary models include 18-week-old, 22-week-old,
and 6–7-month-old Sprague-Dawley rats for explor-
ing potential drug interventions against LOH.72–74

Among these, CRS-10—a drug capable of increas-
ing TT and FT in men over 45—was shown to
improve testosterone levels and physical activity in

18-week-old Sprague-Dawley rats.72 In the develop-
ment of Dendropanax morbiferus leaf extract (DME),
administration in 6–7-month-old rats led to enhanced
physical activity and elevated levels of testosterone,
GnRH, follicle-stimulating hormone (FSH), and LH,
with results largely consistent with DME’s in vitro
effects on TM3 cells.73

In summary, these non-aging LOH rat models
share the advantages of easy accessibility and low
cost. The 18-week-old model successfully answered
predefined scientific questions regarding CRS-10’s
efficacy in improving LOH-related sex hormones and
symptoms, showing clinical validation and robust
predictive validity. In contrast, the 6–7-month-old
and 22-week-old models failed to provide clinical
validation for drug candidates, thus exhibiting lim-
ited predictive validity. Neither the 18-week-old nor
the 6–7-month-old models underwent formal valida-
tion, potentially missing the low serum testosterone
characteristic of LOH and showing inadequate aging
progression, thereby weakening face and construct
validity. Despite some models exhibiting low testos-
terone traits, excluding the impact of aging on LOH
results in their inability to fully mimic the combined
effects of aging and hypoandrogenism, thereby limit-
ing face validity.
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Natural aging model
Natural aging models typically exhibit both aging
characteristics and declining serum testosterone lev-
els, making them a common choice for LOH animal
models. Currently established natural aging LOH
models include 18-month-old Sprague-Dawley rats,
20–24-month-old C57BL/6 mice, and 18–30-month-
old Brown Norway rats.

Niu et al. reported that serum testosterone levels
in 18-month-old Sprague-Dawley rats were signif-
icantly lower than in 6-month-old rats, with more
pronounced reductions observed in 24-month-old
rats.75 With increasing age, these rats showed thin-
ning of testicular seminiferous epithelium, narrowing
of tubules, sparse spermatogenic cells, reduced
and irregularly shaped Leydig cells, interstitial
fibrosis, and significantly decreased androgen recep-
tor levels,75 resembling aging humans. Another
research team found that 18-month-old Sprague-
Dawley rats had significantly lower testosterone
levels than 4-month-old and 2-month-old young
controls.101 Additionally, these older rats exhibited
reduced mRNA expression of StAR, P450scc, and
HSD3B1 in testicular tissue, indicating impaired
testosterone synthesis function,76 thus qualifying as
an LOH model.

Male Sprague-Dawley rats aged 18 months or
older comprehensively demonstrate the pathological
state of low testosterone levels during natural aging,
closely resembling LOH pathogenesis.76 In recent
years, an increasing number of studies have directly
used male Sprague-Dawley rats aged 18 months or
older as natural aging LOH models,101–103 showing
excellent face validity and construct validity. TRT,103

Bushenfang,76 Xiongcan Yishen Prescription,104,105 and
Jiarong tablets101,106 demonstrated anti-LOH effects
in both natural aging LOH rat models and clini-
cal studies, indicating good predictive validity of
these models.

Naturally aged 20–24-month-old C57BL/6 mice
are frequently used as animal models for LOH.78,107 At
24 months, these mice are equivalent to 80-year-old
humans.78 Aged mice show significantly increased
senescent Leydig cells, elevated senescence-
associated secretory phenotype markers (such as
interleukin-1β, interleukin-6, and TGF-β) in testicular
tissue, increased expression of senescence-related
proteins p53, p21, and p16, and reduced testosterone
synthase function.78 This strain of naturally aged
mice exhibits both aging and testicular dysfunction
characteristics, demonstrating good face and
construct validity. Furthermore, drug development
and mechanistic studies based on this model,
including FOXO4-DRI,78 the Chinese herbal medicine

saikokaryukotsuboreito (SKRBT),92 and velvet antler
polypeptides,108 have shown promising clinical trial
results, indicating excellent predictive validity.

Aged Brown Norway rats are considered the opti-
mal rat model for male reproductive aging.79,109 With
advancing age, these rats develop testicular atrophy,
impaired spermatogenesis, and declining testos-
terone production in Leydig cells, accompanied by
significantly reduced serum testosterone levels.79,109,110

Even with elevated gonadotropins (LH and FSH),
Brown Norway rats fail to maintain normal testos-
terone levels, indicating primary hypogonadism.
With advancing age, castrated Brown Norway rats
exhibited a progressive decline in LH and FSH
levels, whereas the sham-operated group showed
no age-related increase in LH levels. This indi-
cates the presence of secondary hypogonadism in
aging Brown Norway rats. Although Brown Norway
rats exhibited a significant increase in gonadotropin
levels following orchiectomy, these levels still demon-
strated a progressive decline with advancing age.
This observation led to the hypothesis that this strain
of aging rats may experience secondary hypotha-
lamic/pituitary failure. Thus, aged Brown Norway
rats exhibit primary testicular failure and secondary
hypogonadism features. Additionally, their survival
curve resembles the human “rectangular” pattern;
they are inbred rats with greater genetic homogene-
ity compared to Sprague-Dawley and Wistar rats;
they have long disease-free survival periods without
excessive obesity; and they have low risks of pitu-
itary and testicular tumors, minimizing impact on
the hypothalamic-pituitary-gonadal axis.111 Regard-
ing age, 23-month-old male Brown Norway rats are
equivalent to 65-year-old human males, considered
the optimal time for studying male aging.79 There-
fore, aged Brown Norway rats demonstrate excellent
face and construct validity in modeling LOH and
offer advantages in studying LOH pathogenesis.
Being natural models, they cause minimal suffering
to animals. The drawbacks include long acquisition
periods, high costs, and a lack of predictive valid-
ity verification.

When constructing natural aging LOH mod-
els, some studies use 2-month-old, 4-month-old, or
6-month-old young rats as controls for model val-
idation. Among these, 2-month-old rats may lack
sufficient maturity, while 6-month-old rats (equiva-
lent to human 18-year-olds) can simulate both sexual
and physical maturity. Therefore, 6-month-old rats
are recommended as young controls.

Natural aging LOH mouse and rat models can
replicate a series of age-related physiological states,
such as sarcopenia and osteoporosis, making them
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ideal for LOH research. Ethically, using naturally
aged animals to construct LOH models avoids the
need for castration, drug induction, or environmental
interventions, minimizing animal suffering. How-
ever, these models have disadvantages, including
long acquisition times, limited availability, and high
costs,54,103 which may restrict their use. Additionally,
Yan’s study112 on natural aging, LOH rat mod-
els found that 19-month-old Sprague-Dawley rats
showed no reduction in serum TT or FT but exhib-
ited relative LH elevation and significantly reduced
TSI, consistent with compensated LOH characteris-
tics. These compensated LOH model rats showed
compensatory increases in StAR, 3β-HSD, and AR
protein expression in testicular tissue. These find-
ings suggest that both rats and humans can develop
compensated LOH without reduced TT or FT. Since
most current natural aging LOH models assess suc-
cess based solely on sex hormone levels without
further LOH subtyping, future studies should explore
natural aging LOH model subtypes based on hor-
monal profiles.

Rapid aging model
The SAMP8 mouse is currently widely used as
a rapid-aging mouse model for aging-related dis-
ease research, with an average life expectancy of
17.2 months, 4 months shorter than its strain con-
trol SAMR1 mice.113 Studies have demonstrated that
plasma testosterone levels in SAMP8 mice exhibit
a significant age-dependent decline, whereas this
phenomenon is not pronounced in control SAMR1
mice.80,81 Compared to 4-month-old SAMP8 mice,
plasma testosterone levels decreased by 44% and
71% in 8-month-old and 12-month-old SAMP8 mice,
respectively.80 10-month-old SAMP8 mice exhibit
reduced hypothalamic GnRH release, leading to sig-
nificantly decreased LH and T secretion, manifesting
a series of secondary hypogonadism characteristics.114

Another study confirmed that aged SAMP8 mice
show elevated serum LH, increased ROS and inflam-
matory levels in testicular tissue, reduced activity of
testicular steroidogenic enzymes, and decreased T
production,81 resembling typical features of primary
LOH. These results indicate that SAMP8 mice aged
over 8 months demonstrate certain face validity in
modeling LOH, while those at 10 and 12 months
exhibit better construct validity. Moreover, testos-
terone therapy can ameliorate learning and memory
impairments in 12-month-old SAMP8 mice,80 sug-
gesting good predictive validity. This model offers the
advantage of shorter acquisition time compared to
traditional natural aging models and could serve as

an alternative for studying age-related LOH. How-
ever, current research on LOH using accelerated
senescence mice remains relatively limited, and it is
still uncertain whether this strain may exert addi-
tional effects on LOH.

D-galactose induction model
D-galactose plays a significant role in the aging pro-
cess. When D-galactose exceeds a certain threshold,
it converts into aldose and H2O2, generating ROS and
O2

−, leading to reduced antioxidant enzyme activ-
ity, increased oxidative stress, and an imbalance in
redox homeostasis similar to that observed in natural
aging.82,84 Currently, the D-galactose-induced aging
model has been used to study senescence in the
brain, kidneys, liver, and blood cells.115 Administer-
ing D-galactose to mice and rats for 6–8 weeks can
successfully establish a reproductive aging model.82,84

Continuous subcutaneous injection of D-galactose
(60 mg/kg) for six weeks in 5-month-old young
Sprague-Dawley rats effectively mimics testicular tis-
sue aging.82 In this model, testicular tissues exhibit
increased protein oxidation biomarkers, including
advanced oxidation protein products (AOPP) and
protein carbonyl (PCO), as well as elevated lipid
peroxidation markers such as lipid hydroperoxides
(LHP) and malondialdehyde (MDA), along with
reduced copper-zinc superoxide dismutase (Cu, Zn-
Superoxide dismutase [SOD]) activity. Moreover, the
redox imbalance in the D-galactose-induced aging
model closely resembles that observed in naturally
aged 24-month-old rats.82

Intraperitoneal injection of D-galactose (300
mg/(kg day) or 500 mg/(kg day)) for two months in
3-month-old male Sprague-Dawley rats successfully
establishes a subacute aging model with androgen
deficiency.83 Compared to normal controls, the model
rats exhibit dry and yellowish fur, hair loss, reduced
activity, decreased serum TT levels, lower SOD
content, and elevated MDA levels.83 This model
aligns with the characteristics of LOH, including
aging-related testosterone deficiency and enhanced
oxidative stress. Another study demonstrated that
oral administration of D-galactose (500 mg/(kg
day)) for six weeks induces reproductive system
aging in male mice, manifesting as testicular atrophy,
oligospermia, elevated serum LH and FSH levels,
but no significant change in testosterone levels,84

consistent with the compensatory hypogonadism
observed in LOH.

The D-galactose-induced aging model effectively
establishes LOH with strong face and construct valid-
ity. This method also offers advantages such as high
survival rates, low experimental costs, and ease of

Copyright © 2025 The Authors. Published by Tech Science Press; 32(5); October 2025 391



LIU ET AL.

use,82 addressing the limitations of natural aging
models, including limited animal availability, pro-
longed rearing periods, and high expenses.

Cyclophosphamide induction model
Cyclophosphamide is an orally active alkylating
agent with significant reproductive toxicity. It
primarily damages testicular tissues in males through
oxidative damage, leading to low testosterone
levels.116

The PADAM (Partial Androgen Deficiency in
Aging Males) rat model is established through
intraperitoneal administration of 20 mg/(kg day)
cyclophosphamide for 5–7 consecutive days in
either 15-month-old or 2-month-old Sprague-Dawley
rats.87,88 PADAM rats treated with cyclophosphamide
display significant decreases in serum and free
testosterone levels,87 along with increased LH and
FSH levels.88 Cyclophosphamide also leads to
morphological and quantitative decreases in Leydig
cells, structural damage to seminiferous tubules
and interstitial tissues, and testicular atrophy.86–88

Electron microscopy shows deformed and ruptured
Leydig cells, along with reduced mitochondria and
endoplasmic reticulum in model rats.88 Protein and
mRNA expression of StAR, P450scc, and 3β-HSD
in testicular tissues are also diminished.87,88,117,118

The 15-month-old PADAM model exhibits the
aging-related symptoms associated with LOH, such
as lethargy, slow response, reduced activity, dry
fur, weight loss, and osteoporosis.85,86 This model
demonstrates significant testicular damage, impaired
testosterone synthesis, and low serum androgen
levels, exhibiting good face and construct validity.
In simulating age-related LOH, the 15-month-old
cyclophosphamide-induced rat model is superior
to the 2-month-old model. The cyclophosphamide-
induced LOH model has been widely used in
the development and testing of various LOH
treatments, such as compound SH379, active
components of traditional Chinese medicine,
herbal decoctions, and acupuncture.86,87,117,118 Animal
model results align well with previous clinical
findings, indicating strong predictive validity.
However, since the modeling mechanism relies
on cyclophosphamide’s reproductive toxicity to
damage testicular tissue, it may also affect other
reproductive organs and alter sex hormone levels,
resulting in lower construct validity than natural
aging or D-galactose-induced models.

Surgical orchiectomy model
Some studies use orchiectomy to establish animal
models of LOH with testicular deficiency. The

animals are derived from 16-month-old Wistar
rats,89,90,119 3-month-old Sprague-Dawley rats,91 or 5-
week-old ddY male mice.92 In orchidectomized LOH
model animals, androgen production by the testes
is completely blocked, leading to a sharp decline in
serum testosterone levels.101 This replicates androgen
deficiency-related manifestations such as reduced
muscle mass, weight loss, seminal vesicle atrophy,
and osteoporosis.89,92 Although testosterone levels
drop sharply, they do not reach zero, suggesting
compensatory androgen secretion from the adrenal
glands.92 Furthermore, orchiectomy eliminates
testicular T interference with the hypothalamic-
pituitary-adrenal (HPA) axis,89 making it useful for
studying the effects of testosterone deficiency and
TRT on HPA axis endocrine function.89

Orchiectomy is a simple and rapid procedure
that successfully replicates androgen deficiency and
related symptoms of LOH, demonstrating both face
validity and construct validity. TRT proves effec-
tive in this model, indicating strong surface validity.
Additionally, orchiectomy enables investigation into
the presence of hypothalamic-pituitary dysfunction
in hypogonadal rats, aiding in the identification of
secondary hypogonadism.109

However, in theory, there should be minimal
causal dissimilarity between the model and the target
being modeled to avoid compromising the model’s
validity.120,121

Although the castration-induced LOH model
exhibits signs of androgen deficiency, removing the
gonads during LOH modeling significantly reduces
the model’s validity for the following reasons: (1)
Most androgens are produced by the testes, with
only a small amount derived from the adrenal
glands. The core mechanism of LOH is attributed
to age-related declines in Leydig cell numbers
and their testosterone-secreting function. Therefore,
when studying LOH—particularly primary LOH—
preserving the testes of model animals is essential.
(2) Male andropause develops gradually. Surgical
gonadectomy leads to a sudden decline in sex hor-
mones, making it unsuitable for simulating the
chronic onset of male LOH. (3) The gonads contain
various cell types, including Sertoli cells and sper-
matogenic cells, which produce multiple hormones
and factors essential for maintaining systemic health.
Gonad removal disrupts reproductive endocrine bal-
ance and severs the HPG axis feedback mechanism,
fundamentally differing from the partial testicular
function retained in men with LOH.
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Chronic hypoxia-induced model
Hypoxia can lead to structural and functional dam-
age in rat testes, including a reduction in Sertoli cell
count and increased apoptosis. Additionally, related
studies have shown that hypoxia reduces serum
testosterone levels in patients, with more severe
hypoxia correlating with a more pronounced decline
in serum T levels. Therefore, Min93 proposed hypoxia
as a risk factor for LOH. Based on this hypothesis,
they established an LOH model using 10-month-old
Sprague-Dawley rats subjected to chronic intermit-
tent hypoxia. The “Attendor Animal Gas Control
System” was employed with parameters set at a 12-
min cycle: 7% O2 (hypoxia) for 7 min followed by
normoxia (21% O2) for 5 min. Rats were exposed
to this regimen for 4 h daily over 30 consecutive
days. On day 30, the model group exhibited signifi-
cantly lower serum TT and FT levels compared to the
control group, along with markedly reduced forced
swim test durations, decreased Leydig cell counts and
increased apoptosis.

The strength of this model lies in its ability to repli-
cate aging characteristics and hypoandrogenism in
LOH, demonstrating good face validity and construct
validity. However, the mortality rate in animal mod-
eling reached 32%, which is relatively high. Hypoxia
may impair brain, cardiopulmonary, and other organ
functions, potentially interfering with experimental
outcomes. Currently, validation of this model has
been primarily limited to the original research team
and efficacy assessments of certain traditional Chi-
nese herbal formulations. There remains a lack of
drug development or clinical research based on this
model, and its predictive validity requires further
verification.

Hormonal drug induction model
Based on the negative feedback regulation of the HPG
axis, sustained suppression of pituitary or testicular
function can be achieved through the adminis-
tration of hormonal drugs, resulting in decreased
testosterone secretion. Currently, two main model-
ing methods are employed, including leuprolide and
the combination of dihydrotestosterone and estra-
diol valerate.

2-month Sprague-Dawley rats were injected with
a single subcutaneous dose of 0.5 mg/kg leuprolide,
which can lead to androgen deprivation, simulat-
ing testosterone deficiency in LOH, and is suitable
for drug screening tests.94 Compared to the nor-
mal control group, the seminiferous epithelium of
the model rats became thinner, the number of 3β-
HSD-positive Leydig cells decreased, and serum

testosterone was significantly reduced.94 The advan-
tage of this model lies in achieving androgen
deprivation without reducing androgen levels to the
low levels observed after orchiectomy; the histolog-
ical changes in the testis tissue and the decreased
testosterone synthesis function in the model rats to
some extent mimic hypogonadism.94 However, the
mechanism of this model involves a suppression of
the hypothalamic-pituitary-gonadal axis function by
leuprolide, causing low levels of LH and T secre-
tion, which is a secondary hypogonadism induced
by drugs, not age-related. Therefore, this model has
limited surface validity and construct validity in sim-
ulating LOH disorders. Although this model has been
successfully applied to test the anti-LOH effects of the
Korean herbal formula Ojayeonjonghwan (KH-204),
there is still a need to consider the stability of the
model and whether leuprolide could interfere with
the screening tests of candidate drugs.

A subcutaneous injection of 9 mg/kg dihy-
drotestosterone and 0.9 mg/kg estradiol valerate
(10:1) in 1-month Wistar rats, administered every
other day for 28 days, can produce experimental
postmenopausal syndrome rats with biochemical cas-
tration.95 The mechanism involves the administration
of exogenous estradiol valerate, which achieves sus-
tained suppression of pituitary function through
negative feedback, leading to testicular dysfunction
and decreased testosterone secretion.95 The concomi-
tant use of dihydrotestosterone and estradiol valerate
maintains appropriate levels of serum T and dihy-
drotestosterone to maintain physiological processes
in rats.95 Telfairia Occidentalis Seed-incorporated
Diet can improve the testosterone secretion capac-
ity in the model rats and inhibit the reduction in
testis weight,104 indicating that the experimental LOH
model induced by estradiol valerate has potential for
drug screening tests. The advantage of this rat model
is its short experimental cycle and relatively low
cost. However, like the previous model, this one also
involves the use of drugs to interfere with pituitary
function, presenting drug-induced secondary hypog-
onadism, unrelated to aging, with weak surface and
construct validity. Furthermore, in the development
of TRT-type LOH drugs, exogenous estradiol valerate
may interfere with the treatment efficacy, affecting the
model’s predictive validity.

Gene knockout model
Gene knockout models, which involve the specific
knockout of a particular gene, allow for the study
of the role of specific mechanisms in the pathogene-
sis of LOH. Due to the high technical requirements
and significant cost associated with this method, as
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compared to natural aging or other intervention mod-
eling methods, only two types are currently in use:
the knockout of genes related to androgen receptors
(AR) and the knockout of the CDGSH Iron Sulphur
Domain 2 (Cisd2) gene, which is associated with
redox processes.

The utilization of androgens in target tissues
relies on the normal function of androgen recep-
tors. With increased age, there is a decrease in
tissue androgen receptors or a reduction in their
sensitivity to androgens. A model of androgen insen-
sitivity syndrome can be constructed by knocking
out the androgen receptor gene. Currently, ARKO
mouse models are primarily generated using the
Cre-loxP conditional knockout strategy and cate-
gorized into multiple types based on targeted cell
types, including Global Androgen Receptor Knock-
out Mice (Global ARKO mice), Sertoli Cell-selective
ARKO Mice (SCARKO), and Leydig Cell-selective
ARKO Mice (LCARKO). Compared to wild-type
mice, all ARKO models exhibit reduced testicular
volume, impaired or arrested spermatogenesis, and
diminished reproductive capacity. Specifically, Global
ARKO mice display feminized morphology, hypoac-
tivity, obesity with lipid accumulation, decreased
serum testosterone concentrations, and spermato-
genesis arrested at pachytene spermatocytes;96,122,123

SCARKO mice maintain normal or slightly ele-
vated postnatal serum testosterone levels but develop
severe spermatogenic failure characterized by com-
plete meiotic arrest at spermatogonia;124,125 LCARKO
mice exhibit reduced testicular mass and sem-
iniferous epithelium degeneration despite serum
testosterone levels comparable to wild-type mice and
normal spermatogenesis progression.126 This model
can be used to study androgen-related and androgen

resistance-related diseases and can partially mimic
the phenotype of LOH, demonstrating certain surface
validity. However, the reduction in androgen recep-
tor expression or insensitivity in this model is due
to abnormal androgen receptors caused by genetic
deletion, which differs etiologically from the age-
related androgen insensitivity in LOH, thus lowering
its structural validity. Moreover, currently, there is a
lack of surface validity verification for this model as
an LOH model, which needs further validation in
future experiments.

Cisd2 is an oxidoreductive activity protein located
in the endoplasmic reticulum and is critical for main-
taining the structure and function of the endoplasmic
reticulum and mitochondria.127 Cisd2 is closely asso-
ciated with aging in mice, as its expression gradually
decreases with age, and its deficiency leads to a suite
of prematurely aging phenotypes.128 Overexpression
of Cisd2, on the other hand, delays aging in mice.97,127

Studies have shown that at 6 months of age, the
senescence “prematurely aging” model mice with
structural Cisd2 gene knockout (CISD2-KO) exhibit
signs of premature aging such as testicular atro-
phy, a decrease in the number of Leydig and Sertoli
cells, reduced mRNA expression for steroidogene-
sis, decreased levels of circulating testosterone, and
an increased luteinizing hormone/testosterone ratio,
which are consistent with the model of primary tes-
ticular dysfunction in elderly men.127 The reduced
levels of circulating testosterone in the CISD2-KO
senescence mice are due to a decrease in the num-
ber of interstitial cells of the testis and a decrease
in the steroidogenic function of these cells as a
result of aging, and this model has certain surface
and structural validity in simulating LOH diseases.
Compared to naturally aged mice, the hormonal

TABLE 2. This table summarizes the advantages and disadvantages of various LOH models, as well as their
validity grade evaluations

Models Advantages Disadvantages Face
validitya

Predictive
validityb

Construct
validityc

Non-aging
natural models

Gaining easy access and low cost. Characterized solely by diminished
testosterone levels in the absence of

senescence-associated factors.

+ + +

Natural aging
model

The optimal model conforms to the
LOH pathogenesis theory, closely
mimics the clinical symptoms, and

minimizes animal distress.

The optimal model conforms to the
LOH pathogenesis theory, closely

mimics the clinical symptoms, and
minimizes animal distress.

++ ++ ++

Rapid aging
model

Consistent with the LOH
pathogenic theory, symptom

simulation is highly similar to a
short cultivation period.

Relevant clinical validation is
lacking, and the presence of

interference with LOH in mouse
strains is unknown.

++ + ++

(Continued)
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TABLE 2. This table summarizes the advantages and disadvantages of various LOH models, as well as their
validity grade evaluations

Models Advantages Disadvantages Face
validitya

Predictive
validityb

Construct
validityc

D-galactose
induction

model

It can simulate the enhancement
of oxidative stress caused by
aging, with low experimental
cost, easy operation, and short

molding time.

Simulates only enhanced
oxidative stress, lacks other

changes about aging.

++ ++ ++

Cyclophospha
mide

induction
model

It can simulate testicular
damage caused by aging, with

low experimental cost, easy
operation, and short molding

time.

The drug may cause damage to
other reproductive organs and

changes in sex hormones.

++ + +

Surgical
orchiectomy

model

Low experimental cost, most
convenient operation, and

shortest molding time.

Testicular deletion may lead to
a rapid decrease in testosterone

in the body, as well as other
reproductive endocrine

hormone disorders, which
differ greatly from the etiology

of LOH.

+ ++ +

Stress-
induced

depression
model

It can form an animal model of
LOH with depression.

Complex operation, limited
modeling efficiency, potentially

poor consistency, and lack of
clinical validation.

++ + +

Chronic
hypoxia-
induced
model

Simple operation and low
experimental cost.

Higher modeling mortality,
hypoxic changes, and decreased
function of the brain, heart and
lungs, and other related organs
may interfere with test results.

+ + ++

Hormonal
drug

induction
model

It can simulate hypogonadism,
with a short experimental

period and low experimental
cost.

Drugs may interfere with test
results and may lead to other

changes in aging.

+ ++ +

AR knockout
model

It can specifically investigate
the role of reduced androgen

sensitivity in LOH.

Lack of hormone level altering
factors, lack of clinical

validation, high operational
technical requirements, and

experimental cost.

+ + +

Cisd2
knockout

model

It can specifically investigate
the role of aging and oxidative

stress in LOH.

lack of clinical validation, high
operational technical

requirements, and experimental
cost.

+ + +

Note: a: A rating of “++” is assigned when concurrent alterations in sex hormone levels, symptomatic manifestations,
sexual behavioral changes, and testicular histomorphological changes are observed. A “+” rating is given if any of these
characteristics is absent. b: A “++” rating is assigned if the modeling method has been independently validated in clinical
trials related to LOH beyond the original research team proposing the model; otherwise, a “+” rating is assigned. c: A “++”
score is assigned if the model mechanism simulates both aging processes and declines in sex hormone levels. A “+” rating
is applied if only one of these two aspects is replicated.
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profiles of CISD2-KO mice may better reflect the
state of the HPG axis in elderly men, providing a
novel model resource for testing new therapeutic
approaches aimed at reversing primary LOH.127

Conclusions

LOH is a convergence of aging and androgen defi-
ciency, which is becoming increasingly prominent
with the intensification of population aging trends.
Among the existing LOH modeling methods, natu-
ral models more accurately reflect the pathological
process of LOH and are currently the optimal animal
model choice. Among them, Sprague-Dawley rats
have been most extensively studied, while Brown
Norway rats better align with the pathogenesis; How-
ever, aged animals are prone to additional illnesses,
and the modeling process is lengthy, with a high
cost of cultivation. Artificially induced models intro-
duce additional interfering factors, resulting in lower
construct and surface validity compared to natural
ones. However, they generally offer advantages such
as shorter modeling time, lower costs, and simpler
procedures. In practical research, it is recommended
to select different models based on the research objec-
tives (Table 2). In the future, it is suggested that
standardized criteria for the inclusion of androgens
in various LOH animal models be established to
enhance their similarity to clinical conditions. Based
on the clinical classification of LOH, models should
be divided into specific subtypes such as primary,
secondary, compensatory, and mixed types, accord-
ing to different levels of sex hormones. When using
non-natural models for drug studies, it is advisable to
incorporate the potential interference of the modeling
method on study results to increase the reliability of
experimental outcomes.
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