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In January, 2023, the Science and Security Board of the Bulletin 
of the Atomic Scientists moved the hands of the Doomsday Clock 
forward to 90 s before midnight, reflecting the growing risk of 
nuclear war.1 In August, 2022, the UN Secretary-General António 
Guterres warned that the world is now in “a time of nuclear dan-
ger not seen since the height of the Cold War.2 The danger has 
been underlined by growing tensions between many nuclear armed 
states.1,3 As editors of health and medical journals worldwide, we 
call on health professionals to alert the public and our leaders to 
this major danger to public health and the essential life support 
systems of the planet—and urge action to prevent it.

Current nuclear arms control and non-proliferation efforts are 
inadequate to protect the world’s population against the threat of 
nuclear war by design, error, or miscalculation. The Treaty on the 
Non-Proliferation of Nuclear Weapons (NPT) commits each of the 
190 participating nations” to pursue negotiations in good faith on 
effective measures relating to cessation of the nuclear arms race 
at an early date and to nuclear disarmament, and on a treaty on 
general and complete disarmament under strict and effective in-
ternational control”.4 Progress has been disappointingly slow and 
the most recent NPT review conference in 2022 ended without 
an agreed statement.5 There are many examples of near disasters 
that have exposed the risks of depending on nuclear deterrence 
for the indefinite future.6 Modernisation of nuclear arsenals could 
increase risks: for example, hypersonic missiles decrease the time 

available to distinguish between an attack and a false alarm, in-
creasing the likelihood of rapid escalation.

Any use of nuclear weapons would be catastrophic for human-
ity. Even a “limited” nuclear war involving only 250 of the 13 
000 nuclear weapons in the world could kill 120 million people 
outright and cause global climate disruption leading to a nuclear 
famine, putting 2 billion people at risk.7,8 A large-scale nuclear 
war between the USA and Russia could kill 200 million people 
or more in the near term, and potentially cause a global “nuclear 
winter” that could kill 5–6 billion people, threatening the survival 
of humanity.7,8 Once a nuclear weapon is detonated, escalation to 
all-out nuclear war could occur rapidly. The prevention of any use 
of nuclear weapons is therefore an urgent public health priority and 
fundamental steps must also be taken to address the root cause of 
the problem—by abolishing nuclear weapons.

The health community has had a crucial role in efforts to reduce 
the risk of nuclear war and must continue to do so in the future.9 In 
the 1980s the efforts of health professionals, led by the Internation-
al Physicians for the Prevention of Nuclear War (IPPNW), helped 
to end the Cold War arms race by educating policy makers and the 
public on both sides of the Iron Curtain about the medical conse-
quences of nuclear war. This was recognised when the 1985 Nobel 
Peace Prize was awarded to the IPPNW (http://www.ippnw.org).10

In 2007, the IPPNW launched the International Campaign to 
Abolish Nuclear Weapons, which grew into a global civil society 
campaign with hundreds of partner organisations. A pathway to 
nuclear abolition was created with the adoption of the Treaty on 
the Prohibition of Nuclear Weapons in 2017, for which the Inter-
national Campaign to Abolish Nuclear Weapons was awarded the 
2017 Nobel Peace Prize. International medical organisations, in-
cluding the International Committee of the Red Cross, the IPPNW, 
the World Medical Association, the World Federation of Public 
Health Associations, and the International Council of Nurses, had 
key roles in the process leading up to the negotiations, and in the 

Abbreviations: IPPNW, International Physicians for the Prevention of Nuclear War; 
NPT, Non-Proliferation of Nuclear Weapons.
*Correspondence to: Chris Zielinski, International Physicians for the Prevention of 
Nuclear War. ORCID: https://orcid.org/0000-0001-6596-698X. E-mail: CZielinski@
ippnw.org
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negotiations themselves, presenting the scientific evidence about 
the catastrophic health and environmental consequences of nuclear 
weapons and nuclear war. They continued this important collabo-
ration during the First Meeting of the States Parties to the Treaty 
on the Prohibition of Nuclear Weapons, which currently has 92 
signatories, including 68 member states.11

We now call on health professional associations to inform their 
members worldwide about the threat to human survival and to 
join with the IPPNW to support efforts to reduce the near-term 
risks of nuclear war, including three immediate steps on the part 
of nuclear-armed states and their allies: first, adopt a no first use 
policy;12 second, take their nuclear weapons off hair-trigger alert; 
and, third, urge all states involved in current conflicts to pledge 
publicly and unequivocally that they will not use nuclear weapons 
in these conflicts. We further ask them to work for a definitive end 
to the nuclear threat by supporting the urgent commencement of 
negotiations among the nuclear-armed states for a verifiable, time-
bound agreement to eliminate their nuclear weapons in accordance 
with commitments in the NPT, opening the way for all nations to 
join the Treaty on the Prohibition of Nuclear Weapons.

The danger is great and growing. The nuclear armed states 
must eliminate their nuclear arsenals before they eliminate us. The 
health community played a decisive part during the Cold War and 
more recently in the development of the Treaty on the Prohibition 
of Nuclear Weapons. We must take up this challenge again as an 
urgent priority, working with renewed energy to reduce the risks of 
nuclear war and to eliminate nuclear weapons.
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Original Article

Introduction
Hypertension is the leading cause of cardiovascular disease and 
premature death worldwide, and the incidence of hypertension in 

patients continues to increase.1,2 The most appropriate antihyper-
tensive drug should be selected, according to the actual situation of 
the patient, which is in line with the overall concept of traditional 
Chinese medicine (TCM) syndrome differentiation.3,4 However, 
the TCM syndrome remains not fully understood.

TCM has a history of more than two-thousand years in China, 
and is increasingly being welcomed by a number of developed 
countries, such as Australia and the United States. Hypertension 
can be categorized as headache or dizziness in TCM. The treat-
ments for headache or dizziness are guided by the TCM syndrome 
differentiation based on the factors of qi, blood stasis, yang, yin, 
phlegm and others. These dialectical diagnoses and treatments re-
flect the individualization of TCM syndromes for hypertension for 
a certain relationship with clinical risk factors, such as age, dis-
ease course, hypertension grade, blood homocysteine, coagulation 
parameters, risk stratification of hypertension and others,5–7 and 
are consistent with the individual modern medicated selection of 
antihypertensive drugs.8

Clinical Analysis of the Association Between Chinese 
Medicine Syndromes and Risk Factors for Hypertension

Zhen Zhao1#, Pei-Zhong Liu1#, Peng-Chong Du2, Chao-Yang Zheng3, Da-Wei Wang4, Jian Xu3,  
Rong-Yuan Yang1*  and Qing Liu1*
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Abstract
Background and objectives: The application of Chinese medicine in clinic is based on the classical theory of traditional Chinese 
medicine (TCM) syndrome differentiation, which remains not fully understood. This study aims to explore and interpret the 
associations between TCM syndromes and multiple clinical risk factors of hypertension.

Methods: A total of 203 patients with hypertension were retrospectively studied. After the regression analysis of confounding 
factors for different types of hypertension, the potential association between TCM syndrome and risk factors were analyzed.

Results: The comorbidity of left ventricular hypertrophy was probably an independent risk factor for different types of hyper-
tension. The correlation analysis indicated that the disease course was positively correlated with the syndrome differentiation 
degree (Spearman’s coefficient = 0.185, p < 0.05) and blood stasis syndrome (Spearman’s coefficient = 0.291, p < 0.05). tThe hy-
pertension risk group was positively correlated with the blood stasis syndrome (Spearman’s coefficient = 0.207, p < 0.05). Age 
was positively correlated with the blood stasis syndrome (Spearman’s coefficient = 0.231, p < 0.05) and qi-deficiency syndrome 
(Spearman’s coefficient = 0.187, p < 0.05), but was negatively correlated with the liver-yang hyperactivity syndrome (Spear-
man’s coefficient = −0.167, p < 0.05).

Conclusions: There are correlations between TCM syndromes and the clinical risk factors of hypertension. These findings may 
help to interpret the TCM syndrome differentiation theory.

Keywords: Hypertension; Traditional Chinese medicine syndrome; Correlation anal-
ysis; Risk factors; Retrospective study.
Abbreviations: BMI, body mass index; BNP, brain natriuretic peptide; CHD, coro-
nary heart disease; Cr, creatinine; HCY, homocysteine; INR, international normalized 
ratio; LDL, low density lipoprotein cholesterol; TCM, traditional Chinese medicine.
*Correspondence to: Rong-Yuan Yang and Qing Liu, Guangdong Provincial Hospital 
of Chinese Medicine-Zhuhai Hospital, The 2nd Clinical School of Medicine, Guangzhou 
University of Chinese Medicine, Zhuhai 519015, China. ORCID: https://orcid.org/0000-
0002-8792-8017 (RYY); https://orcid.org/0000-0002-2199-2999 (QL). Tel: +86 020-
81887233 (RYY); +86 13631223512 (QL), Fax: +86 020-81882533 (RYY); +86 0756-
3325088 (QL), E-mail: yangrongyuan@163.com (RYY); 851757626@qq.com (QL)
#These authors contributed equally to this work.
How to cite this article: Zhao Z, Liu PZ, Du PC, Zheng CY, Wang DW, Xu J, et al. 
Clinical Analysis of the Association Between Chinese Medicine Syndromes and Risk 
Factors for Hypertension. J Explor Res Pharmacol 2023;8(3):184–191. doi: 10.14218/ 
JERP.2022.00071.



DOI: 10.14218/JERP.2022.00071  |  Volume 8 Issue 3, September 2023 185

Zhao Z. et al: Correlation between TCM and risk factors in hypertension J Explor Res Pharmacol

The present study aimed to explore and interpret the potential 
associations between TCM syndromes and multiple clinical risk 
factors of hypertension. The present retrospective study revealed 
the correlations between TCM syndromes and the clinical risk 
factors of hypertension, which can help to interpret the process 
of classifying and distinguishing TCM syndromes with common 
clinical risk factors, and individually guide the clinical medication. 
These present findings may help bridge the gap between Chinese 
medicine and Western medicine.

Methods

Study design and ethics approval
A retrospective study was conducted in the Department of Cardi-
ology, Guangdong Provincial Hospital of Chinese Medicine. All 
TCM diagnostic information, demographic characteristics and 
clinical data of hypertensive patients, who were screened based 
on the inclusion and exclusion criteria for the present study, were 
collected. The present study was approved by Ethics Commit-
tee of Guangdong Provincial Hospital of Chinese Medicine (No. 
ZE2019-079-01).

Inclusion and exclusion criteria for the participants
According to the Guidelines for the Prevention and Treatment of 
Hypertension in China9 and the latest guidelines,10,11 patients with 
a systolic blood pressure of ≥140 mmHg and/or a diastolic blood 
pressure of ≥90 mmHg in the resting non-medication state for 
three times within three days were diagnosed with hypertension. 
Hypertension was classified as level 1, 2 and 3, based on the level 
of blood pressure. All patients were local residents of Guangzhou. 
Patients diagnosed with hypertension, but had normal blood pres-
sure, were excluded. Furthermore, pregnant or lactating women 
were excluded. All hypertensive patients who met the above inclu-
sion criteria were included for the present study.

TCM syndrome definition, risk factors and bias elimination
According to the Diagnostics of TCM edited by Tietao Deng,12 the 
four TCM syndromes were defined, as follows:
1.	 Qi deficiency syndrome was defined as a syndrome with short-

age of qi, and disinclination to talk, lassitude, dizziness, sponta-
neous sweating, worse when active and weak pulse;

2.	 Blood stasis syndrome was defined as a syndrome with stab-
bing pain, pain with fixed locations, lump, hemorrhage, cyanot-
ic lips, tongue and nails, and rough pulse;

3.	 Phlegm-dampness syndrome was defined as a syndrome with 
cough and vomiting or spitting sputum, chest distress, nausea, 
lumps, greasy tongue coating and slippery pulse, or a syndrome 
with edema, retention of urine, and enlarged tongue with white 
slippery coating;

4.	 Liver-yang hyperactivity syndrome was defined as a syndrome 
with vertigo and tinnitus, headache, red face, irritability, palpi-
tation and forgetfulness, insomnia and dreams, lumbar and knee 
soreness, heavy head and decreased foot sensation, red tongue 
with slight coating, and strong pulse string.
Since TCM syndrome differentiation is mainly based on symp-

toms, this would easily lead to measurement bias. In order to 
reduce the measurement bias, the syndrome differentiations for 
hypertension were completed by two attending physicians, who 
are Chinese medicine practitioners, based on the above-mentioned 
criterions, and according to the recorded case data. If there were 
disagreements in the syndrome differentiation for hypertension, a 

chief physician would carry out the syndrome differentiation for 
hypertension.

The patient demographics, such as age, gender and clinical data, 
as well as the course of hypertension, grade of hypertension, risk 
stratification of hypertension, and diagnosis of comorbidities, were 
obtained. The highest blood pressure in the previous measurements 
and the blood pressure measured during the hospitalization were 
recorded, and the highest values were used for grading. The car-
diovascular risks were stratified by risk factor, target organ dam-
age and complication. According to the Chinese Guidelines for the 
Prevention and Treatment of Hypertension, the risk stratification 
was assessed based on the following: hypertension (grades 1–3), 
age >55 years old (male) or >65 years old (female), smoking, im-
paired glucose tolerance (two-hour postprandial blood glucose of 
7.8–11.0 mmol/L) and/or fasting blood glucose (6.1–6.9 mmol/L), 
dyslipidemia (total cholesterol of ≥5.7 mmol/L [220 mg/dl], low-
density lipoprotein cholesterol of >3.3 mmol/L [130 mg/dl], or 
high-density lipoprotein cholesterol of <1.0 mmol/L [40 mg/dl]), 
family history of early onset of cardiovascular disease (first-degree 
relative age of onset of <55 years old [male] or <65 years old [fe-
male]), abdominal obesity (waist circumference of ≥90 cm [male] 
or ≥85 cm [female], or obese (body mass index of ≥28 kg/m2), and 
blood homocysteine (HCY) increase of more than 10 umol/L. Ho-
mocysteine was collected after admission. In order to avoid errors 
between the research data and original clinical data, two research-
ers recorded the data obtained from the database.

Statistical analysis
A database was established for the present study, and all statisti-
cal analyses of the data were conducted using the SPSS statistical 
software (version 21.0). Demographic data were statistically ana-
lyzed using descriptive analysis. Quantitative data were expressed 
as mean±standard deviation (SD), and categorical data were ex-
pressed in composition ratio. The relationship between TCM syn-
dromes and potentially related clinical biochemistry indexes for 
different types of hypertension was analyzed by multivariable re-
gression. The potential correlation among quantitative values was 
analyzed by Pearson’s bivariate correlation after the normality test 
using the Kolmogorov-Smirnov method, and the counting data 
was analyzed by Spearman’s bivariate correlation. A correlation 
coefficient of >0 was considered a positive correlation, while cor-
relation coefficient of <0 was considered a negative correlation. A 
p-value of <0.05 was considered statistically significant.

Results

Characteristics of patients with hypertension
A total of 203 hypertensive patients were enrolled for the present 
study. The demographic and clinical data are presented in Table 1. 
These patients included 89 male and 114 female patients, with an 
average age of 67.84±12.45 years old. The average age of women 
was 68.38±10.82 years old, with a minimum age of 39 years old 
and a maximum age of 92 years old. The average age of men was 
67.15±14.30 years old, with a minimum age of 22 years old and a 
maximum age of 91 years old.

The disease course is detailed in Table 2. That is, 103 of 203 hy-
pertensive patients had a disease course of 0–5 years, accounting 
for 50.74% of all patients, 65 patients had a disease course of 6–10 
years, accounting for 32.02% of all patients, 24 patients had a dis-
ease course of 11–20 years, accounting for 11.82% of all patients, 
and 11 patients had a disease course of >20 years, accounting for 
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5.42% of all patients.
The severity of hypertension for this population is presented in 

Table 2. That is, 18 patients had hypertension grade 1, accounting 
for 8.87% of all patients, 65 patients had hypertension grade 2, ac-
counting for 32.02% of all patients, and 120 patients had hyperten-
sion grade 3, accounting for 59.11% of all patients.

The stratification of various risk factors and the target organ 
damage revealed the following: 172 patients were assigned to the 
very high-risk group, which had the largest proportion (84.73%); 
one patient was assigned to the low-risk group, which had the 
smallest proportion (0.49%); 12 patients were assigned to the in-
termediate risk group, accounting for 5.91% of all patients; 18 pa-
tients were assigned to the high-risk group, accounting for 8.87% 

of all patients (Table 2).
Furthermore, 107 patients developed heart failure or coronary 

heart disease (CHD), 65 patients had diabetes mellitus, and 36 pa-
tients had impaired glucose tolerance. In addition, 111 patients de-
veloped cerebrovascular disease, 86 patients had high homocyst-
eine, and one patient had single or multiple conditions (Table 2).

Distribution of TCM syndromes for hypertension
There were a total of 469 patients: 156 (33.26%) patients had qi-
deficiency syndrome, 180 (38.38%) patients had phlegm-damp-
ness syndrome, 108 (23.03%) patients had blood stasis syndrome, 
and 25 (5.23%) patients had liver-yang hyperactivity syndrome 
(Table 3).

Table 1.  Gender and age composition for the 203 hypertensive patients

Number (n) Minimum age (years) Maximum age (years) Mean age Standard deviation

Male 89 22 91 67.15 14.30

Female 114 39 92 68.38 10.82

Total 203 22 92 67.84 12.45

Table 2.  Characteristics of the 203 hypertension patients

Variable Number (n) Proportion (%)

Disease course (years)

  0–5 103 50.74

  6–10 65 32.02

  11–20 24 11.82

  >20 11 5.42

  Total 203 100.00

Hypertension grade

  Grade 1 18 8.87

  Grade 2 65 32.02

  Grade 3 120 59.11

  Total 203 100.00

Risk stratification

  Low risk 1 0.49

  Intermediate risk 12 5.91

  High risk 18 8.87

  Very high risk 172 84.73

  Total 203 100.00

Combined disease

  Left ventricular hypertrophy 93 45.81

  Heart failure or coronary heart disease 107 26.42

  Diabetes 65 16.05

  Abnormal glucose tolerance 36 8.89

  Cerebrovascular disease 111 27.41

  Hyperhomocysteinemia 86 21.23

  Total 405 100.00
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Multivariable regression for hypertension, TCM syndromes and 
biochemistry indexes
The univariate and multivariable regression analysis for hyperten-
sion classification indicated that age, days of hospitalization, years 
of hypertension, family history, and the comorbidities of left ven-
tricular hypertrophy, cerebrovascular disease and heart disease are 
associated with the development of hypertension, and that the co-
morbidities of left ventricular hypertrophy is an independent risk 
factor for hypertension in this population (Table 4).

The further multivariable regression analysis revealed that ab-
normal HbA1c levels are associated with the qi-deficiency type of 
hypertension, but there was no significant association of biochem-
istry with the other TCM syndromes (Supplementary Tables 1–2).

The correlation between TCM syndromes and risk factors of 
hypertension
The correlation between the disease course and TCM syndromes 

was determined by Spearman’s correlation analysis. The Spear-
man’s correlation coefficient between the disease course and com-
plexity of the TCM syndromes was 0.185, indicating a positive 
correlation (p < 0.05). Furthermore, the Spearman’s correlation 
coefficient between the disease course and blood stasis syndrome 
was 0.291, indicating a positive correlation (p < 0.05) (Fig. 1 and 
Table 5).

The further Spearman’s analysis revealed that age is positively 
correlated with blood stasis syndrome (Spearman’s correlation co-
efficient = 0.231, p < 0.05) or qi-deficiency syndrome (Spearman’s 
correlation coefficient = 0.187, p < 0.05), but not with phlegm-
dampness syndrome (Spearman’s correlation coefficient = −0.018, 
p > 0.05) in this population. In addition, there was a negative corre-
lation between age and liver-yang hyperactivity syndrome (Spear-
man’s correlation coefficient = −0.167, p < 0.05) (Fig. 2 and Table 
6).

However, the correlation analysis revealed that there was no 
statistically significant difference between the blood pressure 
grade and TCM syndrome. Furthermore, there was no significant 
difference in the correlation between the hypertension risk group, 
and qi-deficiency syndrome (Spearman’s correlation coefficient 
= 0.066, p > 0.05) and phlegm-dampness syndrome (Spearman’s 
correlation coefficient = −0.021, p > 0.05), suggesting that the cor-
relation between the hypertension risk group, and qi-deficiency 
syndrome or phlegm-dampness syndrome cannot be considered. 
Next, the correlation between the hypertension risk group and 
blood stasis syndrome (Spearman’s correlation coefficient = 0.207, 
p < 0.05) was statistically significant, indicating that there may 
be a positive correlation between the hypertension risk group and 
blood stasis syndrome. Furthermore, the correlation between the 
hypertension risk group and liver-yang hyperactivity syndrome 

Table 3.  Distribution of TCM syndromes in hypertension patients

TCM syndromes Frequency 
(n)

Proportion  
(%)

Qi-deficiency syndrome 156 33.26

Phlegm-dampness syndrome 180 38.38

Blood stasis syndrome 108 23.03

Liver-yang hyperactivity syndrome 25 5.33

Total 469 100.00

TCM, traditional Chinese medicine.

Table 4.  Multivariable regression for hypertension classification and the related confounding

Variable Model fitting standard value X2 p

Age 185.006 184.856 0.000*

Gender 0.206 0.056 0.972

Hospitalization days 218.719 218.569 0.000*

Hypertension years 531.453 531.303 0.000*

Smoking 3.702 3.552 0.169

Family history 11.565 11.415 0.003*

Impaired sugar tolerance 0.181 0.031 0.985

Abnormal blood lipid 0.684 0.534 0.766

Left ventricular hypertrophy 107.580 107.430 0.000*

Impaired renal function 0.419 0.268 0.874

Cerebrovascular disease 105.585 105.435 0.000*

Heart disease 133.383 133.233 0.000*

Peripheral vascular disease 1.376 1.226 0.996

Diabetes 3.934 3.784 0.151

Qi-deficiency syndrome 1.428 1.278 0.528

Phlegm-dampness syndrome 3.315 3.164 0.206

Hyperactivity of liver-yang 3.969 3.819 0.148

Complexity of syndrome 0.261 0.110 1.000

Note: *p < 0.05 indicates that the difference is statistically significant.
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Table 5.  The correlation between the disease course, and complexity of syndrome differentiation or blood stasis syndrome in hypertension patients

Variable Syndrome differentiation Blood stasis syndrome

Disease course Spearman’s correlation coefficient 0.185 0.291

p 0.008* 0.000*

Note: *the difference was statistically significant.

Fig. 1. Correlations between the disease course and complexity of TCM syndromes or blood stasis syndrome. (a) Correlations between the disease course 
and complexity of TCM syndromes. (b) Correlations between the disease course and blood stasis syndrome. TCM, traditional Chinese medicine.

Fig. 2. Correlations between age and TCM syndromes in hypertension. (a) Correlations between age and blood stasis syndrome. (b) Correlations between 
age and Qi deficiency syndrome. (c) Correlations between age and hyperactivity of Liver-Yang syndrome. TCM, traditional Chinese medicine.
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(Spearman’s correlation coefficient = −0.135, one-tailed test, p < 
0.05) suggested a possible negative correlation.

Discussion

The correlation between TCM syndromes and the hypertension 
grade
The data indicated that there was no significant correlation be-
tween the different types of TCM syndromes and hypertension 
grade in hypertension patients. The reason for this may be because 
the present study used the method of splitting complex syndromes 
into several single syndromes to determine the correlation between 
each single syndrome and the blood pressure grade. In contrast, 
previous studies were conducted through cluster analysis, and the 
single syndrome type and blood pressure grade were not analyzed, 
which may lead to different conclusions.8

The stratification of higher hypertension risk factors revealed 
that more risk factors existed in hypertensive patients.13 The cor-
relation between different TCM syndromes and hypertension risk 
factors indicated that the higher the risk stratification of hyperten-
sion, the greater the probability for blood stasis syndrome, and the 
smaller the probability for liver-yang hyperactivity syndrome in 
this population. It can be inferred that the liver-yang hyperactiv-
ity syndrome mostly occurred in the early stage of hypertension, 
which is consistent with the reports of other studies,3 and that TCM 
for the treatment of hypertension in patients with the liver-yang 
hyperactivity syndrome can effectively reduce blood pressure.14

The correlation between TCM syndromes and disease course of 
hypertension
The present study revealed that the disease course for hypertension 
was positively correlated with the complexity of the syndrome dif-
ferentiation. That is, the longer the disease course, the more com-
plicated the syndrome differentiation. The type of syndrome dif-
ferentiation is a complex of multiple single syndromes. This may 
be correlated to the old age of hypertensive patients in the selected 
sample, and the combination of other geriatric diseases. The de-
velopment of hypertension would easily damage the target organs, 
such as the heart,15,16 brain,17,18 kidney and eyes, and various co-

morbidities would interact with each other,19 thereby increasing 
the complexity of syndrome differentiation after the change in dis-
ease course.

Furthermore, the present study revealed that there is positive 
correlation between the disease course and blood stasis syndrome. 
That is, the longer the disease course of hypertension, the more 
probable the blood stasis syndrome. This coincides with the TCM 
theory that there would probably be stasis in most chronic diseas-
es. Based on this observation, it can be noted that hypertension 
is a risk factor for CHD, and that a long-term disease course of 
hypertension would more easily lead to CHD.20 In terms of treat-
ment, the existing evidence revealed that the application of TCM, 
which has the property of promoting blood circulation and remov-
ing blood stasis, can effectively treat hypertension and its compli-
cations.21–24

The correlation between TCM syndromes and age in patients 
with hypertension
The present study revealed that older patients have a higher chance 
to develop blood stasis syndrome and qi-deficiency syndrome. 
Furthermore, the older the patient, the smaller the probability of 
occurrence of liver-yang hyperactivity syndrome. Similarly, stud-
ies have revealed that qi-deficiency is the basic pathogenesis and 
common syndrome of hypertension in the elderly. Hypertensive 
patients become weaker as they become older, which is consistent 
with the results of the present study. Furthermore, as age increases, 
the disease course of hypertension would become longer. Thus, it 
can be concluded that the longer the disease course of hyperten-
sion, the greater the probability for blood stasis syndrome, and the 
more complicated the syndrome differentiation.

The correlation between TCM syndromes and plasma homo-
cysteine in hypertension
Studies have revealed that homocysteine is one of the risk fac-
tors for cardiovascular and cerebrovascular diseases in the Chinese 
population.25–27 However, the present study revealed that there 
was no correlation between the individual syndrome of hyperten-
sive patients and plasma homocysteine levels. This may be corre-
lated to the small sample size of the study, or the small proportion 
of hyperhomocysteinemia patients. Another reason may be that the 

Table 6.  The correlation between syndrome differentiation and various variables in hypertensive patients

Variable
Blood 
stasis 
syndrome

Qi-defi-
ciency 
syndrome

Phlegm-
dampness 
syndrome

Liver-yang hyperac-
tivity syndrome

Hypertension grading Spearman’s correlation coefficient 0.061 0.013 0.057 −0.031

p 0.387 0.856 0.419 0.664

Hypertension risk grouping Spearman’s correlation coefficient 0.207 0.066 −0.021 −0.135

p 0.003* 0.347 0.764 0.55 (one-tailed test, 0.028*)

Age Spearman’s correlation coefficient 0.231 0.187 −0.018 −0.167

p 0.001* 0.008* 0.804 0.017*

Combined with diabetes Spearman’s correlation coefficient 0.030 0.101 −0.021 −0.129

p 0.671 0.150 0.764 0.067 (one-tailed test, 0.034*)

Combined heart disease Spearman’s correlation coefficient 0.160 0.252 0.004 −0.216

p 0.023* 0.000* 0.957 0.002*

Note: *p < 0.05 indicates that the difference was statistically significant. Heart disease refers to heart failure or coronary heart disease.



DOI: 10.14218/JERP.2022.00071  |  Volume 8 Issue 3, September 2023190

Zhao Z. et al: Correlation between TCM and risk factors in hypertensionJ Explor Res Pharmacol

present study was performed based on a single syndrome, instead 
of complex syndrome differentiations for hypertension. Further 
investigations are needed to confirm the relationship between the 
homocysteine level and TCM syndromes for hypertension.

The present data indicates that the syndromes for hypertension 
were differentially distributed in the distinct ages of patients. In the 
elderly, the most common syndromes for hypertension were blood 
stasis syndrome and qi-deficiency syndrome, while liver-yang hy-
peractivity syndrome mostly occurred in young patients. The com-
plexity of TCM syndromes, particularly blood stasis syndrome, 
would accumulate as the disease course of hypertension is pro-
longed. The present data is consistent to some reports on the differ-
ent distributions of TCM syndromes in hypertension patients.3,28 
Thus, the syndrome differentiation and treatment of TCM should 
be carried out based on the age of the patient and duration of the 
disease course (years), in order to help in the administration of 
Chinese medication after individual treatment.

Future directions
Future studies would focus in illustrating the underlying mecha-
nisms and determining why these TCM syndromes were correlated 
with hypertension risk factors, thereby providing evidences to un-
derstand Chinese medicine theories.

Conclusions
Overall, the present study revealed that the distribution of TCM 
syndromes in patients with hypertension, from more to less is, as 
follows: qi-deficiency syndrome, phlegm-dampness syndrome, 
blood stasis syndrome and liver-yang hyperactivity syndrome. The 
univariate and multivariable regression for the confounding of the 
hypertension classification revealed that the comorbidity of left 
ventricular hypertrophy was probably an independent risk factor 
for hypertension classification. The correlation analysis revealed 
that the disease course is positively correlated with the complexity 
of the TCM syndrome or blood stasis syndrome, and that age is 
positively correlated with blood stasis syndrome or qi-deficiency 
syndrome, while age is negatively correlated with liver-yang hy-
peractivity syndrome.

Compared to several studies that discussed the correlation be-
tween Chinese medicine syndromes and hypertension, the present 
study selected elderly patients with a mean age of >65 years old, in 
order to determine the relationship between the geriatric disease, 
and TCM syndrome differentiation and treatment. The present 
retrospective study revealed the relationship between TCM syn-
dromes and the clinical risk factors of hypertension. This would be 
helpful in interpreting the process for classifying and distinguish-
ing TCM syndromes with common clinical risk factors, which may 
provide guidance for individual clinical medications, helping to 
bridge the gap between Eastern and Western medicine, to some 
extent.
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Introduction
Amino acid neurotransmitters is a common substance to transmit 
nerve information, and plays an extremely vital role in nerve or-
ganization, particularly in terms of neural functions of the brain.1 
There are two types of amino acid neurotransmitters: excitatory 
and inhibitory. Excitatory neurotransmitters include aspartate 
(Asp) and glutamate (Glu), while inhibitory neurotransmitters in-
clude glycine (Gly), taurine (Tau), and γ-aminobutyric (GABA). 

These five amino acid neurotransmitters are involved in the func-
tions of the nervous system. For instance, the excessive activation 
of Glu receptors would result in central nervous system disorders.2 
Variations in the amount of Asp generated and released in neuronal 
terminals would have an impact on the functional functions of the 
brain, including cognition, memory, intellect and emotion.3 The 
lack of GABA can manifest itself in different ways, such as anxiety 
and panic.4 Tau has a promising therapeutic potential in the cen-
tral nervous system, where it protects against toxicity and damage 
induced by the functions of the nervous system. Furthermore, Tau 
may also help to treat a number of neurological conditions, in-
cluding epilepsy, stroke, and neurodegenerative illnesses.5 Gly not 
only improves sleep quality and prevents neurological disorders, 
such as epilepsy, depression and pain,6 but is also critical for regu-
lating hippocampal excitation and inhibiting balance.7 Therefore, 
it is critical to quantitatively detect amino acid neurotransmitters 
in multiple brain regions, and determine how amino acid neuro-
transmitters change during various physiological and pathological 
processes.

With the advancement of techniques for examining amino ac-

Determination of Brain Distribution of Amino Acid 
Neurotransmitters in Pigs and Rats by HPLC-UV

Si-Yu Meng1,2#, Mo-Huan Tang1,2#, Xue-Jiao Zhao1,2# and Zhao-Ying Liu1,2*

1College of Veterinary Medicine, Hunan Agricultural University, Changsha, China; 2Hunan Engineering Technology Research Center of Veterinary Drugs, 
Hunan Agricultural University, Changsha, China

Received: April 06, 2023  |  Revised: May 30, 2023  |  Accepted: June 07, 2023  |  Published online: July 13, 2023

Abstract
Background and objectives: Amino acid neurotransmitters are closely correlated to the neurological function of the brain, and 
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ids, an increasing number of detection methods have been applied 
to detect amino acid neurotransmitters in various sample types. At 
present, amino acid neurotransmitters test samples include the cer-
ebrospinal fluid, blood and urine, and the high-performance liquid 
chromatography (HPLC)-Triple time-of-flight (TOF) method is 
used.8 This approach is highly sensitive, but the disadvantage is its 
complex operation. In addition, previous studies have tested amino 
acids obtained from the hippocampus of the brain of rats using gas 
chromatography-mass spectrometry (GC-MS),9 but other areas of 
the brain were not tested. Furthermore, the liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) approach has been 
employed to detect brain amino acid content,10 but the high cost 
of equipment and maintenance has made this method less acces-
sible. These shortcomings highlight the need to establish a simple 
and cost-effective detection method. Therefore, the present study 
developed a liquid phase pre-column derivation-based method to 
address this need.

Since most amino acids are not ultraviolet (UV) absorbent, deri-
vations must be performed to quantitatively measure the amino 
acid content before using the liquid phase. The common deriva-
tive reagents include phenyl isothiocyanate (PITC), FOMC-Cl, 
6-aminoquinolyl-N-hydroxysccinimidyl carbamate (AQC), and 
ortho-phthalaldehyde (OPA). However, these reagents have vari-
ous disadvantages. For example, FOMC-Cl itself and its decom-
position product, FOMC-OH, induces fluorescence, which affects 
the separation efficiency,11 OPA derivatives are unstable, and re-
quire immediate analysis after derivatization,12 and the presence 
of PITC in a sample would shorten the life of the column. A sen-
sitive derivatization reagent that works well with amino acids is 
4-fluoro-7-nitrobenzofurazan (NBD-F),13 and this also applies for 
partial proteins14 and drug concentration in plasma.15 Pre-column 
derivation using 4-Fluoro-7-nitrobenzofurazan (NBD-F) can lead 
to several benefits, including gentle reaction conditions, consistent 
byproducts, and rapid assay time.16

As a result, HPLC was developed for the determination of ami-
no acid neurotransmitters in the brain using the NBD-F derived 
reagent. This has been successfully used to compare the amino 
acid neurotransmitter content in the brain of pigs and rats. This 
technique has been proven to be straightforward and useful for es-
timating the amount of amino acid neurotransmitters.

Methods and materials

Instruments and reagents
The liquid chromatography system comprised of the following: a 
rapid-resolution binary pump, an SPD-20A UV detector, a SIL-
20A auto-sampler (with a 600 µL injection loop), and a CBM-
20A system controller; 1/100,000 electronic balance (ATX224 
Shimadzu production Institute); acidity meter (Shanghai Mettler-
Toledo Instrument Co., Ltd.); high-speed frozen centrifuge (Ep-
pendorf, Germany); ultrapure water system (Millipore, Bedford, 
MA, USA).

The Asp, Glu, Gly, Tau and GABA were purchased from Bei-
jing Solarbio Science & Technology Co., Ltd. The NBD-F was 
purchased from Shanghai McLean Biochemical Technology Co., 
Ltd. The HPLC grade acetonitrile and methanol were purchased 
from Merck (USA). The HPLC grade phosphoric acid was pur-
chased from Comeo Chemical Reagent Co., Ltd. The analytical 
grade potassium tetraborate was purchased from Shanghai Jin-
gchun Biochemical Technology Co., Ltd. All of the substances 
were obtained from Chinese Pharmaceutical Chemical Reagent 

Co., Ltd., including the sodium dihydrogen phosphate and diso-
dium hydrogen phosphate of analytical quality. The Milli-Q ul-
trapure water system was used to create ultrapure water.

Experimental animals
Laboratory animals: The Hunan Agricultural University Ethics 
Committee authorized the use of animals for the research (No. 
2020-43). Twelve male Sprague-Dawley rats (weighing 180-240 
g) were obtained from SJA Laboratory Animal Co., Ltd. The blank 
pig brain tissue samples were obtained from Hunan New Wufeng 
Co., Ltd. (Liuyang, China). The Chinese Guidelines for the Care 
and Use of Laboratory Animals were followed in the present study. 
The investigators will continue to follow these guidelines in future 
experiments.

Standard solution
Standard reserve solution: accurate weighing of dissolved Glu, 
Asp, Gly, Tau and GABA in water. The first two formulations were 
10 mmol/L, and the last three formulations were 100 mmol/L. 
Then, these were stored at −20°C. Five kinds of standard amino 
acids were prepared into 1 mmol/L of mixed standard working so-
lution, with 100 mmol/L and 10 mmol/L, respectively, and stored 
at 4°C.

Derivative reagent: the NBD-F was accurately weighed and 
prepared into a reserve solution at a concentration of 0.1 mol/L, 
and this was kept away from light at −20°C until analysis.

Potassium tetraborate solution: the potassium tetraborate was 
accurately weighed and dissolved in water, and the amount was 
fixed to 100 mL. Using a calibrated pH meter, the pH of the so-
lution was adjusted to 9.5 ± 0.1. Then, 40 Hz of ultrasound was 
applied for 10 minutes, and this was stored at 4°C through a mem-
brane.

Sample collection and pretreatment

Sample preservation
The hippocampus, cortex, striatum, brainstem and cerebellum 
were quickly removed from the skull of the pigs and rats, and 
separated from the ice plate. Before use, the separated brain tis-
sues were kept at −80°C. After accurate weighing, normal saline 
was added to homogenize at a mass-volume ratio of 1:1. Then, the 
homogenate was centrifuged at 12,000 rpm for 10 minutes at 4°C 
to separate the supernatant, and this was transferred and purified 
using an organic membrane filter with a pore size of 0.22 µm.

Sample pretreatment
The mixed amino acid solution or sample supernatant (100 µL), 
potassium tetraborate solution (350 µL), and NBD-F working so-
lution (50 µL) were mixed in 1.5 mL light-proof centrifuge tubes, 
and allowed to react in a heated constant temperature mixer at 
60°C for 10 minutes.

Chromatographic conditions
The analytes were separated in the ChromCore C18 column 
(150×4.6 mm, 5 µm) using the FLC automatic 2-D liquid chroma-
tography coupling instrument. Mobile phase A was methanol, and 
mobile phase C was the phosphate buffer (0.02 mol/L, including 0.2 
mmol/L of sodium dihydrogen phosphate and 0.2 mmol/L of sodium 
disodium phosphate, pH 6.0). Then, a 0.22 µm water system filter 
membrane was used to filter the mobile phase. The injection volume 
was 20 L, the column temperature was 45°C, the wavelength was 
472 nm, and the mobile phase flow rate was 1.0 mL/min.
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Method of validation
Five standard amino acids were selected, and these were detect-
ed from the hippocampus samples obtained from pigs. Then, the 
limit of detection (LOD), limit of quantitation (LOQ), linearity, 
precision, and accuracy were determined to confirm the depend-
ability of the method. Next, after the five standard amino acids 
were selected, these were detected from the hippocampus samples 
obtained from pigs. Then, the standard curve was drawn using the 
concentration and peak area of Asp, Glu, Gly, Tau, and GABA in 
milli-q water. Three concentrations (QCH, QCM and QCL) of 
quality control samples were prepared (n = 6). The precision and 
accuracy were measured within six days, within days, and between 
days using the QC samples of the same concentration. The detec-
tion limit was set at a signal-to-noise ratio (S/N) of 3, and the quan-
titative limit was set at a S/N of 10.

Statistical analysis
GraphPad Prism 8.0.1 was used to conduct the multivariate ANO-
VA analysis on the experimental results, and the findings of the 
experiment were presented in mean ± standard deviation. The dif-
ference was considered to be significant when p < 0.05, while this 
was considered to be highly significant when p < 0.01.

Results and discussion

Enhancing separation conditions

Liquid chromatographic conditions
Gradient-free elution was used for the present study. Following 
the previous experiments, the isometric elution of 25% methanol 
buffer salt, 15% methanol buffer salt, and 5% methanol buffer 
salt for 25 minutes was determined. Due to the strong retention of 
GABA on this column, and in order to enable GABA to be eluted 
smoothly without affecting the normal peak emission of Asp and 
Glu, 12% methanol buffer salt was selected as the flow stage. In 
addition, the impact of pH (6.0, 6.5 and 6.8) in the buffer salt 
mobile phase on the target peak was determined, and the pH was 
detected to be 6.0. Therefore, the ChromCore C18 column was se-
lected, and this was eluted for 18 minutes in 12% methanol buffer 
salt. Thus, the five neurotransmitter amino acids were completely 
separated in the ChromCore C18 column, and the peak shape was 
good. However, after the addition of the biological matrix, there 
were other unknown peaks that were not completely eluted. In 
order to prevent the normal injection of the next needle to be af-
fected, the investigators decided to extend the isometric elution to 
25 minutes. The results indicated that the five amino acid neuro-
transmitters totally separated after 25 minutes at pH 6.0, and the 
isometric elution with 12% methanol buffer salt after 18 minutes 
was determined.

Based on the previous experiments, three derivative systems 
were compared, and the best concentration and derivative solu-
tion of NBD-F under the best derivative environment were ob-
tained. The following were investigated: the mixed derivative 
system that consisted of the sample + potassium tetraborate + 
NBD-F solution, the mixed derivative system that consisted 
of the sample + potassium tetraborate + NBD-F and methanol, 
and the mixed derivative system that consisted of the sample + 
potassium tetraborate + NBD-F + acetonitrile. In addition, the 
NBD-F solution of 10, 50 and 100 mmol/L under the conditions 
of the three mixed derivative systems were investigated. It was 
revealed that the 10 mmol/L NBD-F solution had the best peak 

shape and separation, without acetonitrile and methanol.

pH, temperature and time
In the present experiment, after studying and analyzing the deri-
vation conditions of amino acids, it was revealed that the pH of 
the derivative reagents, temperature, and reaction heating time 
affects the sensitivity of the detection method. Therefore, the pH 
of the reaction medium was investigated. The effect of various 
pH levels (8.5, 9.0, 9.5 and 10.0) on the peak area of the deriva-
tive product of amino acid was investigated. It was revealed that 
the derivative yield of potassium tetraborate with pH 9.5 was the 
highest.

Based on this information, the effects of several derivatization 
temperatures (30, 45, 60 and 75°C) and time ranges (1–20 min-
utes) on the peak area of the derivatives were determined. It was 
found that the reaction time of heating for 10 minutes at 60°C can 
make the derivatization reaction complete, and allowed for more 
ideal peak areas and separations to be obtained.

Chromatography and detection
The chromatographic conditions in the experimental study were 
used to determine the selectivity of the five amino acid neurotrans-
mitters, and draw the chromatogram for the five brain areas in pigs 
and rats (Fig. 1). Within the chosen experimental parameters, the 
retention time of the symmetrical resolution of the analyte in its vi-
cinity was not disturbed by the additional substances. Furthermore, 
the five kinds of amino acid neurotransmitters were entirely sepa-
rated in 18 minutes. As shown in Figure 1b, the peak emergence 
time of Asp, Glu, Gly, Tau and GABA in the chromatogram was 
2.44, 3.29, 8.09, 10.01 and 16.20 minutes, respectively. As shown 
in Figure 1c, the peak emergence time for Asp, Glu, Gly, Tau and 
GABA in pigs in the chromatogram was 2.42, 3.38, 7.96, 9.88 and 
17.29 minutes, respectively.

Linearity, detection and quantitative limits, precision and accu-
racy
The linear relationships of the five standard amino acid neuro-
transmitters were determined within the range of seven different 
concentrations (0.300–100.0 µmol/L). The regression equations 
for the correction curves, peak area relative standard deviations 
(RSDs), detection limits, and quantitation limits are presented in 
Table 1. The results revealed that the strong linear relationship 
among the five amino acids is good, with correlation coefficients 
totaling higher than 0.999.

Precision and accuracy were assessed by measuring the RSD 
of the five amino acid neurotransmitters in the hippocampus of 
pigs within and between six days (Table 1). The concentration of 
the amino acid neurotransmitters was 0.15–0.20 µmol/L and 0.30–
0.55 µmol/L, respectively.

According to the experimental results, the LOD value of Asp, 
Glu, Gly, Tau and GABA was 0.15, 0.15, 0.20, 0.20 and 0.20 
µmol/L, respectively. Although the sensitivity of this method was 
not high, this satisfies the basic quantification, and provides a new 
method for the detection of amino acids in the brain.

Results of the method application
The method has been successfully applied in two animal substrates 
(rats and pigs). The outcomes are presented in Figure 2. The blank 
contents of the five amino acid neurotransmitters in the five brain 
regions (hippocampus, cortex, striatum, cerebellum and brain-
stem) were respectively measured in rats and pigs.

The findings revealed that the method of determining the con-
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centration of amino acid neurotransmitters in rats and pigs has 
strong selectivity, because the peak area and resolution of the ami-
no acid targets in the five separate brain areas of rats and pigs were 
good. In the pig samples, the content of Asp was the highest in the 
different brain regions. Furthermore, the results revealed that the 

amino acid neurotransmitters in the brain of rats were generally 
lower, when compared to those in the brain of pigs. However, the 
amount of Tau in the brain of rats was higher, when compared to 
that in the brain of pigs. These results show that for the amino acid 
neurotransmitters in both pigs and rats, Asp, Glu, Gly and GABA 

Fig. 1. High-performance liquid chromatography: (1) Asp, (2) Glu, (3) Gly, (4) Tau, and (5) GABA. (a) Standard solution for the five amino acids; (b) Speci-
mens obtained from the rat brain regions; (c) Specimens obtained from the pig brain regions.
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were significantly different in the hippocampus, while Tau was not 
significantly different. In the cortex, Asp, Glu, Gly and GABA pre-
sented with significant differences, while Tau did not present with 
significant differences. In the striatum, Asp, Gly, Tau and GABA 
presented with significant differences, but there was no significant 
difference in Glu. In the cerebellum, there were significant differ-
ences between Asp and Gly, and between Glu and GABA, while 
there was no significant difference in Tau. In the brain stem, Asp, 

Glu, Gly and GABA markedly varied, while Tau did not markedly 
vary. Interestingly, it was observed that the excitatory amino acid 
neurotransmitters and inhibitory amino acid neurotransmitters bal-
anced with each other in each region of the animal brain, and this 
was not dominated by any one kind of amino acid neurotransmit-
ter. Animal amino acid neurotransmitters are regulated by two dif-
ferent types of amino acid neurotransmitters, and these maintain 
the dynamic balance of the body under normal physiology.

Fig. 2. Comparison of amino acid neurotransmitters in the five different brain regions in pigs and rats: (a) hippocampus, (b) cortex, (c) striatum, (d) cer-
ebellum, and (e) brain stem. Levels of amino acids in the five different brain regions in pigs and rats. The data were expressed as mean ± standard error of 
the mean (SEM, n = 6). *p < 0.05, **p < 0.01, ****p < 0.0001, pig vs. rat.

Table 1.  Linearity, detection limit, quantitative limit, precision and accuracy of the pig hippocampal samples

Compound Regression equation r2 QC, n = 6
RSD (%) Accuracy (%) LOD 

(µmol/L)
LOQ 
(µmol/L)Intra-day Inter-day Intra-day Inter-day

Asp y = 24.15x + 4,953.5 0.9999 QCH 1.48 2.13 88.98 88.14 0.15 0.3

QCM 2.40 5.47 87.66 94.46

QCL 7.72 5.94 91.91 85.91

Glu y = 27.708x + 6869.8 0.9993 QCH 1.76 2.81 89.01 87.71 0.15 0.3

QCM 7.74 8.66 110.80 111.98

QCL 13.85 12.61 101.73 108.68

Gly y = 17.686x + 4,103.2 0.9997 QCH 3.14 3.49 88.72 87.26 0.2 0.5

QCM 6.14 6.68 87.66 96.94

QCL 4.64 3.53 85.99 85.70

Tau y = 19.415x + 7,971.5 0.9991 QCH 1.84 2.15 87.44 88.27 0.2 0.5

QCM 2.94 5.86 89.47 98.89

QCL 3.63 4.16 93.19 88.49

GABA y = 20.378x + 6,738.8 0.9999 QCH 3.59 2.59 87.95 89.13 0.2 0.55

QCM 7.13 7.35 88.43 90.14

QCL 4.50 3.53 91.97 86.31

Asp, aspartate; Glu, glutamate; Gly, glycine; Tau, taurine; GABA, γ-aminobutyric; RSD, relative standard deviations; LOD, limit of detection; LOQ, limit of quantitation.
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Comparison of the contents of amino acid neurotransmitters 
between pigs and rats
Earlier studies on the hippocampus of the brain of rats have re-
vealed that this has the highest concentration of Glu, followed by 
Asp.16 However, this result was slightly different from what was 
revealed in the present study. It was found that the Tau content 
was the highest in the hippocampus, cortex, striatum and cerebel-
lum, and that the glutamic acid content was the highest in brain 
stem. The reason for this difference may be due to difference in 
conditions during processing, such as sample derivation. In previ-
ous studies, the highest concentrations of Glu were detected in the 
hippocampus and cortex of pigs, followed by Asp.17 This finding 
differs from the present results, which revealed that the highest 
concentration was Asp, followed by Glu. It was analyzed that the 
reason for this difference may be because the sensitivity to dif-
ferent amino acids varied due to different methods. However, the 
results remained consistent. For example, in the cortex of pigs, ex-
cept for Glu and Asp, which had the highest content, the ranking 
of the contents of the other three amino acids in descending order 
was GABA, Gly and Tau.

Future directions
A number of studies have revealed that the imbalance of amino ac-
ids in the brain is associated with a variety of neurological diseas-
es, such as Alzheimer’s disease, anxiety and depression. Based on 
this, a simple brain amino acid detection method was established, 
in order to provide technical support for the monitoring of these 
diseases, hoping to provide help in the prevention of neurodegen-
erative diseases. Future research would be conducted, and focus 
will be given on the exploration of the methodology, providing 
technical support for scientific research in the future.

Conclusions
The present study offers a quick and low-cost method for identify-
ing amino acid neurotransmitters in brain tissues. This technique 
has been used to identify amino acid neurotransmitters in five dif-
ferent regions of the brain in pigs and rats. These findings dem-
onstrate the suitability of this approach for identifying amino acid 
neurotransmitters in animal brain tissues.
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Abstract
Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterised by cognitive impairment and numerous pa-
thologies, including β-amyloid (Aβ) and Tau proteopathies, altered immune responses, and brain atrophy. Despite hundreds 
of years of investigations into its underlying pathogenesis, the aetiology of AD is not clearly understood. AD diagnostic criteria 
are not effective at identifying pre-clinical patients and current AD treatments cannot postpone or reverse disease progression. 
The development of non-human primate (NHP) models of AD is urgently required due to their close phylogenetic relation-
ship to humans, similar neuroanatomy, comparable genetics, and high complexity of high-order cognitive functions, making 
them a better model of AD than rodents. We compared and contrasted AD-associated pathological features and behavioural 
alterations manifested between naturally aged spontaneous and induced NHP models of AD. Induced models of AD can be 
established using injections of Aβ oligomers, brain homogenates, neurotoxins, or formaldehyde. In recent decades, both spon-
taneous and induced NHP models of AD have been used to facilitate the development of neuroimaging tracers and therapeutic 
treatments, aiding in the translational application of lab discoveries into clinical trials involving human subjects. The establish-
ment of a standardised NHP model of AD is expected by making a guideline concerning NHP species, types and doses of in-
ducers, frequency of injections, and duration of inoculation. Its development can be facilitated by a comprehensive assessment 
of NHPs, including all AD-associated pathologies and a wide range of behavioural examinations. NHP models of AD have 
contributed to AD research and their evolution is expected to better recapitulate AD features and present greater translational 
potential in the near future.
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Introduction of Alzheimer’s disease (AD)

Background of AD
AD is a devastating neurodegenerative disorder that constitutes 
70–80% of all dementia cases worldwide.1 It is clinically mani-
fested by deterioration in learning, episodic memory, visuospatial 
orientation, and executive abilities that eventually deprive patients’ 
capabilities of performing daily activities.1,2 Pathologically, AD is 
characterised by brain atrophy at the macroscopic level, and extra-
cellular senile plaques, intracellular neurofibrillary tangles (NFT), 
and glial cell engagement at the microscopic level.3 Macroscopi-
cally, the brains of AD patients are marked by moderate cortical 
atrophy and enlarged sulcal spaces in the frontal and temporal 
cortices, which characterise the final stage of dementia in disease 
progress, but is not specific to AD.3 Currently, scientists define the 
pre-clinical phase of AD as the cellular phase, during which alter-
nations of proteopathies, neurons, and glial cells drive disease pro-
gression before the clinical presentation of cognitive impairment 
and executive deficits.4,5 Correspondingly, the diagnostic criteria 
of AD have shifted from the gold-standard post-mortem examina-
tion of parenchymal beta-amyloid (Aβ) and Tau proteopathies to 
the current suite of biofluid biomarkers and molecular imaging.6 
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Aβ neuroimaging by positron emission tomography (PET) and 
cerebrospinal fluid (CSF) measurements of Aβ, total Tau (t-Tau), 
and hyperphosphorylated Tau (p-Tau) allow an accurate diagno-
sis of individuals with pre-clinical and prodromal AD.5 However, 
the costliness and invasiveness of molecular neuroimaging and 
CSF measurements limit their application as a population-based 
screening technique in hospital settings.6 Since the first identi-
fication and classification of AD in the last century, and despite 
decades of extensive efforts, cost-effective early diagnostic tools, 
effective disease-modifying treatments (DMT), and a sophisti-
cated understanding of AD pathogenesis, much about AD remains 
inconclusive.2 With the ongoing aging of the global population, 
this devastating chronic disease will impose extensive economical, 
psychological, and physical burdens on individuals, families, and 
countries.

Aβ-related pathologies
As first described over 100 years ago, the classical pathological 
features of AD include extracellular Aβ plaques and intracellular 
NFTs.1 Aβ plaques are the aggregated form of Aβ peptides, includ-
ing Aβ peptides ending in residue 40 (Aβ1–40) and ending in resi-
due 42 (Aβ1–42), both of which result from the abnormal process-
ing of amyloid precursor protein (APP) by β- and γ-secretases.3,7 
β-secretase cleaves the juxta-membrane domain of APP and gener-
ates the ectodomain, after which γ-secretase cleaves multiple sites 
in the transmembrane domain of APP, leading to the production of 
carboxy terminal fragments and Aβ peptides, ranging from 38 to 
43 residues.3,7 Among these 4.5kDa Aβ peptides, Aβ1–42 is the most 
hydrophobic, fibrillogenic, and amyloidogenic component, which 
corresponds with its high neurotoxicity in AD.7 Two types of Aβ 
plaques have been mainly observed in AD, namely diffuse plaques, 
and dense core plaques. Diffuse plaques are weakly stained by 
thioflavin-S and are deprived of activated glial cells or neuritic 
components, while dense core plaques can be intensely stained by 
thioflavin-S and Congo red due to the presence of numerous Aβ fi-
brils.3 Dense core plaques are usually associated with Tau+ or dys-
trophic neurites, which are also known as neuritic plaques.3 In the 
peripheral zone of dense core neuritic plaques, some dystrophic 
neurites contain Tau filaments, suggesting the presence of NFT-
bearing neurons in that region.3 Other types of dystrophic neurites 
may contain cytoskeletal proteins or may become accumulated by 
degenerating mitochondria and lysosomal bodies.3 Considering 
the complicated molecular and cellular components of Aβ plaques, 
investigating the mechanism underlying plaque formation, Aβ 
neurotoxicity, immune activation, neuronal loss, and Tau involve-
ment is critical to advance our understanding of AD pathogenesis 
and cognitive decline. Beyond the composition of Aβ plaques, Aβ 
peptides aggregate and propagate in stereotypic patterns in AD, 
leading to the staging schemes described by Braak and Thal.8 
Thal has improved the three-stage Braak staging into an advanced 
five-stage scheme: Aβ deposits in neocortex exclusively in phase 
one; Aβ spreads into the allocortical brain regions in phase two; 
Aβ further spreads into diencephalic nuclei, the striatum, and the 
cholinergic nuclei of the basal forebrain in phase three; Aβ further 
spreads into several brainstem nuclei in phase four; Aβ eventu-
ally propagates into the cerebellum in phase five.8 In human AD, 
the abnormal production of Aβ and the imbalanced clearance of 
Aβ results in the aberrant deposition of Aβ plaques in the brains 
of AD patients, during which Tau pathologies, neuronal swelling, 
cytoskeletal abnormalities, intracellular organelle dysfunction, and 
glial activation are engaged. This is extremely challenging to repli-
cate in animal models of AD.

In addition to the brain parenchyma, Aβ peptides are also de-
posited in the walls of small- to medium-sized blood vessels of 
the brain, which is known as cerebral amyloid angiopathy (CAA). 
The walls of leptomeningeal and cortical arteries and occasionally, 
veins, are predominantly occupied by Aβ1–40 peptides, while Aβ1–
42 peptides are the main component of neuritic plaques in the pa-
renchyma.9 Parenchymal Aβ plaques and CAA can both be caused 
by Aβ peptides with a common origin, suggesting a potential 
shared mechanism driving both Aβ proteopathies.9 Aβ1–42 peptides 
may first be deposited in the vessel wall, while Aβ1–40 peptides 
may subsequently be deposited in the walls along the perivascu-
lar drainage pathways, while fibrillogenic neuron-derived Aβ1–42 
peptides are more likely to deposit in the parenchyma to form Aβ 
plaques.9 Parenchymal Aβ plaques originate in the neocortex of 
the brain and subsequently propagate into the allocortex, thala-
mus, and basal ganglia, but CAA may predominantly affect the 
posterior lobar brain regions and rarely deposit in the deep grey 
nuclei, white matter, and brainstem.9 Additionally, Aβ peptides in 
the walls of vessels are amalgamated with Aβ-associated proteins, 
including complement proteins, apolipoprotein E (ApoE), and 
apolipoprotein J (ApoJ/CLU). As the two major Aβ proteopathies 
in AD pathophysiology, CAA and parenchymal Aβ plaques may 
share a common origin of Aβ peptides, metabolism, and clearance 
mechanisms, while different lengths of Aβ peptides, different Aβ-
associated proteins, and different associations with cognitive defi-
cits are noted.

Tau-related pathologies
A solid neuropathological diagnosis of human AD requires the de-
tection of both Aβ plaques and NFTs, the latter of which is more 
tightly associated with synaptic loss and cognitive impairment.10 
Tau filaments are termed as paired helical filaments (PHF) be-
cause they comprise two filaments that twist to form a periodic 
structure.3 In AD, PHFs are structured by six isoforms of Tau, in-
cluding isoforms with 3 repeats (3R Tau) and 4-repeats (4R Tau) 
in the microtubule binding domain. These isoforms are generated 
through alternative splicing of the microtubule-associated protein 
Tau (MAPT) gene (chr17).3,11 Axonal Tau plays an important role 
by interacting with tubulin, stabilising microtubule structure, and 
supporting microtubule-dependent axonal transport.11 Pathophysi-
ologically, Tau can be hyperphosphorylated with nine phosphates 
per molecule, resulting in fibrillisation of p-Tau and aggregation 
into NFTs.11 These molecular alterations undermine its original 
abilities to bind and stabilise microtubules in axons, thus result-
ing in the deposition of intraneuronal lesions, including p-Tau, 
pre-tangle materials, NFTs in cell bodies, neuropil threads (NT) 
in neuronal processes, and other materials in neuritic plaques.12 In 
the brains of AD patients, the distribution pattern and sequence of 
Tau lesions have also been categorised in three stages, as described 
by Braak and colleagues.12 Abnormal Tau is initially detected in 
transentorhinal and entorhinal regions, gradually spreading to the 
limbic allocortex and adjoining neocortex, and eventually propa-
gating to the primary and secondary fields.12

AD genetics
AD can be divided into early-onset AD (EOAD) and late-onset 
AD (LOAD) based on the age of onset. EOAD accounts for less 
than 1% of total AD cases. It is determined by autosomal dominant 
mutations in genes encoding APP (APP), presenilin 1 (PSEN1) and 
presenilin 2 (PSEN2). Mutations in the APP gene generally pre-
dispose APP to be cleaved by β-secretase, leading to the produc-
tion of more Aβ1–42 peptides that aggregate and propagate easily.13 
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Mutations in PSEN1 and PSEN2 change the specificity of cleavage 
sites on APP, preferring to be cleaved at position 42 instead of 40, 
also resulting in more Aβ1–42 production.14 Numerous mutations 
in EOAD genes converge on the same outcome of altered proteo-
lytic APP processing and Aβ1–42 overproduction, which forms the 
foundation of the Aβ-amyloid theory.7 LOAD accounts for the re-
maining 99% of total AD cases, and is currently explained by the 
imbalanced production and clearance of Aβ in the brain.1 The risk 
of an individual developing LOAD is largely determined by com-
mon polymorphisms in the APOE gene. This gene encodes the gly-
coprotein ApoE that is ubiquitously expressed in the brain, liver, 
and myeloid cells, and which plays a role in cholesterol and lipid 
transportation, neuronal growth, and immunoregulation.15 The 
APOE gene encodes three isoforms: protective ApoE ε2, neutral 
ApoE ε3, and detrimental ApoE ε4.15 Two different amino acids in 
the three isoforms significantly modify the structure and function 
of ApoE, resulting in alterations in Aβ clearance, lipid metabolism, 
glucose metabolism, innate immune responses, and mitochondrial 
dysfunction.16 For instance, CAA in capillaries, arterioles, and 
small arteries are highly associated with ApoE ε4, which might 
be explained by the reduced transendothelial clearance of Aβ-
apolipoprotein complexes compared with ApoE ε2 and ApoE ε3 
carriers.3 The precise mechanism by which APOE ε4 increases AD 
risk remains inconclusive, thus further investigation of the APOE 
gene in AD is critical for advancing our understanding of AD.

Animal models of AD
Despite extensive investigations into AD for over 100 years, the 
underlying pathophysiological mechanisms remain unknown, the 
disease aetiology is still insufficiently understood, accurate diagnos-
tic tools cannot be widely applied for population screening, and the 
DMTs are lacking. In light of these urgent demands in the field, the 
development and study of reliable animal models of AD becomes 
essential to enable the study of the pre-clinical and prodromal phase 

of AD, which is difficult to access in AD patients.2 A wide range 
of species have been assessed in AD-related research and various 
rodent models of AD have dominated the field in recent decades.2 
Genetic mutations associated with Aβ and Tau processing have 
provided a solid foundation for generating hundreds of transgenic 
murine models that have evolved over time to imitate specific fea-
tures of AD and facilitate the translational application of laboratory 
discoveries.17 Rodent models have many advantages, including low 
financial costs, large sample sizes, easier genetic manipulation, con-
ventional animal care, etc. Unfortunately, rodents are also associated 
with low translational potential for the development of diagnostic 
markers and therapeutic treatments due to the reduced complex-
ity of their brain structure and circuitry compared to humans.2 For 
instance, APP transgenic mice rarely manifest the Tau hyperphos-
phorylation and brain atrophy that are found in human AD.2 Thus, 
to understand a complicated age-related human disorder, using the 
brain of a non-human primate (NHP) with a closer phylogenetic re-
lationship to humans, a similar neuroanatomy structure, comparable 
genetics, similarly complicated neural circuitry, and higher-order 
cognitive functions is greatly preferred (Table 1).

Normal aging studies in NHPs
Aging is the single largest risk factor for AD.1 Although aged NHPs 
cannot recapitulate the full spectrum of AD, they are ideal models 
of normal aging, cognitive deterioration, and executive processing 
impairment. Since the 1970s, numerous studies have reported age-
related impairments in cognition in a wide range of animals, particu-
larly NHPs, including short-term memory (STM), learning abilities, 
and executive functions, which have been similarly documented 
during aging of human.18 The Rhesus monkey (Macaca mulattas), 
an old world monkey closely relative to the cynomolgus monkeys, 
has been predominantly employed in early studies that investigated 
the association between learning impairment, memory dysfunction, 
and normal aging in NHPs.19 Rhesus monkeys have a body length of 

Table 1.  The most widely used NHP in the field of AD

Animal species Rhesus macaques Cynomolgus 
monkeys Squirrel monkeys Mouse lemurs Tree shrews

Classification Old world monkey Old world monkey New world monkey Prosimian Non primate

  Scheme

General background

  Scientific name Macaca mulattas Macaca fascicularis Simia sciurea Microcebus murinus Tupaia belangeri chinensis

  Body length 45–64 cm 40–65 cm 25–35 cm 12–13 cm 26–41 cm

  Weight 5–12 kg 9 kg 0.5–1.1 kg 50–120 g 50–270 g

  Life span 34–40 years 35 years 15–20 years 8–14 years 8 years

Age considered old 20–25 years old 20 years old 12 years old 5 years old 7 years old

Recruited in references

NHP, non-human primate; AD, Alzheimer’s disease.
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45–64 cm, a body weight of 5–12 kg, and a life expectancy of 34–40 
years (Table 1).20 In 1978, Bartus and colleagues used an indirect 
delayed response (DR) procedure and identified a profound impair-
ment in STM in the aged (≥18 years old) compared to younger (3–5 
years old) rhesus monkeys.21 STM is defined as the ability of an 
individual to temporarily memorise a limited amount of information 
for a very short interval. Deficits in STM are one of the best charac-
terised alterations in normal aging.18,22 STM deterioration in rhesus 
monkeys emerged in early middle age during normal aging, similar 
to what is observed in humans.18 They further evaluated monkeys’ 
abilities to learn visual discrimination and reversal problems.23 The 
aged rhesus monkeys (≥18 years old) constantly demonstrated se-
vere deficiency with reversal problems, but no age-related deteriora-
tion in colour and pattern discrimination was observed.23 Another 
concept that is closely associated with STM is working memory 
that temporarily stores, processes, and manipulates STM necessary 
for complicated cognitive tasks, such as language comprehension, 
learning, and reasoning.22 A decline in the working memory of aged 
primates has been documented in several NHP studies using a neu-
rotoxin-induced model of AD.24–27

The seminal studies conducted by Bartus and colleagues failed 
to identify age-related impairment in recognition memory, but they 
inspired subsequent studies in this field. In 1987, rhesus monkeys 
of four different age groups were trained in a delayed nonmatch-
ing-to-sample (DNMS) task that examined the subject’s ability 
to recognise a novel object from a familiar object, following a 
specific delay interval.18,28 Although their learning abilities were 
marginally impaired with aging, significant age-related impair-
ment in recognising objects were observed when delay intervals 
or lists of objects were increased.28 This study contradicted Bartus’ 
previous results and identified impairment in visual recognition 
memory during normal aging of NHPs.28 The DNMS task was also 
used later on female aged rhesus monkeys (22–26 years old).29 
The aged rhesus monkeys required significantly more training than 
young monkeys (9–11 years old) to learn basic principles of the 
task, but their recognition memory was minimally impaired com-
pared with the young, consistent with Bartus’ results.29 Rapp and 
colleagues then required rhesus monkeys to remember the order of 
subjects and identified significant age-related deterioration in their 
task-dependent recognition memory.29 These findings further sug-
gested different susceptibilities to age-related impairment in dif-
ferent memory functions in NHPs. In 1993, Bachevalier conducted 
a more comprehensive investigation into memory functions of rhe-
sus monkeys by selecting multiple memory tasks associated with 
distinct brain areas.30 This study described widespread behavioural 
deficits in aged rhesus monkeys, including visuospatial orienta-
tion, DR tasks, and object recognition memory (measured using 
DNMS) in young middle/teen age, middle age, and old age of rhe-
sus monkey, respectively.30 These memory abilities are associated 
with different brain regions, illustrating that certain cerebral sys-
tems were predisposed to early degenerative neuronal damage.30 
Delayed recognition span tasks (DRST) are another important rec-
ognition memory task, in which NHPs are required to recognise 
a novel stimuli among an increasing array of serially presented 
stimuli to examine their spatial and colour condition.31 It was used 
to assess the recognition memory of eight aged rhesus monkeys 
(25–27 years old) that presented with recognition memory impair-
ment in both the spatial and colour conditions of the DRST.31 Visu-
ospatial orientation was also compromised in young middle/teen 
age in rhesus monkeys compared with other memory deficits.30 
The impairment in recognition memory is not associated with the 
age-related decline in the length of cholinergic fibres of rhesus 

monkeys.32 Some controversies were observed in these studies, 
but age-associated abnormalities in recognition memory among 
aged NHPs are supported by increasing evidence as technology 
has improved, and sample sizes have increased. During normal ag-
ing, NHPs manifest similar symptoms to human AD, particularly 
cognitive behavioural alterations, suggesting their potential to be 
used as a model of age-related neurodegenerative disorders.

Spontaneous NHP models of AD

Aβ pathologies in aged NHPs
Aged NHPs demonstrate cognitive deficits that are similarly ob-
served in aged humans, but also spontaneously develop age-asso-
ciated human AD-resembling pathologies, such as extracellular Aβ 
plaques, CAA, intracellular p-Tau, dystrophic neurites, and glial 
activation. All aged NHP species exhibit Aβ-related proteopathies 
in their cerebellum and vasculature, but differences in the age of 
onset, burden level, biological composition, and spatial distribution 
are still observed.2 In 1985, numerous Aβ plaques in the prefrontal 
and temporal cortices in six aged rhesus monkeys were identified, 
the densities of which were significantly associated with age, sug-
gesting a positive association between age and Aβ burden in aged 
NHPs.33 Subsequent studies identified similar results in the frontal, 
temporal, and parietal cortices of aged rhesus monkeys and aged 
squirrel monkeys, as measured by thioflavin-S and silver stain-
ing.34–36 The total burden level of parenchymal Aβ in the temporal 
and occipital cortices of aged rhesus monkeys was comparable to 
those of humans with AD, while the Aβ1–40 level may outweigh the 
Aβ1–42 level in aged rhesus monkeys.37 The highest Aβ plaque den-
sities were noticed in the frontal and temporal cortices, while few 
Aβ peptides were deposited in the hippocampal formation, highly 
resembling the Aβ distribution in human AD.37,38 Another type of 
old-world monkeys that have been extensively used in this field 
is the cynomolgus monkey (Macaca fascicularis), also known as 
crab-eating macaques (Table 1).20 Cynomolgus monkeys have a 
body length of 40–65 cm, a body weight of up to 9 kg, and a life 
expectancy of up to 35 years (Table 1).20 Both diffuse and classical 
Aβ plaques with dense cores were detected primarily in the tem-
poral cortex of the superior and inferior gyri and amygdala in aged 
cynomolgus monkeys.39,40 These Aβ plaques were surrounded by 
abnormal, swollen neurites in silver-stained sections,34–36,40 simi-
lar to what is reported in human AD.2 Aged old-world monkeys 
illustrated similar Aβ plaques in the parenchyma compared to the 
brains of humans diagnosed with AD. More examinations into the 
pathologies and behavioural alterations are required to designate 
them as suitable animal models of AD.

Squirrel monkeys (Simia sciurea), a widely used new-world 
monkey, have a body length of 25–35 cm, a body weight of 0.5–1.1 
kg, and life expectancy of 15–20 years (Table 1). The smaller body 
and shorter life expectancy of aged squirrel monkeys explain the 
deposition of smaller Aβ plaques in their cerebellum at a relatively 
younger age (∼12 years old) compared with rhesus monkeys (∼25 
years old).19,35 Like rhesus monkeys, Aβ1–40 is the more abundant 
peptide in the brains of aged squirrel monkeys, in contrast to hu-
man AD.41,42 C-terminal specific antibodies against Aβ1–40 and 
Aβ1–42 were used to evaluate the Aβ burden in the brains of 11 
rhesus monkeys (21–31 years) and one 59-year-old chimpanzee.41 
In rhesus monkeys, Aβ1–40

+ plaques outnumbered Aβ1–42
+ plaques 

with a mean ratio of 2.08, which was significantly higher than the 
ratio of Aβ1–40:Aβ1–42

+ plaques in human AD (0.37).41 Similar re-
sults were observed in another study using two aged Formosan 
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rock macaques (Macaca cyclopis), which are close relatives to rhe-
sus monkeys.42 The high Aβ1–40 burden level in aged NHPs may 
be caused by different APP processing mechanisms or altered Aβ-
ApoE interaction, which favours the production of Aβ1–40 in aged 
NHPs.42 These early studies recognised the age-associated Aβ bur-
den level and widespread distribution in the brains of aged NHPs, 
which highly resembled human AD despite the distinct levels of 
Aβ1–40 and Aβ1–42. A wide range of recent studies have all repeated 
the identification of this classical human AD-resembling Aβ pro-
teopathy in the brains of various NHPs, utilizing more advanced 
experimental techniques to elucidate the interaction between Aβ 
plaques, AD genetics, glial activation, and Tau hyperphosphoryla-
tion in these spontaneous NHP model of AD.40,43–52

The tree shrew is also a small primate used as a NHP model of 
AD, in particular the Chinese tree shrew (Tupaia belangeri chinen-
sis) (Table 1). They have body lengths of 26–41 cm, body weights 
of 50–270 g, and a life expectancy of 8 years old (Table 1). In one 
early study, Pawlik and colleagues did not identify Aβ deposits in 
the neural parenchyma or cerebral vasculature of eight aged tree 
shrews (7–8 years old).53 Subsequent studies using anti-Aβ1–42 an-
tibodies detected Aβ depositions in the cortex, subiculum, basal 
ganglia, mammillary body, and hypothalamus, accompanied by 
weak Congo red+ Aβ plaques in the brains of aged tree shrews.54

Another Aβ-related pathology, CAA, may be more consistent 
than parenchymal Aβ deposits in aged NHPs.2 Thioflavin-S+ Aβ 
plaques in the walls of intracortical and meningeal microvessels 
of aged rhesus monkeys and aged squirrel monkeys were iden-
tified.34–36 Uno and colleagues conducted a well-powered study 
using the brains of 81 rhesus monkeys (16–39 years old).45 Young 
rhesus monkeys (16–19 years old) did not manifest parenchymal 
Aβ plaques, while the majority of the aged monkeys (26–39 years 
old) presented numerous Aβ depositions in their brains.45 CAA 
developed simultaneously with parenchymal Aβ plaques after the 
age of 20 years old, and was detected in 38% of the oldest rhesus 
monkeys, suggesting a lower frequency of CAA compared with 
parenchymal Aβ plaques in aged rhesus monkeys.45 CAA was also 
observed in other species of aged old-world monkeys.39,40 In con-
trast to the relatively low vascular Aβ deposits in aged old-world 
monkeys, cerebrovascular Aβ is the most abundant form of Aβ pro-
teopathy in squirrel monkeys.55,56 Three forms of Aβ deposits were 
identified in nine squirrel monkeys (8–27 years old) from high to 
low density: dense Aβ deposits to the vascular wall, classical pa-
renchymal Aβ plaques with a dense core, and diffuse Aβ plaques.55 
Among the four aged squirrel monkeys, the ratio of CAA to dense 
parenchymal Aβ plaques was over 5.55 Although Aβ1–42 and Aβ1–40 
were detected in both parenchymal and cerebrovascular plaques, 
more Aβ1–40 existed in CAA in the larger arterioles of aged squir-
rel monkeys.56 One remarkable difference between humans and 
squirrel monkeys is the heavy deposition of Aβ in the capillaries, 
suggesting species-specific predispositions of vulnerable cerebral 
vasculature to Aβ pathology.

In addition to old and new world monkeys, mouse lemurs (Mi-
crocebus murinus), a prosimian resembling the earliest primates, 
have been frequently used to study normal aging of NHPs (Ta-
ble 1).2 Mouse lemurs are characterised by a small body length 
of 12 cm and a tail with a similar length (Table 1).20,46 They have 
a small body weight of 50–120 g and a short life expectancy of 
8–14 years (Table 1).20,46 Bons and colleagues first utilised mouse 
lemurs to study Aβ proteopathies during normal aging of NHPs.44 
They compared eight aged mouse lemurs (8–12 years old) with 
three young mouse lemurs (1–3 years old), and recognised three 
forms of Aβ proteopathies in the brains, including round thiofla-

vin-S− Aβ plaques, round Aβ plaques with a thioflavin-S+ dense 
core, and extensive Aβ deposits in leptomeningeal, cortical arteries 
and arterioles, and occasionally, capillaries.44 Only half of the aged 
mouse lemurs exhibited parenchymal Aβ plaques, whose size re-
sembled those observed in rhesus monkeys and humans. All aged 
mouse lemurs demonstrated extensive CAA, suggesting a higher 
frequency of CAA compared with that of human AD.44 Mestre-
Frances and colleagues further investigated the Aβ compositions 
of CAA in aged NHPs using 30 mouse lemurs (2–13 years old).57 
Intensive deposits of Aβ1–42 were observed in the cortical arteri-
ole and capillary walls, but Aβ1–40 deposits were mainly noticed 
in the tunica media of leptomeningeal vessels, where Aβ1–42 was 
weakly detected.57 This study illustrated a promising NHP model 
of AD concerning the similarities in Aβ proteopathies compared 
to human AD, including high parenchymal burden of Aβ1–42 and 
high vascular deposition of Aβ1–40. Cognitive impairment of the 
aged mouse lemur is another essential criterion to be assessed. 
Schmidtke and colleagues recruited 37 aged mouse lemurs (>5 
years old) and identified significant associations between cortical 
Aβ burden level and pretraining success (intraneuronal Aβ) and 
discrimination learning (extracellular Aβ).51 Even though the ac-
cumulation of Aβ in the walls of neocortical vessels were detected, 
no association between CAA and cognitive decline was found.51 
Aβ proteopathies in the aged mouse lemur were also documented 
in recent studies, in which the interactions between Aβ, Tau, ge-
netic factors, and immune cells were further elaborated.43,58

Aβ-associated genetics and proteins in aged NHPs
AD is a complicated disorder determined by both genetic and envi-
ronmental factors. Both EOAD and LOAD are largely influenced 
by genetic mutations or single nucleotide polymorphisms (SNP) 
that result in the overproduction of amyloidogenic Aβ1–42 and im-
paired clearance of Aβ peptides. The differences in Aβ proteopa-
thies between aged NHPs and humans with AD inspire another 
question regarding whether Aβ-associated genetics and proteins 
are different between humans and NHPs. Full-length cDNA en-
coding APP695 of aged cynomolgus monkeys were sequenced, 
demonstrating 100% sequence homology to human, while two 
amino acid substitutions were reported in APP695 of rats and 
mice.39 None of the EOAD-associated mutations were found in the 
lemur APP gene.46 The common longer isoforms in aged cynomol-
gus monkeys, APP751 and APP770, demonstrated a few amino acid 
substitutions compared with human APP.39 The brain homogen-
ates of humans and monkeys demonstrated a similar profile of 
membrane-associated, full-length APP, and truncated isoforms of 
APP, in contrast to the profile of rat and mouse brains, suggesting 
highly similar proteolytic processing of APP between NHPs and 
human.39 APP was also detected in the swollen neurites of clas-
sical Aβ plaques but absent in diffuse Aβ plaques in the brain of 
aged cynomolgus monkeys.40 In aged rhesus monkeys, APP was 
detected in swelling neurons and neuritic plaques associated with 
Aβ.59 In mouse lemurs, an APP sequence analysis of exon 16 and 
17, which encodes for Aβ, illustrated 100% homology with human 
Aβ, suggesting conserved RNA splicing in mouse lemurs and hu-
mans.58 Aβ and APP were simultaneously detected in Aβ plaques 
and CAA, while APP itself was further deposited in neurons, as-
trocytes, and oligodendrocytes.58 The labelling level of APP was 
significantly associated with age in mouse lemurs, suggesting a 
more sophisticated distribution of APP and Aβ proteopathies in 
aged mouse lemurs.58 Additionally, the activity of β-secretase 
(BACE1) was increased with age in both rhesus monkeys and hu-
mans, while its expression level remained the same.60 The genetic 
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background of the tree shrew has also been investigated and their 
primary sequences of APP revealed 98% similarity and 97% iden-
tify to human APP.53 A high-quality reference genome of Chinese 
tree shrews has been recently generated and their expression pat-
tern of Aβ and NFT formation pathway genes resembled that of 
human brain, with a similar aging-dependent effect.61,62 Both ge-
netic sequences and distributive patterns of APP and Aβ are highly 
conserved between multiple species of NHPs and human, making 
them ideal models of AD with higher genetic homology.

EOAD-associated PSEN1 and PSEN2 have also been investi-
gated in NHPs. The cDNA encoding PSEN1 from mouse lemurs 
exhibited 95.3% sequence similarity with human PSEN1, which 
was slightly higher than murine PSEN1.63 The 2% difference be-
tween lemur and mouse PSEN1 showed the conservation of a par-
ticular proteolytic processing in both lemur and human.63 PSEN1 
was detected in neurons and neurites in multiple cortical layers, 
hippocampus, and subcortical structures in aged mouse lemurs.63 
Another study specifically cloned a 1340 bp cDNA fragment en-
coding PSEN2 from a mouse lemur brain that demonstrated 95.5% 
homology to human PSEN2 and 93.5% homology to mouse 
PSEN2.64 None of the EOAD-associated PSEN1 or PSEN2 muta-
tions in humans corresponded to lemur PSEN1 and PSEN2 amino 
acid differences.46 PSEN2 was distributed throughout the lemur 
brain, including dense signals in the cortical and subcortical struc-
tures and cerebral vessels, and light signals in the hippocampal 
neurons and the dentate gyrus.64 The co-localisation of PSEN1, 
PSEN2, and APP was observed, but only age-related increase in 
PSEN2 expression was noticed in the lemur brain.63,64 Lemur APP, 
PSEN1, and PSEN2 showed higher homology to human proteins 
than those of rats and mice, suggesting a higher degree of conser-
vation between lemurs and humans. Furthermore, the age-related 
expressions of PSEN1 and PSEN2 were also investigated in the 
brain of cynomolgus monkeys. PSEN1 was detected in neurons 
and neuritic plaques in the neocortex and cerebellum of cynomol-
gus monkeys and PSEN1 levels in the nuclear fraction were sig-
nificantly elevated with age, indicating age-related PSEN1 accu-
mulation in the endoplasmic reticulum associated with the nuclear 
membrane.65 On the contrary, PSEN2 was also detected in large 
pyramidal neurons and neuritic plaques, but its expression level 
remained unchanged during aging of cynomolgus monkeys.66 Re-
cently, PSEN2 mRNA in the Chinese tree shrew has been char-
acterised, demonstrating 97.64% sequence similarity to human 
PSEN2.67 Even though the protein structure of PSEN2 indicates 
similarities to human PSEN2, tree shrew PSEN2 possesses only 
seven α-helices, while human PSEN2 contains ten α-helices.67 
These observations suggest a more important involvement of 
PSEN1 compared with PSEN2 in in disease progression of NHPs, 
but more studies are needed to elucidate their roles and functions 
in NHP compared with those of humans.

Beyond EOAD-associated genetics, APOE remains the single 
largest genetic risk factor for AD in humans. In mouse lemurs, 
APOE genotyping revealed monomorphisms that possessed the 
two diagnostic sites that defined the ApoE ε4 allele of human, al-
beit with 9 amino acid substitutions compared with human ApoE.68 
One type of vervet monkey, the Caribbean vervet, was also found 
to be homozygous for the ApoE ε4 allele.69 APOE was heavily de-
posited in line with Aβ proteopathies, including the parenchymal 
Aβ plaques and CAA.68 APOE was further detected in astrocytes 
of the cortical parenchyma, oligodendrocytes of the corpus callo-
sum, and neurons of multiple cortical lobes, the hippocampus, and 
the brainstem of the aged mouse lemur.68 Like mouse lemurs and 
humans, APOE was detected in diffuse and classical Aβ plaques 

and meningeal and cortical vessels in the brains of aged chimpan-
zees, cynomolgus monkeys, and rhesus monkeys, while old-world 
monkeys exhibited more neuritic plaques with APOE staining.40,70 
In cynomolgus monkeys, APOE was detected in some astrocytes 
and mononuclear cells around cortical blood vessels, co-localising 
with glial fibrillary acidic protein (GFAP) in astrocytes.40 Addi-
tionally, APOE genetics were also studied in aged vervet monkeys 
(Chlorocebus aethiops), illustrating ApoE ε4 monomorphism 
among 30 vervet monkeys.69 In brief, NHPs are homozygotic for 
ApoE ε4 that is highly detrimental in human AD. This interesting 
discrepancy between NHPs and humans makes it necessary to un-
derstand the protective mechanism underlying why these ApoE ε4 
homozygotes display dense parenchymal and vascular Aβ plaques, 
but never develop the devastating cognitive decline and behaviour-
al alterations observed in humans diagnosed with AD.

Tau pathologies in aged NHPs
Unlike human AD, NFTs are virtually lacking in the brains of aged 
NHPs.2 Only a few old-world monkeys, new-world monkeys, and 
prosimians illustrated NFTs and dystrophic neurites near neuritic 
plaques in early studies.2 In aged rhesus monkeys (30–31 years 
old) with cerebral Aβ plaques, PHF+ or Tau+ NFTs or Aβ plaques 
were absent in their brains using antiserum while this same an-
tiserum generated intensive signals in the brains of human with 
AD.34 In a recent study, the monoclonal antibody (mAb), AT8, 
against a phosphorylated epitope of human Tau protein detected 
sparsely scattered p-Tau in the cingulate cortex in the brains of 
aged old-world monkeys, including Campbell’s guenon and Ham-
adryas baboon.71 AT8+ p-Tau was detected in the entorhinal cortex 
and hippocampus of one 28-year-old rhesus monkey, which was 
simultaneously confirmed using AT100, PHF-1, and TG-3 anti-
bodies, illustrating a similar distribution pattern to Tauopathy in 
the brains of human with AD.71 Meanwhile, another five 28-year-
old rhesus monkeys exhibited high Aβ burdens in their prefrontal 
cortices but no Tau AT8 immunoreactivity, suggesting rare p-Tau 
immunoreactivity in aged rhesus monkeys around 30 years.71 Even 
though rhesus monkeys exhibit human AD-resembling Aβ deposi-
tions and glial activation, the low incidence of Tauopathy during 
their normal aging may restrict their suitability as a NHP model of 
AD. In 2018, a cohort of rhesus monkeys from young to extreme 
old age (≤38 years old) illustrated similar qualitative patterns and 
sequences of Tau and Aβ, highly resembling human AD.49 P-Tau 
was initially detected in cell islands, dendritic microtubules, and 
transporting endosomes of the entorhinal cortex in young rhesus 
monkeys (7–9 years old) (like Braak stage I).49 In early aged rhe-
sus monkeys (24–26 years old), AT8 immunoreactivity was mildly 
detected in the outer layer II of the entorhinal cortex with one case 
illustrating cognitive impairment (like Braak stage I/II).49 In aged 
rhesus monkeys (33–34 years old), AT8 labelling further propa-
gated intensively and widely throughout cell islands of the layer 
II and occasionally in the deeper entorhinal cortex (like Braak 
stage III).49 Surprisingly, mature NFTs were recognised in both 
layer II and V of the entorhinal cortex in the oldest rhesus monkey 
(38 years old) (like Braak III/IV).49 Given the co-existence of pa-
renchymal Aβ plaques, CAA, and intracellular Aβ in endosomes, 
dendrites, and exons, this study first demonstrated human AD-re-
sembling Tauopathies, especially NFTs, in extremely aged NHPs, 
although the low incidence was distinct from that of human AD.49 
Subsequently, a cohort of nine female rhesus monkeys (8.3–28.6 
years old) demonstrated pyramidal cells labelled with AT8 and 
pT217 antibodies in the dorsolateral prefrontal cortex, which are 
currently used in CSF diagnosis of human AD.72 These pT217+ 
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pyramidal cells contained aggregated, filamentous structures that 
highly resembled NFTs in human AD.72 While early studies hardly 
ever detected Tau signals in aged rhesus monkeys, recent studies 
have demonstrated that rhesus monkeys can naturally develop p-
Tau, filamentous structures, and rare NFTs, suggesting a promis-
ing NHP model of AD that assist in elucidating the associations 
between Aβ, p-Tau, and cognitive deficits in AD.

PHF- and Tau-specific antibodies did not detect any NFTs or 
neuritic plaques in the brains of aged cynomolgus monkeys (19 
years old) and aged chimpanzees (59 years old) in early stud-
ies.39,40,70 Of note, very limited numbers of neurons in the lateral 
putamen region of three aged chimpanzees were slightly labelled 
with Alz-50 (against p-Tau).70 In 2010, a cohort of 24 cynomol-
gus monkeys (6–36 years old) were found to have Aβ plaques in 
their neocortical and hippocampal regions in middle age, which 
was associated with age rather than p-Tau accumulation.47 Intra-
cellular p-Tau was first detected in neurons and oligodendrocytes 
in the temporal cortex and hippocampus of cynomolgus monkeys 
in a 19-year-old cynomolgus monkey using 2B11 (against hu-
man Tau phosphorylated at amino acid 231).47 In humans over 
20 years of age, 2B11+ glial cells increased proportionally with 
age, but 2B11+ neurons were only detected in a 36-year-old cyn-
omolgus monkey, in which a strong p-Tau signal was occasionally 
detected in neurons, oligodendrocytes, and dystrophic neurites in 
its temporal cortex.47 Interestingly, the number of 2B11+ neurons 
in this 30-year-old monkey was smaller than that of the 19-year-
old monkey, which might be explained by a specific conforma-
tional change of Tau under pathological conditions by an unknown 
mechanism.47 Later, another 21 brains of cynomolgus monkeys 
(7–36 years old) were studied for Aβ and Tau proteopathies.52 Aβ 
plaques were detected in eight brains of monkeys at 24 years old, 
while p-Tau deposits were found in only five brains from monkeys 
over 30 years old, suggesting a similar sequence of AD-associated 
lesions to humans with AD.52 AT8+ p-Tau lesions were distributed 
predominantly in oligodendrocyte-like cells throughout the white 
matter and basal ganglia, which was different from p-Tau patterns 
in human with AD, mainly in the hippocampus.52 Only 4R Tau 
was detected with AT8 immunoreactivity, which was diffuse and 
granular in the neuronal cytoplasm and dendrites, instead of NFT 
organisations.52 In old-world monkeys, the co-existence of Aβ and 
Tau proteopathies were detected in normal aging, during which 
human AD-resembling Aβ plaques and CAA were deposited ear-
lier, while human AD-resembling NFTs were rarely detected. The 
classical amyloid theory states that neurotoxic Aβ peptides induce 
subsequent Tau phosphorylation, NFT accumulation, glial activa-
tion, and neuronal death, as demonstrated by close associations 
between Aβ and p-Tau lesions in the brains of human with AD. 
Therefore, at least in old-world monkeys, the accumulation of p-
Tau and, occasionally NFTs, merely reflected the age-dependent 
hyperphosphorylation and aggregation of Tau induced by Aβ.47

Tau and p-Tau in mouse lemurs have been well investigated in 
many studies while NFTs are rarely observed.68,73 In early studies, 
Tau deposits in mouse lemurs were morphologically and biochem-
ically different from NFTs observed in humans with AD, similarly 
to those in old-world monkeys.74 A well-powered quantitative 
analysis of Tau recruited 40 mouse lemurs (1–13 years old).74 By 
using 961-S28T, Tau accumulations (maybe PHF) were found in 
the frontal cortex, the occipital cortex, and the parietal and tem-
poral cortices, the prevalence, and densities of which were associ-
ated with age in both young and old groups.74 Quantitatively, aged 
mouse lemurs (≥8 years old) exhibited significantly higher Tau 
burdens than the young in all neocortical areas, subiculum, and 

amygdala, while the entorhinal cortex, subiculum, and amygdala 
were affected by Tau in the aged group exclusively.74 In contrast 
to Tau distribution in mouse lemurs, the frontal cortex usually ex-
hibited low NFT burden, while hippocampal formation was predis-
posed to Tauopathy in the brains of human with AD.12 These con-
tradictions suggest a different neuronal vulnerability to Tauopathy 
in the neocortex of mouse lemurs and humans.74 More specifically, 
Tau proteins were modified and aggregated in granules close to 
the membrane of the neuronal perikaryal and dendrites in the aged 
mouse lemur.46 Aggregated p-Tau reactive to PHF antibodies were 
detected with Aβ and ApoE in neurons and oligodendrocytes in 
the neocortex and hippocampus, as well as vascular Aβ deposi-
tions.46,68 Co-localisation of p-Tau and PSEN2 was occasionally 
noticed in some neurons of the frontal, parietal, and occipital cor-
tices.64 Compared with old-world monkeys and new-world mon-
keys, mouse lemurs exhibit more consistent Tau, p-Tau, and Aβ 
depositions during aging, but rarely develop severe PHFs or NFTs.

In addition to rhesus monkeys, cynomolgus monkeys, and 
mouse lemurs, p-Tau was briefly studied in vervet monkeys, com-
mon marmosets, and tree shrews. A cohort of nine middle-aged 
vervet monkeys (11.2 years old in average) and nine aged vervet 
monkeys (21.7 years old in average) all exhibited Aβ and Tau pro-
teopathies in their brains.75 Aβ plaques were detected throughout 
the cortex in all aged vervets and in one middle-aged vervet, re-
sembling early Braak staging in AD.75 Intracellular PHF+ p-Tau 
was detected in small cells with granular morphology in all mon-
keys, but NFTs were rarely observed.75 Interestingly, higher levels 
of PHF+ p-Tau was associated with slower gait speed, suggesting 
poorer integration of complex cognitive and motor processes and 
potential cognitive deficits.75 Brain atrophy was associated with 
both the level of p-Tau in parenchyma and the level of Tau phos-
phorylated at threonine 181 (p-Tau181P).75 This study demonstrat-
ed widespread Aβ depositions, limited p-Tau aggregation, Tau-as-
sociated cognitive decline, and potential brain atrophy during the 
natural aging of vervet monkeys. Although none of these features 
meet the severity level observed in human AD, vervet monkeys 
may be a good NHP model recapitulating most cardinal features 
of AD. The common marmoset (Callithrix jacchus) is becoming 
an increasingly popular NHP model of AD due to its small body 
size (10–12 cm), small body weight (80–100 g), multiple births, 
and short life span (7–17 years).20 Among male marmosets (1.6–18 
years old), p-Tau was detected in their medial temporal areas and 
parietal cortices, and the level of Tau phosphorylated at threonine 
231 (p-Tau231P) was positively associated with age.76 By using 
Alz50, early fibrillary aggregation of p-Tau was detected in cyto-
plasmic compartments of neurons and glia-like cells in adolescent 
and aged marmosets.76 Aged marmosets presented fewer active 
microglia but more dystrophic microglia in the dentate gyrus.76 
Hyperphosphorylation and conformational changes to Tau were 
exclusively detected in the dystrophic microglia.76 Although ex-
tensive NFTs are not observed in marmosets, they still seem to be 
a valuable NHP model that demonstrates some features of human 
AD. Lastly, only one very recent study demonstrated Tau hyper-
phosphorylation in aged tree shrews, including adult tree shrews 
(3.8 years old in average) and aged tree shrews (6–7.5 years old).77 
As assessed by AT100, Tau hyperphosphorylation was significant-
ly elevated in the dentate gyrus, the CA3 hippocampal region, and 
the subcortical structures of aged tree shrews in the absence of 
NFTs.77 These aged tree shrews carried a higher number of IBA1+ 
active microglia containing ferritin as well as microglia with a dys-
trophic phenotype.77 Although not widely studied, tree shrews pre-
sented similar parenchymal Aβ plaques, vascular Aβ depositions, 
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Tau hyperphosphorylation, and microglial activation compared to 
human AD, indicating its potential suitability as a NHP model for 
translational research in AD.

Brain atrophy/neurodegeneration in aged NHPs
The brains of naturally aging NHPs resemble human AD in many 
aspects, but the macroscopic feature of human AD, brain atrophy, 
is inconsistently observed. Using an optical fractionator tech-
nique, a preservation of neurons was observed in the subiculum, 
entorhinal cortex layer II, CA1, CA2, CA3, hilus, and the dentate 
gyrus of the hippocampal formation in aged rhesus monkeys.78,79 
In mouse lemurs, 20% of the elderly (≥5 years old) demonstrated 
neurodegeneration.46 Remarkable brain atrophy was observed in 
the cortex, corpus callosum, fornix, hippocampus, septum, thala-
mus, hypothalamus, basal ganglia, brainstem, and cerebellum, 
accompanied with ventricle dilatation, intensive parenchymal Aβ 
plaques, and neurons with p-Tau.43,46 Very recently, the number 
of neurons in CA1 and CA3 hippocampal subfields of chimpan-
zees were found to be negatively associated with advanced aging 
but not with AD pathologies.80 In vervet monkeys, their cortical 
grey matter volume and temporal-parietal cortical thickness was 
negatively associated with age, potentially increasing the risk of 
cognitive decline.81 In general, naturally aging NHPs demonstrate 
human-AD resembling proteopathies, glial activation, but severe 
brain atrophy and cognitive decline is rarely observed, striking our 
interest into the protective mechanism preventing severe demented 
symptoms from occurring.

Advantages and disadvantages of spontaneous NHP model of 
AD
This chapter has elaborated the past and current findings of hu-
man AD-resembling pathologies in aged NHPs, including rhesus 
monkeys, cynomolgus monkeys, squirrel monkeys, and mouse 
lemurs (Table 2). Although species-to-species differences do ex-
ist, these species of NHPs demonstrate extensive Aβ depositions 
in parenchyma and cerebral vessels, some degree of Tau and p-
Tau depositions in parenchyma, rare intraneuronal accumulation 
of NFTs, glial cell activation, lemur-restricted brain atrophy, and 
mild cognitive deficits. Compared with other animal models of 
AD, naturally aging NHPs display high similarity to human AD 
because of their close phylogenetic relationship with humans, 
similar neuroanatomy, comparable genetics, and greater complex-
ity in high-order cognitive functions.2,19 Therefore, aging NHPs 
can be regarded as a promising model resembling AD that would 
improve our understanding of age-related cognitive impairment, 
disease-causing mechanisms, molecular and cellular interactions, 
and gene-environment interactions, further facilitating the de-
velopment of diagnostic techniques and therapeutic innovations. 
Nevertheless, spontaneous NHP models of AD carry a few major 
limitations. Firstly, although naturally aging NHPs spontaneously 
demonstrate Aβ proteopathies, they rarely exhibit AD-like NFTs 
or brain atrophy, suggesting some difficulty in using aged NHPs 
to analyse the interaction between Aβ, Tau, and neuronal death. 
Secondly, cognitive deficits and executive function impairments 
in aged NHPs are much milder than those in human AD, which 
may be an obstacle to assess the performance of novel therapeutic 
treatments. It is interesting to study their protective mechanisms 
against severe NFTs, brain atrophy, and cognitive decline, while 
they display severe Aβ proteopathies and ApoE ε4 homozygosity. 
Lastly, NHPs usually have a long-life expectancy, compared with 
rodent models of AD, suggesting a longer inoculation period be-
fore AD-resembling symptoms thus adding to already high costs. 

These disadvantages limit the broad use of naturally aging NHPs 
as spontaneous AD models.20

Induced NHP models of AD

Aβ oligomer (Aβo)-induced NHP models of AD
To overcome the disadvantages of spontaneous NHP models of 
AD, researchers injected Aβ oligomers or fibrils into the brains 
of rhesus monkeys and cynomolgus monkeys, to establish an in-
duced NHP model of AD. Synthetic soluble Aβ peptides were first 
injected into multiple neocortical sites of rhesus monkeys (4–5 
years old), but no AD-resembling cellular changes were noticed, 
although this may be caused by the short inoculation time or the 
solubility of the Aβ.82,83 The microinjection of plaque-equivalent 
Aβ1–40 and Aβ1–42 fibrils into the cerebral cortex of aged rhesus 
monkeys (25–28 years) resulted in diffuse Aβ depositions with 
dense cores, clusters of dystrophic neurites, profound neuronal 
loss, intensive Tau phosphorylation, and microglia proliferation 
surrounding the injection sites.84 These AD-resembling pathologi-
cal alterations are associated with age as fibrillar Aβ injection into 
young rhesus monkeys (5 years old) caused milder alterations.84 
In 2010, an induced NHP model of AD was established in middle 
aged rhesus monkeys (16–17 years old) via intracranial injection 
of Aβ1–42 and thiorphan, which inhibited Aβ clearance.85 Aβ1–42/
thiorphan-treated NHPs exhibited more significant intracellular 
Aβ1–42 accumulation, cholinergic neuronal loss and atrophy, and 
microglia and astrocyte infiltration into the basal ganglia, cor-
tex, and hippocampus of rhesus monkeys, compared with control 
monkeys.85 However, they failed to show working memory defi-
cits in DR tasks, possibly due to a short inoculation time of seven 
weeks.85 Very recently, Beckman and colleagues conducted a more 
comprehensive study. Aβo was infused into the lateral ventricles of 
four female rhesus monkeys to compare with another two monkeys 
injected with scrambled Aβ peptides and three age-matched female 
controls (11–19 years old).86 Repeated Aβo injections resulted in 
Aβ depositions near the pyramidal neurons in the dorsolateral 
prefrontal cortex and reductions in spine density in the apical and 
basal dendrites in Aβo-treated NHPs exclusively, indicating Aβo-
induced interrupted synaptic integrity.86 The volume of microglia 
in Aβo-treated monkeys were enlarged in the dorsolateral prefron-
tal cortices, in which active engulfment of synaptic markers by 
these microglia were noticed.86 In the dentate gyrus of Aβo-treated 
monkeys, an increased number of rounded, amoeboid, and IBA-1+ 
microglia were noted, suggesting altered innate immune responses 
induced by Aβ oligomers.86 TNF-α levels in cerebrospinal fluid 
(CSF) were also elevated in Aβo-treated monkeys that were asso-
ciated with an increase in microglial activation in the dorsolateral 
prefrontal cortex, but no there were no detectable changes in Tau 
phosphorylation and neurofilament light levels.86 In these studies, 
both soluble and insoluble Aβo or fibrils were used to establish the 
induced NHP models of AD and the administration of insoluble Aβ 
fibrils is more likely to generate Tau phosphorylation and neuronal 
atrophy in rhesus monkeys, which better replicates the pathogen-
esis observed in human AD cases. Only one study examined mem-
ory deficits after Aβo injection and no deterioration in working 
memory was seen. In future studies, a longer injection period of 
Aβo, a longer inoculation period, and more cognitive examinations 
are expected to validate whether Aβo-treated rhesus monkeys can 
be used as an appropriate NHP model of AD.87

Unlike the extensive investigations into rhesus monkeys, the 
investigations into induced models of AD using cynomolgus 
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monkeys only began in the past ten years. A well-known study 
conducted by Forny-Germano and colleagues injected synthetic 
Aβ1–42 oligomers into the brains of four female cynomolgus mon-
keys compared with three sham animals.88 The monkeys were 
younger than expected to naturally develop AD-resembling pa-
thologies and symptoms.88 The intracerebroventricular adminis-
tration of Aβo (ICV-Aβo) resulted in dense Aβ accumulation in 
the entorhinal cortex, hippocampus (dentate gyrus), striatum, and 
amygdala, but little Aβ accumulation in the midbrain or cerebel-
lum.88 Of note, whether Aβ distribution was caused by the diffu-
sion of solution or the propagation of disease-causing mechanism 
remains unknown.89 Tau hyperphosphorylation at serine residue 
396, an AD-specific epitope, was also induced in all regions with 
Aβ accumulation in the brains of ICV-Aβo-treated monkeys. 
Compared with sham-operated monkeys, Tau phosphorylation in 
ICV-Aβo-treated monkeys was significantly higher.88 The detec-
tion of high molecular mass p-Tau (>180 kDa) and low molecu-
lar mass p-Tau (<20 kDa) suggested Tau aggregates or oligomers, 
and truncated small Tau fragments in NFTs, respectively.88 P-Tau, 
characterised by early phosphorylation markers, was detected in 
the brains of ICV-Aβo-treated monkeys, as stained using AT100 
and CP13 antibodies that recognised Tau phosphorylated at ser-
ine residue 212 and threonine residue 214, and at serine residue 
202, respectively.88 NFTs were also investigated using thioflavin-
S staining, Alz59, and PHF-1, and their positive signals were de-
tected in the neocortex of ICV-Aβo-treated monkeys, resembling 
the distribution pattern of Tau tangles in human AD.88 Regarding 
glial activation, a higher number of GFAP+ astrocytes and IBA-
1+ microglia were noted in the frontal cortex, hippocampus, and 
amygdala of ICV-Aβo-treated monkeys compared with those of 
sham monkeys.88 Furthermore, synapse numbers, presynaptic and 
postsynaptic proteins, and synaptic puncta numbers were all de-
creased in ICV-Aβo-treated monkeys, compared with controls, 
while Aβo-induced apoptosis was not observed.88 In brief, this 
study successfully demonstrated an ICV-Aβo-induced NHP model 
of AD that recapitulated cardinal neuropathologies of AD except 
brain atrophy and behavioural alterations (behavioural alterations 
were not assessed in this study). The efficiency of this model is 
remarkable because cynomolgus monkeys only received one Aβ 
injection every three days for up to 24 days and they were sedated 
only one week after treatment.88 If experimenters allowed more 
time for inoculation, brain atrophy, learning decline, memory defi-
cits, and behavioural alterations may be observed, alerting future 
studies to investigate NHP in a more comprehensive way. In 2021, 
a new injection method was proposed: bilateral injection of soluble 
Aβo into the cerebral parenchyma of seven cynomolgus monkeys 
(∼20 years old).90 The authors prolonged the injection process into 
four injections over five months, followed by an eight-month in-
oculation before examination.90 Using 6E10, 4G8, silver, thiofla-
vin-S, and Congo Red staining, Aβ plaques were found throughout 
the grey matter of limbic structures and the association cortex, ac-
companied by dense cores, in Aβo-treated monkeys.90 Intracellular 
NFTs reactive with AT8 and AT100 were also detected in neurons 
and astrocytes, and their morphological features resembled those 
observed in human AD, illustrating the co-existence of Aβ and Tau 
proteopathies exclusively in Aβo-treated monkeys.90 Astrocytic 
and microglial activation surrounding Aβ plaques were also noted, 
in which the inflammasome/caspase-1 signal was also activated 
and associated with Aβ and Tau lesions.90 Most importantly, the 
signals of neurodegeneration and the expressions of necroptotic 
cell death markers were detected in Aβo-treated monkeys, while 
the density and intensity of presynaptic markers and the number of 

basal forebrain cholinergic neurons were reduced.90 In this study, 
the elevation of Aβo dosage, injection period, and inoculation pro-
cedures resulted in potential neuronal loss and brain atrophy in 
Aβo-treated monkeys, in addition to those cardinal AD features 
previously established in the Forny-Germano study. These two 
well-designed studies used ICV and intraparenchymal delivery 
methods of synthetic Aβo and presented comprehensive charac-
terisations of cynomolgus monkeys as the induced-NHP models 
of AD, including AD proteopathies, innate immune activation, in-
dicative neuronal loss, and potential brain atrophy. They provided 
novel insights into future studies using increasing dosages, injec-
tions, and inoculation times are necessary to visualise Tau pathol-
ogy and further increase the possibility of observing brain atrophy 
and behavioural alterations in NHPs.

Both ICV and intrathecal administration of Aβo (IT-Aβo) into 
the brains of vervet monkeys has been reported to build an induced 
vervet model of AD.91 Vervet monkeys received IT-Aβo 1–3 times 
a week for four weeks and were terminated at 1, 4, or 12 weeks 
after the last dose.91 ICV-Aβo-treated vervets exhibited higher 
levels of p-Tau, but all other AD-related pathologies were not as-
sessed.91 IT-Aβo-treated vervets also demonstrated more intensive 
p-Tau signal as granular cytoplasmic staining in the perikaryal, fi-
bres in the hippocampus, the dentate gyrus, the entorhinal cortex, 
and the subiculum.91 6E10+ diffuse Aβ depositions, IBA-1+ micro-
glia, and GFAP+ astrocytes were all increased in IT-Aβo-treated 
vervets compared with vehicle-treated vervets.91 Most strikingly, 
significant reductions in hippocampal volumes were observed in 
IT-Aβo-treated vervets that were terminated at four weeks after 
Aβo administration, suggesting an acute, visible brain atrophy that 
was rarely observed in either spontaneous or induced NHP model 
of AD.91 However, this study did not assess the biological compo-
nents and conformational alterations of proteopathies, the morpho-
logical changes or activation of microglia and astrocytes, the pro-
inflammatory profile in the vervet brain, and, most importantly, the 
behavioural alterations after IT-Aβo injections.

In a study of tree shrews, 12 adult males were administrated 
ICV-Aβo (Aβ1–40 peptides) and compared against six controls, 
followed by four-week inoculation period before brain imaging, 
histochemical examinations, and genetic analyses.92 As expected, 
Aβ burden, neuritic plaques, and NFTs were detected exclusively 
in the brains of ICV-Aβo-treated tree shrews.92 At four weeks post-
injection, the hippocampal areas, the thickness of cells and the size 
of cells in the CA3 and the dentate gyrus of the ICV-Aβo-treated 
tree shrews were significantly reduced, compared with untreated 
tree shrews.92 The apoptosis assay further revealed an increased 
number of TUNEL+ cells in the hippocampus, particularly in the 
dentate gyrus, of the ICV-Aβo-treated tree shrews exclusively, indi-
cating hippocampal atrophy.92 ICV-Aβo-treated tree shrews spent 
more time finding food at four weeks post-injection, reflecting al-
tered hippocampal functions.92 This study first screened differen-
tially expressed genes between ICV-Aβo-treated and control tree 
shrews at four weeks post-injection and identified downregulated 
BCL-2/BCL-XL-associated death promoter, inhibitor of apoptosis 
protein, and cytochrome C, as well as upregulated tumour necrosis 
factor receptor 1 in AD pathways.92 These apoptosis-related gene 
alterations may explain brain atrophy in ICV-Aβo-treated tree 
shrews. This study established an ICV-Aβo-induced NHP model of 
AD that comprehensively examined AD proteopathies, brain atro-
phy, glial activation, and cognitive functions. The genetic analyses 
further elucidated the potential underlying mechanisms of brain 
atrophy. Strong evidence supports the idea that Aβo-induced tree 
shrews can be a good NHP model of AD, but more sophisticated 
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examinations of their behavioural alterations are needed.
Collectively, injecting ICV-Aβo and IT-Aβo into the brains of 

NHPs can be efficient at inducing an NHP model of AD that re-
capitulates most of the cardinal features of human AD. It is ben-
eficial for the study of Aβ-associated consequences, particularly 
given the central role of Aβ in AD pathogenesis. However, high 
doses of Aβo, the precision of the surgery, and extensive inocula-
tion time all make it challenging and expensive to build a stable 
Aβo-induced NHP model of AD.20 A significant gap in knowledge 
shared by most of the current studies is the lack of behavioural 
assessments due to incomplete study design or short inoculation 
period before termination that may limit the manifestation of any 
cognitive changes. Future studies are necessary to prolong the in-
jection period and inoculation period, and allow for the incorpo-
ration of behavioural assessments that evaluate the suitability of 
Aβo-induced NHP model of AD.

Brain homogenate-induced NHP models of AD
The concept of a NHP model of AD induced by intracerebral injec-
tion of affected brain material has also been proposed. A total of 33 
marmosets received an intracerebral injection of cerebral homoge-
nates that were sourced from patients diagnosed with AD, other 
types of dementia, or myocardial infarctions as a control.93 These 
marmosets were terminated once they showed neurological signs 
or survived 4.5–6.5 years if they did not manifest behavioural ab-
normality.93 Among the AD brain homogenate-treated marmosets 
(6–7 years old), widespread Aβ plaques, dystrophic neurites, and 
CAA were observed, but no NFTs or brain atrophy were detect-
ed.93 Similar results were obtained in later studies, demonstrat-
ing that Aβ or other associated factors can initiate and accelerate 
Aβ deposition in parenchyma and cerebral vessels in marmosets 
but may not induce Tau pathology, glial activation, or neuronal 
death.94,95 Moreover, 12 mouse lemurs were bilaterally inoculated 
with brain extracts from patients with AD, leading to widespread 
Aβ and Tau proteopathies after 21-month inoculation period.96 In 
AD brain homogenate-treated lemurs, diffuse Aβ plaques, classical 
Aβ plaques, and CAA were detected throughout the brain, accom-
panied by Tau proteopathy stained by AT8, AT100, and anti-pS422 
antibodies.96 AT8+ NFTs or NFT-resembling p-Tau accumulations 
were localised around the inoculation sites (posterior cingulate 
cortex) along with the hippocampal and temporal areas.96 This 
study successfully observed slight brain atrophy in the posterior 
cingulate cortex of AD-inoculated lemurs at 0–4 months and 9–15 
months post-inoculation.96 Simultaneously, AD brain homogenate-
treated lemurs exhibited impaired learning abilities and impaired 
long-term memory performance compared with control lemurs, 
although their motor function remained intact.96 For the first time 
in primates, this study demonstrated a comprehensive NHP model 
of AD that recapitulated major AD-associated proteopathies along 
with cognitive deficits and brain atrophy, highlighting the impor-
tance of long inoculation periods in experimental design. Of note, 
the severity of NFTs, brain atrophy, and behavioural abnormalities 
are still milder in AD brain homogenate-treated lemurs compared 
with humans diagnosed with AD.

Streptozotocin (STZ)-induced NHP models of AD
STZ is a glucosamine-nitrosourea compound with a molecular 
weight of 265 Da, which was originally identified as an antibiotic 
with antimicrobial and antitumour effects.20,97 The ICV injection 
of STZ (ICV-STZ) disrupts the phosphorylation of insulin recep-
tors and blocks the insulin signalling pathway, leading to cholin-
ergic impairments in the nervous system and compromised cog-

nition and memory, mimicking the insulin resistant brain state in 
human AD.20 ICV-STZ and intraperitoneal injections of STZ can 
further degrade enzymes responsible for Aβ clearance, promote Aβ 
and Tau aggregation, glucose hypometabolism, oxidative stresses, 
and neurodegeneration.20,97 STZ has been previously injected into 
transgenic mice to build animal models of AD, suggesting their 
potential use in inducing NHP models of AD.97 Two cynomolgus 
monkeys (3 years old) received ICV-STZ (2 mg/kg) at the cerebel-
lomedullary cistern 3 times on day 1, 7, and 14, and compared with 
two cynomolgus monkeys receiving normal saline.98 In the ICV-
STZ-treated monkeys, increased sulcal markings were observed 
using magnetic resonance imaging (MRI) 6 weeks after the first 
IVC-STZ injection, suggesting immediate diffuse brain atrophy, 
but these structural changes were resolved at 12 weeks post-injec-
tion.98 [18F]-FDG-PET was used to characterise glucose metabo-
lism in this model and revealed glucose hypometabolism in the 
precuneus, posterior cingulate, and medial temporal areas in ICV-
STZ-treated monkeys, which resembled the distributive pattern of 
glucose hypometabolism in early AD patients.98 This same group 
subsequently used the same experimental design to investigate 
molecular changes induced by ICV-STZ in female cynomolgus 
monkeys (3 years old). The mRNA expression of insulin-related 
genes was altered in the anterior part of the cerebrum, frontal cor-
tex, and hippocampus, which resembled these areas of the brain 
in patients with early AD.99 Subsequently, ICV-STZ-treated cyn-
omolgus monkeys were used to characterise the profile of 7 APP 
processing-related genes (ADAM10, ADAM17, BACE1, PSEN2, 
NCSTN, APH1A, and PSENEN) and five Tau phosphorylation-re-
lated genes (CDK5, CDK5R1, CAPN1, AKT1, and GSK3β).100 In 
ICV-STZ-treated monkeys, mRNA levels of ADAM10, ADAM17, 
PSEN2, PSENEN, NCSTN, and APH1A were significantly up-
regulated 1.6–2.1 fold in the precuneus and occipital cortex com-
pared with control monkeys, while BACE1 upregulation was only 
observed in the occipital cortex.100 Downregulation of ADAM17 
and upregulation of PSENEN and NCSTN were observed in the 
frontal cortex.100 The Tau-associated genes, CDK5R1, CAPN1, 
and GSK3β were significantly upregulated in the precuneus and 
occipital cortex.100 ICV-STZ treatment generally resulted in higher 
transcription levels of APP processing and Tau phosphorylation-
related genes in the frontal and occipital cortices, except CDK5, 
indicating that these genes might be simultaneously regulated in 
specific regions.100 In a later study, 6 cynomolgus monkeys (5–8 
years old) were used to assess ICV-STZ-induced AD-resembling 
features.101 Half of the monkeys were administrated 4 doses of 
STZ (2 mg/kg) via the cerebellomedullary cistern on weeks 0, 1, 
2, and 28, while the other half of the cohort were injected with 
artificial CSF.101 Monkeys were terminated 36 weeks after the first 
dose of ICV-STZ, which was equivalent to 8 weeks after the final 
dose of ICV-STZ.101 ICV-STZ-treated monkeys exhibited promi-
nent Aβ plaques with dense core in the parenchyma of the temporal 
cortex and dense CAA in microvessels in the insular cortex, while 
the brains of control monkeys illustrated minimal or no Aβ immu-
noreactivity, approximately four-fold different as quantified using 
immunostaining.101 In the temporal cortex and hippocampus, p-
Tau was detected in the neuronal cytoplasm as tangles and straight 
fragments, accompanied by severe cell loss, atrophy, and morpho-
logical alterations.101 Within the ventricular wall and the periven-
tricular area, densely stained GFAP+ astrocytic fibres and numer-
ous IBA-1+ microglia/macrophages with amoeboid morphology 
were observed in ICV-STZ-treated monkeys, indicating astroglio-
sis, microglial activation, and inflammatory processes.101 This 
study was the first ICV-STZ study that comprehensively assessed 
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the histology of the brain in these monkeys and demonstrated an 
induced model that resembled AD. Interestingly, monkeys that re-
ceived 3 ICV-STZ injections did not display structural changes at 
week 24, but monkeys that received 4 ICV-STZ injections on week 
28 displayed ventricular enlargement and parenchymal atrophy at 
weeks 30, 32, and 34.101 The first three doses of ICV-STZ may 
make the brain more susceptible to cerebral damage and additional 
doses may be needed to induce remarkable brain atrophy, further 
illustrating the importance of dose and inoculation time in NHP 
studies. To date, only one study has comprehensively assessed the 
microscopic and macroscopic features of ICV-STZ-treated mon-
keys, and no study has evaluated ICV-STZ-induced cognitive de-
cline and behavioural changes yet. Of note, the surgical procedures 
used in this method may cause penetration injuries that would af-
fect the general theoretical basis of the model.20 Considering these 
limitations, more studies are needed to strengthen the validity of 
this model.

Formaldehyde (FA)-induced NHP models of AD
AD is a complicated disorder that is determined by both genetic 
and environmental risk factors, including air pollution, heat waves, 
heavy metals, and others. For instance, long-term exposure to envi-
ronmental lead led to elevated expression of AD-related genes and 
transcriptional regulators (Sp1), decreased DNA methyltransferase 
activity, and increased DNA oxidative damage in aged cynomol-
gus monkey.102 FA is a highly reactive single-carbon aldehyde that 
is widely distributed in living organisms (intrinsic FA) and the en-
vironment (extrinsic FA).20,103 Endogenous FA is the by-product 
of aldehyde metabolism sourced from the oxidation of methanol, 
histone demethylation, and methylamine deamination.103 FA has 
been classified as a carcinogen and teratogen by the World Health 
Organisation.20 It is known to damage the balance of neurotrans-
mitters, influence long-term potentiation in the hippocampus, and 
influence DNA methylation that may eventually lead to memory 
decline.20 In AD, patients intrinsically accumulate excessive FA 
which then induces Aβ aggregation, Tau hyperphosphorylation 
and fibrillation, neuronal loss, memory impairment, and learning 
deficits.103 In Yang et al, 4 male rhesus monkeys (3–4 years old) 
were chronically fed with 3% methanol ad libitum and compared 
with nine control monkeys to study the chronic effects of metha-
nol exposure.104 After the variable spatial delay response task was 
performed, two methanol-treated monkeys experienced persistent 
memory decline that lasted 6 months after the feeding regimen.104 
Meanwhile, approximately 1.25 years into this study, the level of 
p-Tau in CSF was dramatically higher in methanol-treated mon-
keys compared with the control monkeys.104 Aβ plaques and p-Tau 
were identified in the parietal, temporal, frontal lobes, and the hip-
pocampus of methanol-treated monkeys exclusively.104 This study 
investigated the chronic effects of methanol and its FA metabolite 
in AD, but its results were limited by its small sample size and in-
consistent study design for each rhesus monkeys. In the following 
study, young rhesus monkeys (5–8 years old) were administrated 
with ICV-FA injections over 12 months to study FA-induced ef-
fects.105 ICV-FA-treated monkeys exhibited Aβ plaques, neuritic-
like plaques, NFT-like formations, higher level of p-Tau, neuronal 
loss, and activated astrocytes and microglia in their hippocampus, 
entorhinal cortex, and prefrontal cortex, compared with con-
trols.105 Similarly, ICV-FA-treated monkeys illustrated significant 
spatial working memory impairments.105 In these two studies of 
FA-induced NHP models of AD, FA-treated NHPs demonstrated 
consistent Aβ depositions, Tau hyperphosphorylation, and mem-
ory impairment. Nevertheless, the method of methanol feeding 

requires modification as methanol itself is associated with side ef-
fects that are hard to distinguish based on histological examination 
and behaviour assessment.20

Advantages and disadvantages of induced NHP models of AD
This chapter has discussed current studies that used ICV-Aβo, IT-
Aβo, AD brain homogenate, ICV-STZ, methanol, and ICV-FA to 
induce NHP models of AD (Table 2). Aged NHPs share great simi-
larities with human, including neuroanatomy, neurophysiology, 
complicated behaviours, and complex emotions, making them ideal 
models for human disorders. The application of Aβo, AD brain ho-
mogenate, STZ, and FA further fills the gap between naturally ag-
ing NHPs and human with AD by inducing Tau hyperphosphoryla-
tion, potential fibrillisation of p-Tau, neuronal loss, brain atrophy, 
cognitive decline, and memory impairment. Most importantly, the 
injection or feeding of AD-associated inducers allow the emer-
gence of AD-associated pathologies and behaviours at the young 
adult age in NHPs rather than at the elder age in naturally aged 
NHPs, which greatly limits financial needs and shortens experi-
mental procedures. Nevertheless, all current modelling methods are 
associated with limitations. First, the dose, injection period, and in-
oculation period vary between studies and the procedures have not 
been standardised. Studying two well-designed Aβo-induced NHP 
studies, increasing the dosage, prolonging the injection period, and 
extending the inoculation period up to two years may allow NHPs 
to develop all AD-resembling pathologies and symptoms, most im-
portantly, brain atrophy and cognitive decline.88,90 The occurrence 
of brain atrophy and cognitive decline is hardly observed in sponta-
neous NHP models of AD, but they are severely affected in patients 
with AD, suggesting their importance in therapeutic development 
and validation in AD models. Secondly, the study design of con-
structing an induced NHP model of AD awaits great improvement. 
Many studies only included two or three NHPs in the treatment 
group, so the presentation of AD-resembling pathologies may be 
a result of chance. A more comprehensive assessments of induced 
NHPs is encouraged, including the examinations of Aβ plaques, 
CAA, p-Tau, NFTs, glial activation, inflammatory profile, neuronal 
death, brain atrophy, and behavioural changes. A more standardised 
evaluation of NHP models will contribute to better communica-
tion between studies, making the ultimate use of time and capital 
in each study, and leading to more efficient construction of a well-
recognised standardised NHP model of AD. In addition, given the 
incomplete understanding of AD aetiology, all artificially induced 
models are based on a specific hypothesis of AD, making it hard 
for one NHP model to fully recapitulate AD pathologies and symp-
toms.20 Constructing such models should be one of the main focus-
es and obstacles in this field. More efforts are expected to improve 
methodology, increase consistency, and eventually standardise the 
protocol of induced NHP models of AD.

Evaluation of NHP models of AD
While spontaneous and induced NHP models of AD are still being 
developed, the methods and techniques used to assess hallmarks 
of AD in these models must be standardised simultaneously. Most 
of the diagnostic techniques used in human AD studies and the 
behavioural tests used in rodent models of AD have been applied 
in NHP models of AD to evaluate disease pathology and treatment 
efficacy. Common clinical examinations include Aβ PET scan, 
MRI, and electroencephalogram (EEG), while biofluid samples, 
such as CSF and plasma samples, are mainly used in laboratory 
tests. Various behavioural and cognitive tests, which are specific to 
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NHP models of AD, have also been recently developed.

Brain imaging
Aβ PET scans are broadly used in clinical settings for AD diag-
nosis and increasingly used in NHP models of AD. The common 
tracer used in human studies, Pittsburgh Compound B (11C-PIB), 
is not suitable for use in aged rhesus monkeys, squirrel monkeys, 
or chimpanzees.106 18F-Fluoroazabenzoxazoles (MK-3328), devel-
oped by Merck, has shown promising results for rhesus monkeys, 
which will be discussed in the next chapter.107 Besides Aβ PET 
scans, 18F-ASEM which targets the nicotinic acetylcholine recep-
tor has also been used in a NHP model.108

MRIs have also been used in NHP models of AD to evaluate 
disease progression. Gary and colleagues induced AD-like symp-
toms in 12 middle-aged mouse lemurs (∼3.5 years old) by intrac-
erebral injections of brain extracts from AD patients, followed by 
an 18-month inoculation and monitoring with a 7.0 Tesla spectrom-
eter.109 Progressive cerebral atrophy was observed.109 MRI was also 
applied in middle-aged and aged vervet monkeys to investigate the 
associations between brain volumetrics and other AD markers.75 
Smaller MRI volumes in the right prefrontal, left inferior, and left 
posterior temporal cortex were found to be associated with high-
er levels of pTau-181 in CSF.75 Similar age-related brain volume 
changes in young and old vervet monkeys were also reported using 
MRI.81 Additionally, MRI has been used to examine amyloid-related 
imaging abnormalities, a potentially serious side effect in clinical tri-
als for AD that is closely associated with CAA. Aged squirrel mon-
keys showed both edematous and hyperintense types of amyloid-re-
lated imaging abnormalities, accompanied by reactive astrocytosis, 
microgliosis, infiltration of systemic inflammatory/immune cells, 
damage to axons and myelin, and hemosiderin deposition.110

EEG and electromyogram (EMG)
EEG and EMG are common clinical methods for monitoring brain 
function, but neither has been widely used in NHP models. Gary 
and colleagues applied EEG and EMG coupling analysis in their 
mouse lemur model of AD. Briefly, after inoculation with brain 
extracts from AD patients, slow wave EEG frequencies were ob-
served with a lower delta frequency and a higher theta frequency 
in the experimental group, compared with the control-inoculated 
group.109 New EEG devices designed specifically for rhesus mon-
keys have also been reported,111 which could greatly facilitate the 
studies of NHP models.

Laboratory tests
Many of the current clinical laboratory diagnostic methods have 
also been used in studies of NHP models of AD, including the 
CSF biomarker assay, cell biology examination, and histological 
staining. Chen and colleagues measured Aβ1–40, Aβ1–42, t-Tau, and 
P-Tau181P in 329 vervet monkeys and found similar changes in 
these biomarkers as in human AD patients.112 Increased levels of 
FA in CSF were found in aged rhesus monkeys and the levels were 
negatively associated with the Aβ burden.113

Immunohistochemical staining is broadly used in NHP mod-
els of AD. In a study comparing 6-month-old APP/PS1 mice, 
∼31-year-old rhesus monkeys, and ∼86-year-old humans, mito-
chondrial clusters were found surrounding Aβ plaques in all three 
species.114 Larger particles of lipofuscin, a deposit of oxidised li-
pids and proteins, and greater plaque-associated astrocyte activa-
tion were found in the brains of monkeys and human participants. 
Extensive non-ramified microglia were also noticed.114 T cell in-
filtration was found in the white matter of the parenchyma of the 

aged monkeys,115 resembling human AD. Other AD-resembling 
pathological characteristics, such as Aβ plaques, dendritic spine 
loss, Tau, p-Tau, and activated astrocytes, were also found in NHP 
models of AD.86,109 These data demonstrate similar pathological 
features shared by both aged NHP and human subjects.

Behavioural tests
Monkeys have a rich behavioural repertoire that lends themselves 
as suitable for translational studies of human cognition.18 Many 
behavioural tests have also been developed in NHP models.

Cognitive and learning tests

A computerised visuospatial learning task
After a stimulus is presented to a monkey, the computer screen 
becomes blank. Following a 2-s delay, three objects are presented. 
The monkey is expected to choose the original object. Usually 20 
trials/session are presented over 20 consecutive sessions.116

Manual delayed match to position task
A test of working memory capacity in a Wisconsin General Testing 
Apparatus.29,85,117 It assesses monkeys’ ability to correctly identify 
the location of a food reward that they previously saw hidden, fol-
lowing various delays.115,118

DNMS task
A benchmark task of learning and recognition memory that meas-
ures a monkeys’ ability to distinguish between a recently presented 
object and a novel object following a delay period of 10 s. Once 
this is learned, additional tests of recognition memory will be per-
formed after delays of 2 mins and 10 mins. Outputs of the acquisi-
tion phase, 2-min delay phase, and 10-min delay phase are used as 
measurements of learning and recognition memory.115,119–121

Computerised delayed match to sample (DMTS) task
This task begins with a pre-training session known as “shaping 
procedures” followed by a DMTS trial. In the previous apparatus, 
colour choice selections are made by pressing clear push keys with 
light emitting diodes located behind them. The current apparatus is 
equipped with touch-sensitive computer monitors that presents the 
colour choices automatically.118

Circular platform test
Spatial performance is assessed in a circular platform apparatus, 
which is a modified version of the Barnes maze, specifically adapt-
ed for mouse lemurs.122,123

Visual discrimination test (mouse lemurs)
The cognition of mouse lemurs is evaluated in an apparatus adapt-
ed from the Lashley jumping stand apparatus, a vertical cage made 
of plywood walls, except for the front panel, which is a one-way 
mirror allowing observation. Two discrimination tasks are per-
formed, a learning task and a long-term memory task. These tests 
involve a succession of visual discrimination tasks, during which 
the mouse lemur must jump from a heightened central platform to 
one of two lateral boards.109 One of the boards allows access to a 
reinforcing chamber containing a positive reward (the possibility 
of reaching a safe nestbox for a 2-min rest).109

Touchscreen-based cognitive testing
Mouse lemurs are trained individually in customised, sound-atten-
uated Bussey-Saksida Touchscreen Chambers.124 Lemurs receive 
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one training session per day. Each session lasts for a maximum 
duration of 30 (pre-training sessions) or 60 (sessions during ac-
tual cognitive testing) mins or until 30 trials have been completed 
by the respective subject. All lemurs are naïve to the touchscreen 
setup and must undertake a pre-training procedure before they be-
gin the actual cognitive task. The pre-training procedure consists 
of five different stages (PT 1 to PT 5), during which the lemurs 
procedurally learn to interact with random, pictorial pre-training 
stimuli presented in one of two possible response windows on the 
touchscreen for a reward. The actual cognitive test, a pairwise dis-
crimination/pairwise discrimination reversal, includes two funda-
mentally different stages: an initial, visual PD acquisition stage 
followed by a PDR procedure.51,124

T-maze
This test is designed based on earlier studies in rats and macaques 
and is scaled for the relative size of NHPs. Each monkey is intro-
duced into the maze in a series of stages. Following pre-training, 
monkeys are trained on the spatial DNMS tasks. The monkey is only 
rewarded if it enters the correct choice arm. This learning phase con-
tinues for four trials/day, five days/week, until the animal achieves a 
criterion of 36 correct responses in 40 consecutive trials.125

DRST Object and Spatial
This tests monkeys’ working memory capacities by requiring them 
to identify a new stimulus among an increasing array of serially 
presented, familiar stimuli using spatial and subsequent nonspatial 
(objects) stimuli. The span of correct responses across trials is a 
measurement of working memory.115,119

Conceptual set shifting task
This tests monkeys’ executive function by requiring them to learn 
rules that are not explicitly learned. It resembles the Wisconsin 
Card Sorting Task: once a task is learned, the “rule” is switched, so 
that monkeys must shift to learn a new rule. The errors monkeys 
make, specifically the perseverative errors made after set shifting, 
is the measurement of executive function.115

Spatial reversal learning
A stimulus tray with three identical, equally spaced wells is used. 
The correct response is to displace the plaque on the positive side 
and obtain the food reward. The outcome measure is the total num-
ber of trials required for three sequential reversals.119,126

Inhibitory control of behaviour (squirrel monkeys)
The apparatus is a clear Plexiglas box with one open side bait-
ed with a treat. The box is locked into place on a horizontal tray 
secured to a tripod placed in front of each monkey’s cage. After 
initial training, the box opening is oriented towards different di-
rections, the direction of each reach attempt and the hand used on 
successful retrievals are recorded.127

Motor function assays

Motor function assay
NHPs are placed on a platform. Distance travelled and movement 
speed are quantified for each NHP using a commercially avail-
able video-tracking system in accordance with the published pro-
cedures.128,129

Accelerating rotarod task (mouse lemurs)
Mouse lemurs are placed on a 5-cm-diameter rotating cylinder 

turning at 20 rotations per minute (rpm). The rod then accelerates 
steadily up to 40 rpm until the end of the test, which is reached 
when the animal falls or grips onto the rod during at least three 
consecutive turns without stabilising its balance. Latency to fall 
off or grip the rod is recorded for each trial. Mouse lemurs will 
take five consecutive trials, and the best result is recorded with the 
values expressed in seconds.109

Gait speed (usual walking speed)
The time a NHP takes to traverse a minimum of three feet at a 
normal pace without provocation is recorded as its usual walking 
speed via stopwatch. The measurements of usual walking speed 
are conducted during the day (07:00–16:00 hours) over the course 
of a month before necropsy. A minimum of five valid instances are 
used to calculate the mean speed.75,130

Applications of NHP models of AD:

PET imaging and tracer validation
Although the gold-standard diagnosis of AD is the post-mortem 
examination of Aβ and Tau proteopathies, the field is currently 
evolving the diagnostic criteria into a suite of neuroimaging and 
fluid biomarkers to identify pre-clinical and prodromal patients 
with biomarker positivity before the onset of dementia symp-
toms. CSF measurements of Aβ and Tau, and PET imaging of Aβ 
burden are currently the most advanced and accurate diagnostic 
tools that are restricted in research settings and clinical trials. To 
further improve the diagnostic accuracy and sensitivity, develop-
ing various neuroimaging techniques and identifying AD-specific 
radiopharmaceuticals that allow the non-invasive appraisal of Aβ 
or Tau lesions are encouraged.2 Given the similarity of neuroanat-
omy, genetics, and protein homology between NHPs and humans, 
NHPs can make great contributions to the pre-clinical evolution 
of AD-associated radiopharmaceuticals regarding safe evaluation, 
kinetics mimicking, selectivity, and specificity assessments.2 Four 
[18F]Fluoroazabenzoxazoles PET tracers, including [18F]MK-
3328, [18F]AD-269, [18F]AD-278, and [18F]AD-265, were evalu-
ated for their in vitro binding to human Aβ plaques, lipophilicity, 
and blood-brain barrier permeability in rhesus monkeys.107 [18F]
MK-3328 illustrated the best combination of low in vivo binding 
potential in white matter and cortical grey matter, low lipophilicity, 
and high affinity for Aβ plaques in rhesus monkeys.107 [18F]MK-
3328 was subsequently tested in AD patients, showing punctuate, 
displaceable binding in the cortical grey matter without binding 
in the cerebellum.107,131 It was then tested in clinical trials among 
healthy controls and AD patients, but only fulfilled phase one until 
its premature termination.131 NHP models can play a fundamen-
tal role in PET tracer development and safety evaluations, pav-
ing the road towards clinical trials involving human participants. 
γ-secretase modulators (GSM) and synthesised [11C]SGSM-15606 
were developed to visualise the distribution of γ-secretase in one 
male rhesus monkey (13 years old).132 This γ-secretase-based PET 
radioligand demonstrated high selectivity and high brain intake, in 
the midbrain and anterior cingulate cortex.132 This study provides 
the first molecular neuroimaging of γ-secretase, which not only 
facilitates the investigation of the role of Aβ and γ-secretase in 
AD pathogenesis, but also helps in drug assessment and develop-
ment.133 In addition to the development and validation of novel 
PET tracers using NHPs, some studies also use NHPs to evalu-
ate the association between different tracers targeting Aβ plaques, 
glucose metabolism, mitochondrial proteins, and acetylcholine 
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receptors, aimed at improving our understanding of AD pathogen-
esis.134,135

Beyond molecular neuroimaging of Aβ plaques and Aβ-related 
proteins, other studies have also evaluated novel PET tracers 
for neuroimaging of AD-associated proteins or receptors. 11C-
LSN3172176 was synthesised to visualise the M1 muscarinic ace-
tylcholine receptor (mAChR) in rhesus monkeys.136 mAChR plays 
a critical role in learning and memory and is tightly associated 
with cognitive decline in neurological disorders, including AD.136 
11C-LSN3172176 displayed rapid metabolism, fast kinetics, and 
high uptake in the brains of rhesus monkeys, while its uptake 
was significantly reduced with pre-treatment with scopolamine 
and AZD6088.136 The validity examination of 11C-LSN3172176 
in NHPs suggested that it may be the first optimal radiotracer 
for mAChR.137,138 Furthermore, as dysregulation of microtubule 
is associated with AD, [11C]MPC-6827 was developed to image 
microtubules and assess reproducibility in male cynomolgus mon-
keys.139 Soluble epoxide hydrolase is a bifunctional enzyme, and 
its dysregulation is associated with neuropathologic disorders, in-
cluding AD.140 A novel PET tracer for imaging soluble epoxide 
hydrolase, [18F]FNDP, was first tested in the brains of baboons 
and demonstrated high and rapid brain uptake.140 Given the high 
similarities between NHPs and human, NHPs have become in-
volved in the evaluation of novel AD-associated PET tracers to 
pave the way towards clinical translation in human subjects. NHP 
models of AD are more valuable than rodent models of AD in the 
pre-clinical assessment of neuroimaging biomarkers because they 
can resolve many concerns, including the safety, kinetics, sensi-
tivity, and specificity of PET tracers, which reduces the cost of 
unnecessary clinical trials and increases the translational rate of 
novel PET tracers.

Active immunotherapy (vaccination)
Active immunotherapy, or preventative immunisation, uses inacti-
vated virus, bacteria, or part of these pathogens to stimulate the pa-
tient’s immune system to generate antibodies against the pathogen, 
such as against Aβ in AD. A cocktail of human Aβ peptides were 
injected into five aged vervet monkeys over 10 months, leading 
to the generation of plasma anti-Aβ antibodies that could recog-
nise monomeric and oligomeric Aβ instead of full-length APP.141 
Immunisation with human Aβ peptides also resulted in increased 
plasma levels of Aβ1–40 at day 300, accompanied by significantly 
lower levels of CSF Aβ1–40 and Aβ1–42 at day 100, suggesting the 
controversial “peripheral sink hypothesis”.141 Of note, all vervet 
monkeys recruited in this study already demonstrated severe Aβ 
plaques and CAA prior to active immunisation, but the authors did 
not compare parenchymal and vascular Aβ burden pre- and post-
immunisation.141 Active immunisation studies using NHPs should 
use young, disease-free NHPs to enable researchers to observe 
the effects of the vaccine. Subsequently, 25 young, disease-free 
mouse lemurs were used to observe antibody responses after im-
munisation with Aβ1–42 and its derivatives, including K6Aβ1–30, 
K6Aβ1–30[E18E19], and Aβ1–30[E18E19].142 K6Aβ1–30 resulted in 
high, stable anti-Aβ IgG responses in multiple mouse lemurs, so 
researchers chose this derivative for further immunisation in older 
primates.142 Cynomolgus monkeys were also immunised with the 
Aβ vaccine combined with prior immunisation of a diphtheria-
tetanus toxoid vaccine.143 Very recently, optimised ACI-24, a li-
posome vaccine designed to generate anti-Aβ antibody responses 
without simultaneous T cell activation, was also tested on young 
four cynomolgus monkeys in a pre-clinical study.144 Vaccinated 
cynomolgus monkeys generated high levels of IgG antibodies 

against pyroglutamate Aβ.144 These studies revealed several roles 
for NHPs in pre-clinical studies of AD vaccination, including vac-
cine tolerance, kinetic assessment, and long-term monitoring of 
side effects, aiding the translational application of AD vaccines 
in human subjects. Additionally, assessing whether an Aβ vaccine 
can ameliorate AD-associated pathologies is critical. Multiple spe-
cies of NHPs, including rhesus monkeys, cynomolgus monkeys, 
and pigtailed monkeys, were immunised using aggregated Aβ1–42 
admixed with monophosphoryl lipid A as an adjuvant for five con-
secutive times within 14 weeks, followed by six-months of moni-
toring.145 While all animals developed a strong, sustained level 
of anti-Aβ IgG antibodies in serum, only 80% of the aged NHPs 
generated detectable antibodies and their immune responses were 
more delayed and weaker compared with the younger monkeys.145 
Comparing the pre- and post-immunisation levels of CSF Aβ and 
Tau, slight decreases in CSF Aβ1–42, increases in Tau, and differ-
ences in Tau/Aβ1–42 ratio were observed in the aged population.145 
Regarding the Aβ burden at the pre- and post-immunisation stages, 
this study only compared histopathologic examinations in all im-
munised NHPs and non-immunised NHPs and they performed Aβ 
PET scanning at baseline.145 Overall, compared with rodent mod-
els of AD, NHPs are the superior models of AD that can accurately 
predict how long a vaccine will generate antibodies and how ad-
verse effects will present in pre-clinical studies. The simultaneous 
use of a rodent model and NHP model are encouraged to obtain ro-
bust information prior to clinical trials involving human subjects.2 
In the last two decades, young and disease-free NHP models of AD 
have been mainly used to evaluate the safety and tolerance of AD 
vaccines in pre-clinical studies. In future studies, young, disease-
free NHPs are expected to be examined by PET neuroimaging of 
Aβ and Tau pre- and post-immunisation to estimate whether AD 
vaccines can prevent or post-pone the occurrence of AD patholo-
gies before clinical trials.

Therapeutic development and validation

Passive immunotherapy (mAb)
The field has developed advanced techniques to identify patients at 
the asymptomatic phase for early management, aiming at postpon-
ing clinical symptoms or reversing pathogenetic mechanisms, but 
no DMTs have been granted expecting symptom-modifying treat-
ments. The current symptom-modifying treatments of AD include 
inhibitors of acetylcholinesterase enzyme (AChE) (donepezil, gal-
antamine, and rivastigmine) and N-methyl-D aspartate (NMDA) 
receptor antagonists (memantine).146 Donepezil could ameliorate 
spatial cognition deficits and protect neurons from senility in an 
Aβo-induced tree shrew model of AD,147 while memantine has 
demonstrated partial effectiveness in resolving spatial memory 
impairment.123 Given the improved understanding of AD in re-
cent decades, some researchers advocate that AD may be caused 
by an impairment of innate immunity, and that it may be treated 
by tools of adaptive immunity.148 The administration of anti-Aβ 
and anti-Tau mAb might be effective passive immunotherapies 
of AD.146 NHPs are rarely involved in the pre-clinical testing of 
mAb therapies. Only one study re-engineered a single chain Fv 
antibody against Aβ with a fusion protein with mAb against the 
human insulin receptor to develop mAb-based therapy of AD that 
can cross the human blood-brain barrier.149 Given the currently 
available spontaneous and induced NHP models of AD, essential 
pre-clinical studies involving NHPs are expected to test the safety, 
efficiency, and long-term adverse effects of mAb treatments of AD 
prior to the translation into clinical trials involving human subjects. 
The field is investigating numerous human resources and financial 
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investments into the clinical trials of mAb treatments, but its low 
translational rate is remarkable.146 One possible explanation is that 
the human subjects recruited by clinical trials are already too old to 
be treated by mAb treatments. In addition to rodent models of AD, 
recruiting NHP models of AD at middle age in pre-clinical studies 
will contribute to identification of the effects of mAb treatments 
and selecting the most promising mAb treatments, facilitating fur-
ther translational work with controlled budgets.

AD pathogenesis-associated treatments
While anti-Aβ or anti-Tau mAb treatments target the cardinal fea-
tures of AD, AD is also associated with neuroprotective factors 
and many receptors that may have therapeutic potential. Patho-
logical alterations in neuronal circuits and synapses may explain 
the link between AD proteopathies and cognitive impairment.150 
Brain-derived neurotrophic factor (BDNF) is tightly associated 
with neuronal survival in the entorhinal cortex and maintenance 
of synaptic plasticity in learning and memory.150 In adult and aged 
rhesus monkeys, lentiviral vectors expressing BDNF genes were 
delivered into their entorhinal cortices.116 BDNF prevented lesion-
induced neuronal death in the entorhinal cortex, reversed neuronal 
size in the entorhinal cortex, and ameliorated age-related impair-
ments in visuospatial cognition.116 Based on these preliminary re-
sults, the first-in-human clinical trial that test whether AVV2-BD-
NF gene therapy will slow or prevent neuronal loss in the brains of 
patients with early AD will start shortly (www.clinicaltrials.gov/
ct2/show/NCT05040217). Furthermore, the cholinergic system is 
also a critical focus of therapeutic development in AD, such as do-
nepezil, one of the granted symptom-modifying treatments of AD. 
The fourth subtype of mAChR, M4, participates in the actions of 
acetylcholine and has become a new target to modify behavioural 
and cognitive alterations in AD.151 Very recently, the effect of an 
M4 receptor was characterised in six adult rhesus monkeys.151 This 
compound improved cognitive abilities in the object retrieval de-
tour task and the visuospatial paired-associates learning, suggest-
ing its potential in modifying AD symptoms.151 However, whether 
this novel compound is superior to the existing AChE inhibitors for 
AD requires further investigation.

Drug repurposing
The translation from laboratory discoveries into clinical applica-
tions of novel therapeutics takes substantial amounts of time and 
human resources in addition to being accompanied by a high fail-
ure rate. Thus, the repurposing of “old” drugs with approved safety, 
tolerance, and adverse effects to treat common and rare diseases is 
becoming a popular.152 AD has long been associated with diabetes. 
A high sugar/high fat diet, physical inactivity, and mental stress all 
lead to hyperglycaemia, which is the main feature of insulin resist-
ance and diabetes, further resulting in cognitive deterioration.153 
The brains of human subjects with AD are characterised by defec-
tive insulin signalling and impaired glucose metabolism, indicating 
that anti-diabetic treatments may be promising DMTs for AD.154 In 
2018, liraglutide, a glucagon-like peptide 1 analog developed to 
treat type 2 diabetes, was tested in Aβo-induced NHP model of 
AD.154 Based on the Aβo-induced NHP protocol established by 
Forny-Germano’s study, six NHP models of AD, using cynomol-
gus monkeys, were established via ICV-Aβo injection once every 
three days consecutively for up to 24 days.154 Two of the six NHP 
models received daily subcutaneous injections of liraglutide be-
ginning one week prior to ICV-Aβo injection and lasted until the 
end of the ICV-Aβo injections.154 ICV-Aβo-treated monkeys ex-
hibited diffuse Aβ peptides, p-Tau, tangle formation, synapse loss, 

and glial activation, which recapitulated many AD features.154 Re-
duced levels of insulin receptors were observed in the frontal cor-
tex, hippocampus, and amygdala.154 Comparing ICV-Aβo-treated 
and ICV-Aβo/liraglutide-treated monkeys, the administration of 
liraglutide conferred modest protection against the loss of synap-
tophysin, reduced density of synapses, and hyperphosphorylation 
of Tau in the hippocampus, frontal cortex, and amygdala.154 This 
study illustrated the possible association between Aβ and insulin 
dysregulation, further strengthening the theory that glucose hypo-
metabolism and insulin receptor signalling is closely associated 
with AD. The protective effects of the anti-diabetes treatment, lira-
glutide, against AD-associated proteopathies and neuronal insulin 
signalling were also demonstrated, even though full protection 
was not achieved. Obviously, strengthening synapses and restor-
ing neuronal insulin signalling are insufficient to treat AD, so the 
combination of anti-diabetic treatments and other therapeutics may 
be administrated concurrently to modify AD progression. Another 
anti-diabetic drug, pioglitazone, which has an unclear biochemi-
cal mechanism of action and may be associated with mitochondria 
functions and oxidative stress, was also tested on male vervet mon-
keys to treat neurodegenerative disorders.155 In the last five years, 
with increasing awareness of the association between diabetes and 
AD, the repurposing of anti-diabetic drugs for AD treatment has 
been launched and NHP models of AD are useful to assess their 
therapeutic effects prior to clinical trials involving human subjects.

Although the amyloid theory has dominated the AD field for 
decades, its low clinical translational rate raises concerns that AD 
may not be fully explained by Aβ. Recent large-scale genome-
wide association studies have identified over 130 susceptibility 
loci associated with AD risks and over half of them implicate a 
role for the innate immune system.148 Innate immune responses 
are altered in both the central and peripheral pool, including mi-
croglial activation, astrocyte activation, monocyte alteration, and 
AD-associated pro-inflammatory profiles.148,156,157 Consequently, 
drug repurposing of anti-inflammatory drugs has become a plausi-
ble approach to treat AD. Dimebolin (latrepirdine), a non-selective 
anti-histamine drug, has indicated its effectiveness in modifying 
dementia symptoms in the initial trials.158 It was then tested on 
young adult (11–17 years old) and aged (20–31 years old) rhesus 
monkeys to evaluate its modulation of cognition.159 In both young 
adult and aged rhesus monkeys, dimebolin increased performance 
on DMTS tasks, manifesting acutely improved working memory 
and a protracted response for at least 24 hours.159 In 2015, ibu-
profen, a nonsteroidal anti-inflammatory drug, was tested on five 
to seven conscious cynomolgus monkeys and 16 healthy subjects, 
and further compared the subsequent Aβ burden levels after the 
administration of GSM-1.160 A single dose of GSM-1 significantly 
reduced the ratio of Aβ1–42:Aβ1–40 in plasma and CSF, but a single 
high dose of ibuprofen did not modulate the plasma levels of Aβ 
in cynomolgus monkeys and human subjects.160 The GSM activ-
ity of ibuprofen was not detected in this study, which is consistent 
with previous conclusions that only long-term administration of 
ibuprofen would confer moderate protection against AD.160,161 As 
indicated by genomic studies, the development of innate immune 
boosters that can promote innate phagocytosis of Aβ is also ex-
pected to resolve AD proteopathies.148

Lifestyle modifications
Given the limited options of DMTs and the restricted applica-
tions of early diagnostic tools in AD, effective preventive strat-
egies are highly encouraged to reduce an individual’s exposure 
to AD-associated risk factors, including dietary interventions, 
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physical activity, and sleeping improvement.162 Calorie restriction 
may prevent Aβ accumulation in rodent models of AD by promot-
ing NAD+-dependent SIRT1 mediated deacetylase activity.163 A 
30% calorie restriction in squirrel monkeys reduced the levels of 
Aβ1–42 and Aβ1–40, and the reduced portion of Aβ peptides were 
inversely associated with SIRT1 protein in the temporal cortex of 
squirrel monkeys.163 Most interestingly, this 30% calorie restric-
tion elevated the activity of α-secretase but did not alter that of 
β- or γ-secretase, as supported by decreased ROCK1 protein in the 
same brain region.163 This study demonstrated the Aβ modulating 
ability of calorie restriction for the first time, but the authors did 
not compare other AD-associated pathologies or the differences in 
cognitive decline between the treatment and control groups. The 
30% calorie restriction also reduced stress responsiveness without 
affecting orientation and attention behaviour in 44 rhesus monkeys 
(19–31 years old).164 Their stress reactivity was associated with 
brain atrophy in regions responsible for emotional regulation and 
microstructural tissue density, and this relationship was also re-
duced by 30% calorie restriction.164 It is expected that future stud-
ies would first construct spontaneous or induced NHP models of 
AD and then deliver calorie restriction to specifically assess its 
modulation of AD-associated pathologies and behaviours. To be 
more specific about diet, the dietary amino acid L-serine in tofu 
and seaweeds slowed the development of tangles and Aβ plaques 
in NHPs and human subjects with amyotrophic lateral sclero-
sis.165,166 An interesting study compared Western diet, mimicking 
the diet consumed by American women (40–49 years old), and 
Mediterranean diet using middle-aged (11–13 years old) female 
cynomolgus monkeys.167 The Western diet group presented higher 
grey matter volume and cortical thickness in the temporoparietal 
regions, which may confer protection against AD but may also be 
caused by neuroinflammation.167 The volume of white matter was 
reduced in the Western diet group but remained intact in the Medi-
terranean group, coinciding with early biomarkers of AD neuropa-
thology.167 The observation of healthy diet and calorie restriction 
indicates that lifestyle modification can confer protection against 
AD even though their underlying mechanisms remain inconclu-
sive, and their protective strengths remain low.

Chinese medicine in tree shrews
In China and other East Asian countries, a wide range of tradi-
tional Chinese medical herbs have been used as therapeutic and 
preventative strategies for numerous disorders for thousands 
of years. Panax ginseng C.A. Mey. (ginseng) is one of the most 
well-known and valuable traditional medical herbs conferring 
anti-inflammatory, anti-tumour, and anti-oxidative effects.168 Gin-
senosides, the major pharmacologically active ingredient of gin-
seng, possess strong AChE inhibitory potential, greatly improv-
ing cognitive and memory decline in AD.168 Ginsenosides play a 
neuroprotective role in AD by inhibiting Aβ aggregation and Tau 
hyperphosphorylation, ameliorating inflammation, reducing apop-
tosis, promoting neurotrophic factors, and improving mitochondri-
al dysfunctions.168 In 2020, a cohort of male Chinese tree shrews 
were administrated intra-hippocampal injections of Aβo (Aβ25–35) 
or control saline (CT group) to establish an induced NHP model of 
AD.169 Six groups of the animals subsequently received intraperi-
toneal intragastric administration of donepezil (DN group), intra-
peritoneal intragastric administration of Ginsenoside Rg1 (GRg1) 
with low, middle, or high doses, or control saline solution (AD 
group) orally for eight weeks.169 GRg1 oral treatment led to cog-
nitive improvement, as assessed by Morris water maze, and de-
creased levels of Tau in the hippocampus and cortex in the DN and 

GRg1 groups.169 More specifically, tree shrews in the middle and 
high-GRg1 groups had significantly lower numbers of Tau+ cells, 
compared with the low-GRg1 group and the DN group.169 The 
subsequent 16S ribosomal RNA sequencing illustrated different 
profiles of gut microbiota between the different groups, in which 
middle and high doses of GRg1 modified the gut microbiota to 
resemble the CT group.169 After screening for the optimal dosage 
of GRg1 for AD modification, another cohort of tree shrew models 
of AD were established via ventricle injections of Aβo (Aβ25–35), 
followed by a high dose of GRg1 only.170 GRg1 inhibited the ex-
pression of β-secretase 1 but promoted the expressions of microtu-
bule-associated protein 2 and FOX-3 in the hippocampus of Aβo/
GRg1-treated tree shrews compared with the Aβo-treated group.170 
Aβo/GRg1-treated tree shrews also demonstrated lower levels of 
Aβ, p-Tau, and the pro-apoptotic factor Bax and increased levels 
of BCL-2 in the hippocampus and cortex, compared with the Aβo-
treated group.170 More recently, GRg1 was shown to increase the 
antioxidant activities of SOD, CAT, GPx and reduce the inflam-
matory factors interleukin-1 and IBA-1.171 The ratio of BCL-2 to 
Bax was increased in the Aβo/GRg1-treated group, accompanied 
by reduced expression of Caspase-3, GSK-3β, and β-catenin.171 In 
brief, high doses of GRg1 are promising at alleviating oxidative 
stresses, pro-inflammatory markers, pro-apoptotic activities, AD-
associated proteopathies, and cognitive deficits induced by Aβo 
injections in tree shrews.170,171 GRg1 oral treatment is also closely 
associated with gut microbiota AD by altering the abundances of 
Bacteroidetes, Proteobacteria, Verrucomicrobia, and Lactobacil-
laceae.169,170 These studies utilized appropriate study design, com-
prehensive histological assessment, and cognitive exanimation, 
forming a theoretical basis for the examination of GRg1 in clinical 
trials involving human subjects.

Future directions
It is anticipated that the NHP model of AD will be used in more 
and more AD drug development projects, to evaluate the drug ad-
ministration routes, pharmacokinetics, pharmacodynamics, tolera-
bility, safety, and most importantly, the drug efficacy prior to Phase 
I clinical trials. Thus, great effort is needed to improve the current 
NHP models of AD, particularly in imaging, laboratory biomark-
ers and behavioral tests for drug efficacy evaluation. Aβ PET scan 
with appropriate radioisotope labeled tracers will be applied in the 
next couple of years, together with novel blood and urine biomark-
ers. These studies will therefore provide necessary data and solid 
evidence to facilitate clinical trials in human subjects.

Conclusions
After the first identification of AD over 100 years ago, the field 
is still attempting to understand the fundamental aetiology and 
pathogenesis underlying AD. The application of animal models of 
AD that fully recapitulate AD-associated pathologies and symp-
toms can greatly advance our understanding of the molecular, cel-
lular, physiological, and psychological processes along the course 
of the disease. This review has summarised the spontaneous and 
induced NHP models of AD and their recent contributions to AD 
research. Spontaneous NHP models of AD exhibit wide-spread Aβ 
depositions, CAA, glial activation, and moderate cognitive decline 
at the elderly age, while NHP models of AD induced by ICV-Aβo, 
brain homogenates, FA, and ICV-STZ further present with AD-
resembling p-Tau, minor NFTs, and brain atrophy. The co-occur-
rence of all AD-associated pathologies and behavioural changes is 
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rarely observed in rodent models, but it is reported in several NHP 
studies due to the close phylogenetic relationship, similar AD-
associated genetics, similar neuroanatomy, physiology, neuronal 
functions, and high-order cognitive, emotional, and social behav-
iours between NHPs and human subjects. In the last two decades, 
NHP models of AD are increasingly involved in the development 
of novel PET tracers, Aβ vaccines, DMTs, and dietary modifica-
tions to aid in their translation into clinical trials involving human 
subjects, aiming at improving the diagnostic criteria, preventative 
strategies, and therapeutic treatments for AD. However, the inves-
tigations into the NHP models of AD are associated with some 
limitations. Compared with rodent models of AD, the use of NHP 
models of AD requires higher financial costs, greater genetic ma-
nipulation, smaller sample sizes, and more specialised researchers 
and facilities. There is still an absence of a standardised protocol 
to establish a broadly accepted NHP model of AD, which may 
increase the discrepancies across different studies. Based on the 
studies by Yue and Forny-Germano, the field should generate a 
guideline which recommends that certain inducers, dosages of in-
ducers, injection frequencies, and inoculation periods should be 
met to produce reliable NHP models of AD. A good study design 
that assesses a broad range of AD-associated pathologies and be-
haviour changes must be incorporated into NHP studies to enable 
peer researchers to comprehensively interpretate the effects of PET 
tracers, Aβ vaccines, DMTs, or lifestyle modifications. The estab-
lishment of a standardised NHP model of AD and the engagement 
of a comprehensive assessment of NHPs will greatly accelerate the 
translation from NHP discoveries into clinical trials involving hu-
man subjects, thus greatly speeding up the discoveries of biomark-
ers and DMTs for AD. 
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Introduction
The efficacy of a drug substance for the treatment, mitigation, man-
agement, or prevention of disease conditions or disorders relies upon 
its therapeutic efficiency, low exhibition of toxic or side effects at the 
required therapeutic dose or dosing frequency, and ability to reach 
the desired target site at the effective concentration as well as to stay 
at that target site for the desired time length. Due to restrictions in al-
lowed structural modifications of drug substances required to achieve 
the desired pharmacokinetic properties while maintaining its thera-

peutic action, the role of drug deliverables is prominent and indispen-
sable for achieving the desired therapeutic response of drug substanc-
es in low doses, for longer duration, and with reduced side effects. 
Nanotechnology has revolutionized the potential of drug deliverables 
in delivering the drug substances at the desired target site in thera-
peutic doses with improved pharmacokinetic properties of adsorp-
tion, distribution, metabolism, and excretion, which ultimately affect 
the bioavailability of drug substances. Reduction in drug toxicity or 
side effects by decreasing its dose or dosing frequency, targeting the 
drug to the desired site, controlling the action of drug substances de-
sired to treat chronic disease or disorders, and improving patients’ 
compliance are some added benefits of nanotechnology. Amongst the 
nanoparticle drug-delivery carriers, vesicular drug-delivery systems, 
particularly lipid-based vesicular systems that encapsulate the drug 
substance in the core or within the matrix of phospholipids, are gain-
ing attention because of several of their advantages, which are com-
piled and summarized in the current review paper.

The first and most widely explored lipid vesicle-based nanod-
rug-delivery carrier is popularly known as liposomes. The notion 
of liposomes, which were initially known to be “bangosomes,” was 
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Nanotechnology has revolutionized and improved the potential of drug-delivery systems. Lipidic nanovesicles, termed li-
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quency, reduced drug toxicity or side effects, longer and controlled therapeutic response of a drug essential for the treatment 
of chronic diseases, and improved patient acceptance margins are some other benefits offered by liposomes. The easily modifi-
able surface of liposomes makes it an ideal vehicle for targeting a drug to the desired site. The current review provides insight 
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pioneered by Alec D. Banhgam between the 1950s and 1960s, and 
they received recognition as drug-delivery carriers in 1971 by the 
scientist Gregory Gregoriadis. Liposomes, which are composed of 
closed bilayers of phospholipids to form a vesicle, exhibit signifi-
cant structural and compositional similarities to biological mem-
branes prevailing in the human body; thus, liposomes enhance the 
adsorption rate and bioavailability of drug substances entrapped in 
their vesicular structure. In addition, the easily modifiable surface 
properties of liposomes make it a potential drug-delivery vehicle 
for achieving targeted therapeutic activity of drug substances. Cur-
rently, liposomal formulations of antifungal agents and antican-
cer chemotherapeutic agents for tumor targeting have exhibited 
considerable benefits over conventional therapies. More recently, 
mucormycosis, a fatal fungal infection, has been demonstrated 
to be managed significantly better through liposomal delivery of 
amphotericin B (antifungal drug substance) in comparison to any 
other drug-delivery system.1 The potential of liposomes has been 
explored and proven in medical as well as in nonmedical fields like 
catalysts, bioreactors, ecology, cosmetics, etc.2

Composition of liposomes

Phospholipids
Phospholipids are the building block and basic structural compo-
nent of liposomes. A bilayer of phospholipids constitutes the shell 
of vesicular liposomes. Based on the desired properties and appli-
cations, different types and classes of phospholipids are used for 
formulating liposomes.

Classification of phospholipids based on their internal composi-
tion (alcohol active group)
Glycerophospholipids are phospholipids with a glycerol backbone, 
comprised of glycerol-3-phosphate esterification at the C1 and C2 
positions. There are six different subtypes of glycerophospholip-
ids, including phosphatidic acid, lecithin (phosphatidylcholine), 
cephalin (phosphatidylethanolamine), phosphatidylinositol, phos-
phatidylserine, and cardiopoline (diphosphatidylglycerol).3

Phosphatidic acid is the smallest and most basic glycerol phos-
pholipid. It has a strong anion that provides a negative charge 
density to the membrane. Phosphatidic acid is a synthetic phos-
pholipid with several possible derivatives (Table 1), which can be 
synthesized according to the required application.4

Lecithin is an egg yolk-derived natural choline-based phospho-
lipid. It is a zwitterionic molecule, consisting of partial positive 
and negative charges. This phospholipid has a major influence on 
membrane properties such as “fluidity.” There are two types of 
lecithin: dipalmitoyl lecithin and lysolecithin. The structures and 
chemical names of several lecithin derivatives synthesized accord-
ing to their applications are depicted in Table 1.

The naming of cephalins was derived from the word cephalic, 
meaning “related to the head.” The polar head group of cephalins 
is highly reactive and small in size; therefore, this type of com-
pound has a low hydration rate. Cephalins are synthesized by add-
ing cytidine diphosphate ethanolamine to diglyceride. Cephalins 
can be treated with ethanolamine, which consists of a reactive ni-
trogen base, to further synthesize several other derivatives for var-
ied applications. Several derivatives of cephalins are as follows: 
1,2-dierucoyl-sn-glycero-3-phosphoethanolamine, 1,2-dilauroyl-
sn-glycero-3-phosphoethanolamine, 1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine, 1,2-dipalmitoyl-sn-glycero-3-phosphoe-
thanolamine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine, 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine.

Phosphatidylinositol is synthesized by the reaction between the 
isomeric form of myo-inositol and phosphatidic acid. Inositol is 
present in all types of tissues as well as in cells and has a saturated 
fatty acid chain. Phosphatidylinositol is anionic in nature.

Phosphatidylserine is a synthetic phospholipid. Serine is anionic 
in nature, and derivatives of phosphatidylserine include the follow-
ing: 1,2-dilauroyl-sn-glycero-3-phosphoserine, 1,2-dimyristoyl-sn-
glycero-3-phosphoserine, 1,2-dioleoyl-sn-glycero-3-phosphoserine, 
1,2-dipalmitoyl-sn-glycero-3-phosphoserine, and 1,2-distearoyl-sn-
glycero-3-phosphoserine.

Cardiolipin contains two molecules of phosphatidic glycerol. 
It consists of two optically active carbons and also has a number 
of unsaturated fatty acid chains. Several derivatives of cardiolipin 
are as follow: 1,2-dierucoyl-sn-glycero-3 [phospho-rac-(1-glyc-
erol)], 1,2-dilauroyl-sn-glycero-3 [phospho-rac-(1-glycerol)], 
1,2-dilauroyl-sn-glycero-3 [phospho-rac-(1-glycerol)] (ammo-
nium salt)], 1,2-dimyristoyl-sn-glycero-3 [phospho-rac-(1-glyc-
erol)], 1,2-dimyristoyl-sn-glycero-3 [phospho-rac-(1-glycerol)] 
(ammonium salt)], 1,2-dioleoyl-sn-glycero-3 [phospho-rac-(1-
glycerol)], 1,2-dipalmitoyl-sn-glycero-3 [phospho-rac-(1-glyc-
erol)], 1,2-dipalmitoyl-sn-glycero-3 [phospho-rac-(1-glycerol)] 
(ammonium salt), 1,2-distearoyl-sn-glycero-3 [phospho-rac-(1-
glycerol)], 1,2-distearoyl-sn-glycero-3 [phospho-rac-(1-glycerol)  
(ammonium salt)], and 1-palmitoyl-2-oleoyl-sn-glycero-3 [phos-
pho-rac-(1-glycerol)].

Chemically, sphingomyelins are N-acyl sphingosine-1-phosphati-
dylcholine. The backbone of sphingomyelins is sphingosine. Each 
molecule of sphingomyelin consists of an acyl chain. Generally, natu-
rally obtained sphingosines contain 20 or more acyl groups. There-
fore, the structure of sphingomyelin molecules is asymmetric. The 
phase-transition temperature of sphingomyelins ranges from 30°C to 
45°C.

Classification of phospholipids based on surface charges
Anionic phospholipids are negatively charged phospholipids that 
resemble the biological membrane proteins. Phosphatidic acid, 
phosphatidylinositol, and phosphatidylserine are some examples 
of anionic phospholipids.

Cationic phospholipids are positively charged phospholipids 
that help to deliver negatively charged nucleic acids like DNA, 
mRNA, and siRNA by ionic interactions. Dioleoyl phosphatidyle-
thanolamine and 1,2-dioleoyl-3-trimethylammonium propane are 
two examples of cationic phospholipids.

Classification of phospholipids based on its origin source
Natural phospholipids are obtained from natural sources like wheat 
germ, flax seed, sunflower, soybeans, egg yolk, and milk. Mean-
while, synthetic or semisynthetic phospholipids are tailor made, 
chemically synthesised phospholipids. Some examples of synthetic 
phospholipids are 1,2-dimyristoyl-sn-glycero-3-phosphate, 1,2-di-
palmitoyl-sn-glycero-3-phosphate, dipalmitoylphosphatidylcholine, 
1,2-dilauroyl-sn-glycero-3-phosphocholine, dimyristoylphosphati-
dylglycerol, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol, sodium 
salt, etc.

Classification of phospholipids based on the fatty acid chain 
saturation
Saturated chain fatty acids exhibit comparatively more chemical 
stability against oxidation and hydrolysis. Some examples of satu-
rated fatty acids include 1,2-dimyristoyl-sn-glycero-3-phosphate, 



DOI: 10.14218/JERP.2022.00086  |  Volume 8 Issue 3, September 2023224

Chudasma M.P. et al: Medical applications of liposomesJ Explor Res Pharmacol

1,2-dipalmitoyl-sn-glycero-3-phosphate, 1,2-distearoyl-sn-glyce-
ro-3-phosphate, 1,2-dilauroyl-sn-glycero-3-phosphocholine, and 
1,2-dilauroyl-sn-glycero-3-phosphoethanolamine, etc.

Unsaturated chain fatty acids are more prone to oxidation and 
hydrolysis. Some examples of unsaturated fatty acids are; 1,2-di-
erucoyl-sn-glycero-3-phosphocholine, 1,2-dilinoleoyl-sn-glycero-
3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-phosphocholine, 1,2- 
dierucoyl-sn-glycero-3-phosphocholine, etc.

Classification of phospholipids based on morphology (shape)
Phospholipids can be classified based on their morphology as fol-
lows: conical shaped, e.g., lysophosphatidylcholine and lysophos-
phatidic acid; straight chain, e.g., phosphatidylcholine; and 
inverted conical shaped, e.g., phosphatidic acid and phosphatidy-
lethanolamine.

Cholesterol
Along with phospholipids, cholesterol is an important component 

of liposomes. It plays an important role in holding the tight ve-
sicular structure of liposomes thereby maintaining vesicular in-
tegrity and stability. Due to its structural composition, cholesterol 
occupies the gaps between phospholipids in the vesicles, thereby 
preventing diffusion and leakage of entrapped components. Ad-
ditionally, cholesterol can also increase the loading efficacy of 
both hydrophilic and lipophilic materials to be incorporated in li-
posomes.

Types of liposomes
Liposomes are categorized into different types mainly based on 
parameters like size of the vesicle, lamellarity, and composition of 
vesicles (Table 2).

Lamellarity-based classification
The number of bilayers present in liposomes determines the lamel-
larity of the vesicles. It is an important parameter that affects the 

Table 1.  Phospholipids used in liposomal formulations along with the chemical name and structure4

Phospholipid Structure and chemical name

Phosphatidic acid 1,2-Dioleoyl-sn-glycero-3-phosphate (DOPA) 1,2-Dilauroyl-sn-glycero-3-phosphate (DLPA)

1,2-Dimyristoyl-sn-glycero-3-phosphate (DMPA) 1,2-Distearoyl-sn-glycero-3-phosphate (DSPA)

1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA)

Lecithin 1,2-Didecanoyl-sn-glycero3-phosphocholine (DDPC) 1,2-Dierucoyl-sn-glycero-3-phosphocholine (DEPC)

1,2-Dilinoleoyl-sn-glycero3-phosphocholine (DLOPC) 1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC)

1,2-Dimyristoyl-sn-glycero3-phosphocholine (DMPC) 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC)

1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)

1,2-Dierucoyl-sn-glycero-3-phosphocholine (DEPC)

Cephalin (phosphatidyl 
ethanolamine)

1,2-Dilauroyl-sn-glycero-3-
phosphoethanolamine (DLPE)

1,2-Dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE)

1,2-Dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE)

1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE)

1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE)

1,2-Dierucoyl-sn-glycero-3-
phosphoethanolamine (DEPE)

1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE)

Cardiolipin 1,2-Dierucoyl-sn-glycero-3[phospho-
rac-(1-glycerol) (DEPG)

1,2-Dilauroyl-sn-glycero-3[phospho-rac-(1-
glycerol) (ammonium salt) (DLPG-NH4)

1,2-Dimyristoyl-sn-glycero-3[phospho-
rac-(1-glycerol) (DMPG)

1,2-Dioleoyl-sn-glycero-3[phospho-
rac-(1-glycerol) (DOPG)

1,2-Dipalmitoyl-sn-glycero-3[phospho-rac-(1-
glycerol) (ammonium salt) (DPPG-NH4)

1,2-Distearoyl-sn-glycero-3[phospho-rac-(1-
glycerol) (ammonium salt) (DSPG-NH4)

1-Palmitoyl-2-oleoyl-sn-glycero-
3[phospho-rac-(1-glycerol) (POPG)

Phosphatidyl
serine (PS)

1,2-Dilauroyl-sn-glycero-3-phosphoserine (DLPS) 1,2-Dimyristoyl-sn-glycero-3-phosphoserine (DMPS)

1,2-Dioleoyl-sn-glycero-3-phosphoserine (DOPS) 1,2-Dipalmitoyl-sn-glycero-3-phosphoserine (DPPS)

1,2-Distearoyl-sn-glycero-3-phosphoserine (DSPS)
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encapsulation efficiency of liposomes. Based on lamellarity, the 
vesicles are classified as unilamellar vesicles (consisting of one 
phospholipid bilayer), oligolamellar vesicles (consisting of five 
phospholipid bilayers), and multilamellar vesicles (consisting of 
5–25 phospholipid bilayers).

Size-based classification
The vesicle dimension is an acute parameter affecting the circula-
tion half-life of liposomes in the human body. Based on the size of 
the liposomes, they are classified as small vesicles (with a vesicu-
lar diameter between 20 nm and 100 nm), medium vesicles (with 
a vesicular diameter >100 nm), or giant vesicles (with a vesicular 
diameter of 1 µm).5

Liposomes are often classified based on a mixture of size and 
lamellarity parameters as follows: small unilamellar vesicles, with 
a diameter of 20–100 nm and one lipid bilayer; medium unilamel-
lar vesicles, with a diameter of >100 nm and containing one lipid 
bilayer; giant unilamellar vesicles, with a diameter of 1 µm and 
containing one lipid bilayer; oligolamellar vesicles, with a diam-
eter of 0.1–1 nm and containing approximately five lipid bilayers; 
multilamellar large vesicles, with a diameter of >0.5 µm and con-
taining 5–25 lipid bilayers; and multivesicular vesicles, liposomes 
with a diameter of >1 mm and containing a multicompartment 
(like a honeycomb) of lipid bilayers, e.g., vesicles within vesicles.5

Application- and composition-based classification
Conventional liposomes are liposomes that are usually composed 
of solely phospholipids and/or cholesterol. They are vesicular 
structures with lipid bilayers surrounding an aqueous core; they 
exhibit a brief blood circulation time due to the speedy uptake by 
the mononuclear phagocyte system, which in turn helps in mac-
rophage-targeting and vaccination purposes.6

Charged liposomes are physically stabilized liposomes as the 
surface charges on the liposomes repel each other and decrease the 
aggregation rate and extent. Positively charged cationic liposomes 
avert their passive diffusion into cells; therefore, they are broadly 
used in delivering macromolecules for gene therapy, tumor-target-
ed therapy, and brain-targeted therapy by crossing the blood-brain 
barrier (BBB). Anionic liposomes are negatively charged and are 

commonly utilized for transdermal drug transport due to their 
greater permeation rate across the stratum corneum.4

Stealth liposomes are surface-modified liposomes with a pol-
ymeric, specific ligand and polyethylene glycol (PEG) that are 
made for specific applications like targeting, stabilization, or an 
increased residence time in the human body.

Stimuli-responsive liposomes are liposomes that are activated 
by physicochemical or biochemical stimuli for targeting a specific 
site or for achieving a desired encapsulated drug release. Stimuli-
responsive liposomes have two induction sources: external induc-
tion sources (like heat, magnetic field, light, electric field, and ul-
trasound) and internal induction sources (like pH, redox potential, 
and enzymes).

Actively-targeted liposomes are liposomes that are useful for 
the site-specific delivery of drugs through receptor targeting, 
monoclonal antibodies, or large or small protein-based targeting or 
peptide-based targeting molecules.

Mechanism of action of liposomes

Endocytosis
The liposome is engulfed by the cell membrane after binding to the 
cell surface through a receptor, ligand, or antibody. Liposomes re-
lease the entrapped drug after cellular engulfment; thus, first-pass 
metabolism of the drug is prevented.

Content transfer
Liposomes have a similar structure to human cell membranes, so 
the phospholipids of liposomes transfer their contents (drug sub-
stance) across the cell membrane after interacting with the cell 
membrane lipids.

Fusion
In this mechanism, the phospholipids of liposomes fuse with the 
phospholipids of the cell membrane, and during this fusion mecha-
nism, the cell membrane and liposome lipids coalesce together in 
a single membrane, resulting in drug content transfer from the li-
posomes to the cells.

Table 2.  Classification of liposomes based on size, lamellarity, and composition

Parameter Size Lipid bilayer

Size and lamellarity

  Small lamellar vesicles 20–100 nm Single

  Medium lamellar vesicles >100 nm Single

  Large lamellar vesicles) >100 nm Single

  Oligo lamellar vesicles 0.1–1 nm 5 lipid bilayers

  Multilamellar vesicles >0.5 µm 5–25 lipid bilayers

  Multivesicular vesicles >1 mm multi compartment (honeycomb like)

Application and composition

  Conventional liposomes

  Charged liposome

  Stealth stabilized liposomes

  Stimuli-responsive liposomes

  Actively-targeted liposomes
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Adsorption
In this process, liposomes adhere to the surface of the cell mem-
brane through attractive forces between the liposomes and the cell 
membrane, followed by the release of drug from the liposomes and 
the uptake of unchanged drug by the cells.

Methods for preparing liposomes
For liposomal formulation preparation, the following generic 

steps are followed:4–8 (1) lipids are dissolved in an organic sol-
vent; (2) drug loading (active or passive); (3) evaporation of the 
organic solvent of the lipidic solution; (4) hydration of the lipid; 
(5) downsizing the vesicles; (6) post formulation process (purifica-
tion, sterilization); (7) liposome characterization.

The most widely used techniques for liposome preparation are 
summarized below.

Bangham method (lipid film hydration)
The phospholipid components are dissolved in an organic solvent, 
and the organic solvent is gradually evaporated under a vacuum 
to obtain a uniform, thin lipid film of stacked phospholipid bilay-
ers. The formed film is finally hydrated with water or an aqueous 
buffer to obtain liposomes.4

Solvent injection method
Phospholipids are dissolved in ethanol and injected into preheated 
aqueous buffer or distilled water. In a preheated aqueous phase, 
ethanol is evaporated and the dispersed phospholipids self-assem-
ble to form closed vesicles called liposomes. Alternatively, phos-
pholipids can be dissolved in ether, which is a more volatile organ-
ic solvent, and then the ether can be evaporated more effectively to 
form concentrated liposomes with a high entrapment efficiency.8

Reverse-phase evaporation method
The reverse-phase evaporation method is based on the principle 
of inverted micelle formation through reverse-phase evaporation. 
In this technique, phospholipids are dissolved in an organic phase, 
and aqueous components of liposomes are dissolved in a water 
phase. The formation of inverted micelles is the foundation of 
reverse-phase evaporation. Both the phases are then macerated to-
gether at a high temperature, leading to evaporation of the organic 
solvent and the formation of liposomes.8

Detergent removal method
Phospholipids are solubilized at their critical micelle concentra-
tions with the aid of detergents to form micelles. The formed mi-
celles acquire themselves into closed vesicles as the detergent is 
removed through dialysis using detergent-free buffers or through 
gel permeation chromatography. In this technique, when detergent 
and phospholipids are added to an aqueous phase, the micellar size 
and polydispersity increase significantly, and dilution of the sys-
tem beyond the micellar phase boundary transit the polydisperse 
micelles to more uniform vesicles.

Once the liposomal vesicles are obtained by utilizing any of the 
abovementioned techniques, the desired size and lamellarity of the 
liposomes can be obtained using downsizing techniques such as 
sonication (probe or bath), extrusion (membrane or French cell), 
freeze thawing, etc.8

Physical characterization of liposomes
The quality, efficiency, and stability of liposomes as a drug-deliv-
ery formulation can be assessed through several characterization 

tests, as mentioned below:

Particle size, polydispersity index (PDI), lamellarity, and zeta 
potential
The particle size, lamellarity, and zeta potential properties depend 
on the composition components of the liposomes and the prepara-
tion method. The particle size, zeta potential, and PDI are impor-
tant characterization parameters that have an impact on the phys-
icochemical stability, entrapment efficiency, in-vivo performance, 
and heterogeneity of the liposomal formulation. The particle size, 
PDI, and zeta potential of liposomes can be determined by dy-
namic light-scattering techniques and laser Doppler velocimetry. 
Electron microscopy (e.g., scanning electron microscopy and 
transmission electron microscopy), fluorescence microscopy, and 
atomic force microscopy-based techniques can be used to assess 
the lamellarity and morphology of liposomes.9 Liposomal formu-
lations with PDI values less than 0.5 and a zeta potential of around 
+30 ± 5 mV and −30 ± 5 mV are considered as monodispersed 
liposomes with a good physicochemical stability.

Entrapment efficiency
The maximum amount of drug that can be encapsulated in a lipo-
somal vesicle is termed as its entrapment efficiency. The entrap-
ment efficiency of liposomes is determined by disruption of the 
phospholipid bilayer using methanol, ethanol, or triton X-100, fol-
lowed by centrifugation and decantation of the entrapped drug in 
pellet form. The entrapped drug pellets are then solubilized in a 
suitable solvent and quantified using spectrophotometric or chro-
matographic techniques.

Drug release
The composition, method of preparation, lamellarity, and sur-
face modifications of liposomes may alter the release rate of an 
entrapped drug substance from liposomes. The dialysis technique 
is frequently used to assess the in-vitro release rate of a drug sub-
stance from a liposomal formulation. Prewetted dialysis bags 
with specific molecular weight cut-off values that can retain the 
liposomes while allowing the drug released from the liposomes 
to cross the membrane and enter the receptor solvent medium are 
used. At predetermined time points, aliquots from the receptor 
solvent medium are withdrawn and quantified using spectrophoto-
metric or chromatographic techniques to determine the release rate 
of drug from the liposomal formulation.

Physicochemical stability
Phospholipids are susceptible to a number of chemical reactions 
like peroxidation, hydrolysis, and photolysis, leading to their dete-
rioration and thereby impacting their chemical stability. The ability 
of liposomes to retain their particle size and PDI is termed as its 
physical stability. Inappropriate particle sizes and surface charges 
may lead to liposome aggregation, thereby reducing their physi-
cal stability, which can significantly impact their performance. In 
the presence of serum proteins or other biological substances, the 
ability of liposomes to retain their integrity is referred to as bio-
logical stability. The physicochemical stability of liposomes can 
be assessed as per the International Council for Harmonisation of 
Technical Requirements for Registration of Pharmaceuticals for 
Human Use guidelines.

In addition to the abovementioned tests, liposomes are assessed 
for other parameters like pH, osmolarity, pyrogenicity, sterility, tox-
icity, pharmacokinetics, and other evaluation parameters depending 
on the final dosage form into which liposomes are dispersed.
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Applications of liposomes

Therapeutic applications as drug-delivery carriers
Liposomes are drug-delivery vesicles with varied applications 
due to the advantages offered by them. Liposomes can increase 
the efficacy of a drug substance by improving its pharmacokinetic 
parameters. Liposomes, due to their morphology, composition, 
and flexibility in terms of surface modifications can offer several 
benefits for delivering the entrapped drug substance effectively via 
various drug-delivery routes. Liposomes are beneficial drug-deliv-
ery carriers specifically for drugs with a narrow therapeutic index 
because they aid drug distribution and increase drug safety and ef-
ficacy. Treatment strategies are experiencing a paradigm shift from 
synthetic drug molecules to biologically derived therapeutics.10 Li-
posomes also have been widely investigated as potential delivery 
carriers for therapeutic biologics, e.g., antisense oligonucleotides, 
cloned genes, recombinant proteins, therapeutic peptides (hor-
mones), nucleic acids (siRNA, mRNA, pDNA), CRISPR/Cas9, 
and vaccines.

Application of liposomes as drug-delivery carriers administered 
via different routes
Liposomes have the potential to improve the efficacy of routes like 
ocular, nasal, inhalation, oral, transdermal, and rectal as portals to 
enable the drug substance to reach the systemic circulation or tar-
get sites (Table 3).11–33

Ocular route
Various drugs used in ophthalmic disorders that are meant to be 
delivered to the systemic circulation through the ocular route suf-
fer the limitation of a low effectiveness when delivered through 
conventional ophthalmic formulations like eye drops.34 The low 
residence time of a drug in the eye due to rapid drainage through 
the lacrimal fluid as well as the low permeability of most drugs 
result in very low ophthalmic bioavailability. Liposomes, due to 
their composition, increase the drug substance permeation rate and 
extent across the ocular surface, resulting in an improved ophthal-
mic bioavailability and thereby therapeutic efficiency of the drug 
substance. Additionally, drug-loaded liposomes entrapped or dis-
persed in ocular lenses can prolong the residence time of drugs 
in the ophthalmic cavity. Charged liposomes administered as an 
ophthalmic spray or as a hydrogel have the ability to adhere with 
mucin present on the corneal surface through electrostatic bond 
formation, thereby increasing the residence time of drug in the 
ophthalmic cavity; moreover, charged liposomes can also control 
the release rate of entrapped drug for a prolonged therapeutic re-
sponse.35 Liposomes adsorb to the corneal layer and transfer the 
drug molecules to the corneal epithelial cell membrane. Liposomes 
can also travel by liposomal endocytosis. Liposomes consisting of 
a hydrogel or spray exhibit a higher penetration than conventional 
ophthalmic formulations.36

Intranasal route
The intranasal route is one of the most prominent routes for the de-
livery of drugs that cannot be administered through the oral route 
due to limitations like first-pass metabolism, instability of biologi-
cal conditions of the human gastrointestinal tract, the local action 
of the drug is needed in the nasal cavity, or targeting the drug to the 
brain.37 Liposomes are considered as biocompatible drug-delivery 
carriers, which enhance the absorption of drugs across the nasal 
mucosa. Additionally, liposomes offer added advantages like the 
ability to encapsulate both small and large drug molecule with a 

broad range of hydrophobicity levels and pKa values, thus provid-
ing controlled and targeted drug release profiles. Several success-
ful liposomal formulations for enhancing the nasal penetration and 
absorption of drug molecules like calcitonin, insulin, and influenza 
vaccine are approved by the US Federal Drug Administration and 
commercially available in the global market. Liposome-loaded na-
sal hydrogel or mucoadhesive gel formulations can increase the 
nasal drug penetration rate because of the longer duration of resi-
dence time of the drug substance at the absorption site. Liposomal 
nasal hydrogels can also control the release of the drug to achieve 
an efficient prolonged therapeutic response. The intranasal route 
is also considered as a promising route for rapid drug absorption 
into the brain via the systemic circulation.38,39 Nasal cavities can 
also transport a drug substance to the brain through olfactory neu-
rons or the geminal nerve. Two major barriers for transporting drug 
substances to the brain are the cerebrospinal fluid barrier and the 
BBB. Rapid mucociliary clearance in the central nervous system 
decreases the drug absorption. The liposomal drug-delivery sys-
tem would not only overcome the mentioned barriers, but it would 
also increase the absorption rate of the drug substance through the 
nasal cavity due to its phospholipid composition.40

Inhalation route
Chronic and acute respiratory infections are difficult to treat 
through conventional inhalation-based antibiotic treatment ther-
apy. The low tissue/cell penetration rate of antibiotics delivered 
through the conventional inhalation route in the form of dry pow-
der inhalers requires high doses of antibiotics, leading to dose-re-
lated drug toxicity or antibiotic resistance. Inhaled liposomes are 
a novel approach for treating respiratory infections. Liposomal in-
halation preparations are biocompatible, nontoxic, biodegradable, 
and stable in the inhibitory barrier of the sputum. Additionally, in-
halable drug-loaded liposomes can increase the therapeutic index, 
drug absorption and penetration rates, and retention time of the 
drug at targeted sites, thereby maximizing the therapeutic efficacy 
and minimizing the drug side effects. Conventional inhalation anti-
biotics exhibit a short half-life in alveoli, so three or more daily ad-
ministrations of drug are required.41 The liposomal inhalation drug 
formulation can release the drug in a slow and controlled manner 
to achieve prolonged drug action, which in turn would decrease the 
dosing frequency of the drug substance by maintaining the con-
centration of the drug in the lungs above the minimum effective 
concentration.

Oral route
Liposomes were conventionally designed for parenteral drug ad-
ministration, but they were then modified and investigated to in-
crease the oral bioavailability of macromolecules like insulin by 
increasing the absorption rate of insulin through the gastrointesti-
nal tract, resulting in destruction of the phospholipid bilayers and 
leading to leakage of the entrapped drug substance.42 The hurdles 
of the oral administration of liposomes can be combated through 
surface modification or surface coating of liposomes and by sub-
stitution of phospholipids with hydrogenated phospholipids. Coat-
ing liposomes with large-chain polymers like chitosan can impart 
stability to liposomes in a gastric environment. Matrix modifica-
tions of liposomes by adding bile salts also improve the stability 
of liposomes in the gastrointestinal tract.43 Colon targeting of a 
drug-delivery substance through the oral route is essential to re-
duce the toxicity and to enhance the efficacy of therapeutic agents 
used for the treatment of local colonic diseases or disorders like 
colon cancer, inflammatory bowel disease, and colonic infection.44 
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A surface-modified coated liposomal formulation can also be use-
ful for targeting the drug substance to a specific colonic tumor site 
to increase the therapeutic efficacy and to reduce the associated 
side effects of drug substances.

Transdermal route
The stratum corneum layer of the skin acts as a major barrier to-
wards permeation of a drug substance to the underlying epidermal, 
dermal, or subcutaneous regions or to the systemic circulation via 
the skin. High-molecular-weight and hydrophilic drug substances 
have a very poor permeation rate and a low systemic bioavail-
ability when delivered through the transdermal route. Due to their 
structural and compositional similarities to the cell membranes and 
skin layers, liposomal drug-delivery systems can easily permeate 
across the stratum corneum barrier layer of the skin along with the 
encapsulated drug substance.45 Thus, liposomes can increase the 
permeation rate and therefore the bioavailability of drugs delivered 
through the transdermal route.

Rectal route
The rectal administration of a drug is considered in medical prac-
tice for drug substances against a local disease or disorder as well 
as for increasing the systemic bioavailability of therapeutic agents 
that are metabolized or are unstable when delivered through oral 
or other routes. The major limitations associated with delivering 
a drug substance through the rectal route are as follows: low mu-
cosal permeation rate of the drug substance and degradation of the 
drug substance by enzymes present in the microflora of the rectal 
cavity. Liposomes are stable in the mucosa and can increase the 
permeation rate of the drug substance across the rectal mucosa and 
also protect the encapsulated drug against enzymatic degradation, 
thereby increasing the systemic bioavailability of drug substances 
delivered through the rectal route.

Parenteral route
Liposomes are used as formulations for delivering drugs through 
the parenteral route to accomplish therapeutic goals like improv-
ing the therapeutic efficiency, reducing the toxicity, and sustaining 
or controlling the release rate of a drug substance for a prolonged 
duration by creating a depot system. Liposomes offer several ben-
efits such as adaptability towards the delivery of macromolecules, 
capability of encapsulating both hydrophilic and lipophilic drug 
substances, targeted delivery to a desired site, and adaptability to-
wards surface modification, enabling an increase in its residence 
time in systemic circulation.46 Thus, liposomes can serve as poten-
tial formulations for delivering a drug through the parenteral route.

Disease-specific applications of liposomes

Skin disorders
Mostly, skin disorders arise superficially on the surface of the hu-
man body. Based on the involvement and location of the disorder, 
liposomal formulations offer site-specific drug delivery and can 
deliver the drug to different layers of the skin, ranging from the 
topical surface, epidermis, dermis, or deep down in blood vessels 
beneath the skin.11 Topical liposomal formulations avoid the first-
pass metabolism of the drug and provide site-specific drug deliv-
ery (Table 4).12,47–51

Acne
Visible nodules on the face can be termed as acne vulgaris. Come-Ro
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dones, seborrhoea, lifeless pores due to plugged hair follicles filled 
with oil are common causes of acne. Retinoids, antibiotics, and 
several herbal agents are used to treat acne.13 Liposomal formula-
tions can increase the penetration rate of the drug substance in the 
superficial layers of the skin or to the systemic circulation through 
blood vessels located deep down in the skin as desired according to 
the mechanism of action of the drug substance, thereby improving 
its therapeutic efficiency.14

Skin burns
Skin burns may occur due to various causes such as chemical ex-
posure, electric shock, and exposure to heat or radiation. Accord-
ing to the depth of the wound and the area of the injury, a skin burn 
can be characterized as one of four different degrees.15 Liposomal 
formulations encapsulating growth factors essential for tissue re-
generation enhance the wound healing process.16

Vitiligo
Visible white patches on the skin due to melanocyte loss is termed 
as vitiligo. Phototherapy, surgical methods, and topical and system-
ic drug treatments are the preferred methods to treat vitiligo.17 A 
topical liposomal formulation with an encapsulated drug substance 
has been demonstrated to increase the efficacy of a drug substance 
by increasing or enhancing the repigmentation process.18,19

Psoriasis
A chronic autoimmune skin disorder associated with epidermal 
hyperproliferation, abnormal differentiation of keratinocytes, leu-

kocyte infiltration, and endothelial vascular changes is termed as 
psoriasis. According to the severity of disease, the treatment strat-
egy is chosen.20,21 A liposomal formulation can increase the thera-
peutic efficiency of drugs like cyclosporine used to treat psoriasis 
by improving its permeation rate across the skin layers, thereby 
increasing the therapeutic drug concentration at the desired site.22

Leishmaniasis
Leishmaniasis is a parasitic disease that can be treated through 
local or systemic chemotherapy based on the severity of the dis-
ease.23 Conventional drug therapy includes antimonials, ampho-
tericin B, pentamidine, paromomycin, and miltefosine, which are 
less effective and exhibit high toxicity as well as several adverse 
reactions.20–23 Drug-loaded liposome-based therapy enhances the 
drug permeation rate and can sustain the release of drug for a pro-
longed therapeutic effect.24 Liposomal formulations can decrease 
the dose or dosing frequency of a drug substance due to the in-
creased therapeutic concentration of the drug reaching the target 
site, thereby decreasing the dose- and dosing frequency-related 
side effects and adverse reactions.

Autoimmune disorders
Autoimmune disorders are chronic conditions caused due to genet-
ic, environmental, or physiological factors.25–27 A liposome-based 
nanovesicle drug-delivery approach is noninvasive, can increase 
the therapeutic efficiency of a drug substance, can increase patient 
compliance, can be delivered site-specifically, and hence is ben-
eficial for the effective treatment of autoimmune disorders (Table 
5).28–30,52–54

Table 4.  Representative illustrations of investigated liposomal drug formulations used to treat skin disorders47–51

Disease Liposome composition Therapeutic agent Application

Acne Cholesterol HSPC Adapalene Topical adapalene liposome delivery enhanced drug 
permeation and reduced adapalene side effects

Skin burns Lipoid S 100 Mupirocin Liposomal formulation dispersed in hydrogel showed sustained 
drug release and improved antimicrobial activity of drug

Vitiligo Cholesterol, DC-cholesterol, 
sodium deoxycholate

Psoralen Psoralen loaded deformable liposomal vesicles showed high 
penetration rate of drug and reduced the pigmentation process

Psoriasis Phosphatidyl choline, 
oleic acid

Methotrexate Methotrexate loaded liposomes exhibited 
higher skin permeability

Leishmaniasis Cholesterol, DPPC, DPPS Lupane Lupane-loaded liposomes efficiently diminished 
parasite abidance affecting certain cytokines

DC, dimethylaminoethane-carbamoyl; DPPC, dipalmitoylphosphatidylcholine; DPPS, dipalmitoylphosphatidylserine; HSPC, hydrogenated soy phosphatidylcholine.

Table 5.  Representative illustrations of investigated liposomal drug formulations used to treat autoimmune disorders52–54

Disease Liposome 
composition Therapeutic agent Results

Type 1 
diabetes

Cholesterol, SPC, DSPE-biotin Insulin Improved insulin oral bioavailability 
and accelerated cellular uptake

Multiple sclerosis EPC, ManDOGa 
(targeting ligand)

Immunodominant 
peptides of MBP

MBP delivered through liposomes efficiently 
suppressed autoimmune encephalomyelitis 
in Dark Agouti rats, lowering the severity of  
the attack

Rheumatoid 
arthritis

Cholesteryl hemisuccinate, 
DPPE, DPPE-HA

Prednisolone Liposomes increased the cellular uptake and 
cytostatic activity of entrapped prednisolone

DSPE, 1,2-distearoyl-sn-glycero-3-phosphorylethanolamine; DPPE, dipalmitoylphosphatidylethanolamine; HA, hyaluronic acid; EPC, egg phosphatidylcholine; ManDOG, mono-
mannosyl dioleyl glycerol; MBP, myelin basic protein; SPC, soybean phosphatidylcholine.
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Type 1 diabetes
Type 1 diabetes is a metabolic disease in which pancreatic insulin-
excreting β-cells are permanently demolished.31,32 Therapy for this 
disease includes insulin injected daily; however, patient compli-
ance is often poor.33,47,48 The oral route is not viable due to the 
poor bioavailability of insulin.49–51,55 Liposomal formulations can 
increase the stability and therefore the bioavailability of insulin 
delivered through the oral route, leading to the effective treatment 
of type 1 diabetes.

Multiple sclerosis
Multiple sclerosis is an inflammatory neurological condition. This 
disease is characterized by demyelinated axons and oxidative 
stress. In the treatment of multiple sclerosis, the major challenge is 
for the drug to cross the BBB and reach the target site. Liposomal 
formulations can improve the biodistribution and pharmacokinet-
ics of the drug, leading to an enhanced permeation rate of drug 
across the BBB.

Rheumatoid arthritis
Rheumatoid arthritis is a chronic autoimmune disease condition of 
the bone joint with cartilage destruction, leading to pain and tis-
sue dysfunction. Rheumatoid arthritis therapy includes treatment 
through nonsteroidal anti-inflammatory drugs, biologics, corticos-
teroids, and disease-modifying antirheumatic drugs. However, the 
drugs exhibit a poor systemic bioavailability and a rapid clearance 
rate, leading to high doses or dosing frequency, several side ef-
fects, and poor patient compliance.56 Liposomal delivery can en-
hance the systemic bioavailability of drugs due to an increased per-
meation rate, leading to a reduced dose and/or dosing frequency as 
well as fewer drug-related side effects.

Respiratory disease
A liposome-based nanovesicular drug-delivery system can provide 
enhanced therapeutic efficacy in the treatment of respiratory dis-
ease due to the higher site specificity and enhanced dose accuracy 
at the target sites, thus reducing systemic toxicity and irritation in 
the lungs (Table 6).52,53,57–60

Asthma
Asthma is mainly an allergic response and a chronic condition 
leading to airway inflammation and blockage. β2 agonists, corti-
costeroids, anticholinergics, and oxygen therapy are used for the 

management and treatment of asthma. Liposomes can increase 
the residence time of drugs in the lungs and therefore increase the 
therapeutic efficacy of the drug substances.56

Pneumonia
Pneumonia is an infection of the air sac in a single lung or both 
lungs caused by fluid or pus deposition. Antibiotics are prescribed 
for the treatment and management of pneumonia. Liposomes can 
increase the residence time of drugs in the lungs as well as the 
lung tissue concentration of the drug substance, thus increasing the 
therapeutic efficacy.57–59

Tuberculosis
Tuberculosis is an airborne pulmonary infection. Antituberculosis 
agents like isoniazid, ethambutol, rifampin, and pyrazinamide are 
used for the treatment and management of tuberculosis. A liposo-
mal formulation of antituberculosis agents may enhance the pul-
monary drug concentration, leading to a reduction in the dose and 
dosing frequency as well as resulting in a reduced incidence of 
drug resistance.60

Neurological disorders
The BBB offers a major challenge to drug delivery to the brain 
in neurological disorders as it is highly lipophilic in nature and 
has a high expression of efflux pump proteins like P-glycoprotein, 
which decreases the penetration rate of drug substances across the 
BBB. Due to the lipophilic nature of liposomes, they can prove ef-
fective in transporting drugs to the brain by overcoming the BBB 
(Table 7).63–67

Alzheimer’s disease
Alzheimer’s disease is a neurodestructive disease state caused by 
the formation of β-amyloid plaques. Alzheimer’s disease leads to 
memory loss and brain atrophy. Surface-modified novel liposomal 
formulations can easily transport the drug across the BBB to the 
target site, thus increasing the therapeutic efficiency of a drug sub-
stance in Alzheimer’s disease patients.61

Seizures
A central nervous system disease caused by unusual neuronal sig-
nals in the brain leads to seizures. The lipophilic nature of a liposo-
mal formulation efficiently delivers the drug to the target location, 
leading to rapid and effective seizure management.

Table 6.  Representative illustrations of investigated liposomal drug formulations used to treat respiratory disorders57–60

Disease Liposome composition Therapeutic agent Results

Asthma Cholesterol, DOPS rSLPI rSLPI-loaded liposomes enhanced the drug stability and its  
residence time in the lungs

Pneumonia Cholesterol, HSPC, DSPE-PEG Daptomycin, 
Clarithromycin

The combined drug-liposomal formulation exhibited more 
effective antibacterial activity in comparison to conventional  
formulations

Pneumonia Cholesterol, DPPC Polymyxin B The liposomal formulation increased drug uptake by 
macrophages and delivered polymyxin B into the epithelial 
lining fluid, ensuring a greater drug effect at the target site

Tuberculosis Cholesterol, lecithin Rifampicin The rifampicin-loaded liposomal formulation reduced the drug 
toxicity, enhanced the drug bioavailability, and released the  
drug in a controlled manner

DOPS, dioleoyl[phospho-L-serine]; DPPC, dipalmitoylphosphatidylcholine; DSPE-PEG, distearoylphosphoethanolamine-N-poly(ethylene glycol) 2000; DPPC, dipalmitoylphosphati-
dylcholine; HSPC, hydrogenated soy phosphatidylcholine; rSLPI, recombinant secretory leukocyte protease inhibitor.



DOI: 10.14218/JERP.2022.00086  |  Volume 8 Issue 3, September 2023232

Chudasma M.P. et al: Medical applications of liposomesJ Explor Res Pharmacol

Parkinson’s disease
Parkinson’s disease is a neuron deterioration disease condition 
caused by the absence of dopamine in the basal ganglia and also 
by the loss of dopaminergic neurons. A liposomal formulation can 
target the delivery of a drug that is essential in the treatment of Par-
kinson’s disease to the brain, thus leading to less neuronal loss.62

Cerebral infarction
Cerebral infarction is a brain tissue disease caused by the reduction 
of blood flow as well as the depletion of nutrients and oxygen sup-
ply to the brain tissues, and it eventually leads to brain cell death. 
The early management and effective treatment of cerebral infarc-
tion reduce the risk of brain hemorrhage. Liposomes can increase 
the bioavailability and therapeutic efficiency of drugs used for the 
effective management and rapid treatment of cerebral infarction.

Cardiac disorders
Nanoliposomal formulations enhance the plasma residence time 
and drug accumulation at the target site, thus increasing the thera-
peutic efficiency of drug substances used to treat cardiac disorders. 
Additionally, the surface modification of liposomes can aid tar-
geted drug delivery and control the release of drug substances used 
to treat cardiac disorders (Table 8).69–71

Atherosclerosis
Atherosclerosis is caused by lipid accumulation, which in turn 
results in narrowing blood vessels and a poor blood flow in the 
artery, leading to myocardial infarction, stroke, and angina.68 

Surface-modified liposomal vesicles with encapsulated antiathero-
sclerotic agents can enhance the targeted action of a drug at the 
plaque formation site, thereby increasing the therapeutic effect of 
the drug.69

Myocardial infarction
Myocardial infarction is caused by a poor blood supply in the heart 
muscles. A liposomal formulation can target the drug substance 
to the heart and result in its accumulation in the infarcted region, 
inflicting fewer myocardial infarctions and cardiac fibrosis areas, 
thus improving the drug substance efficiency and reducing its side 
effects.70

Restenosis
Restenosis is a condition in which there is the narrowing of arter-
ies, leading to a restricted blood flow. A liposomal formulation can 
control the release of the drug, leading to the prolonged therapeutic 
response of the drug substance, which is desired in restenosis.71

Cancer
Abnormal and uncontrolled multiplication of cells leading to tu-
mor formation is termed as cancer. The treatment and management 
of cancer is done mainly through surgery or chemotherapy, which 
is very painful due to biodistribution and the effect of anticancer 
agents not only to tumor cells but also to healthy cells. Anticancer 
chemotherapy lacks specificity towards the target site, has a low 
plasma retention time, exhibits severe toxic side effects, and is not 
very stable or permeable.72 Anticancer drug-loaded liposomes can 

Table 7.  Representative illustrations of investigated liposomal drug formulations used to treat neurological disorders63–67

Disease Liposome composition Therapeutic agent Results

Alzheimer’s 
disease

Cholesterol, DSPC, 
DSPE-PEG, transferrin

α-Mangostin Surface modified liposomes with transferrin resulted in enhanced BBB  
penetration and brain-targeting drug delivery

Seizure Cholesterol, SPC Nimodipine Nimodipine-loaded liposomal formulation increased the bioavailability of 
drug and reduced the pilocarpine-induced seizure attack in mice model

PD Cholesterol, PC, 
chitosan

Levodopa Chitosan-coated levodopa liposomes diminished levodopa-induced 
dyskinesia and increased the therapeutic efficiency of levodopa

Migraine Soya lecithin Rizatriptan 
benzoate

improved drug permeation, higher flux across nasal mucosa, no damage  
to epithelial layer, improvement in bioavailability

CI DPPC, DSPE-PEG Tacrolimus Liposome formulation lowered brain injury and increased the therapeutic  
efficacy of tacrolimus

BBB, blood-brain barrier; DSPC, distearoylphosphocholine; DSPE-PEG, distearoylphosphoethanolamine-N-poly(ethylene glycol) 2000; DPPC, dipalmitoylphosphocholine; PC, phos-
phatidylcholine.

Table 8.  Representative illustrations of investigated liposomal drug formulations used to treat cardiac disorders69–71

Disease Liposome composition Loaded drug Results

Atherosclerosis Cholesterol, DPPC, 
DSPE-PEG-E-selectin 
binding peptide

Atorvastatin Atorvastatin and curcumin-loaded liposomes with pegylation reduced drug 
toxicity and inflammatory reactions of drug; also, pegylation of liposomes 
with selectin binding peptide resulted in enhanced cellular uptake of  
drug-loaded liposomes

Myocardial 
infarction

Cholesterol, lecithin, 
sodium deoxycholate

α-tocopherol α-Tocopherol-loaded liposomal hydrogel increased the stability and  
therapeutic efficacy of α-tocopherol

Restenosis EPC, DOTAP, DSPE-PEG Estradiol Liposomal formulations resulted in the controlled release and increased  
therapeutic efficacy of estradiol

DOTAP, dioleoyltrimethylammoniumpropane; DPPC, dipalmitoylphosphocholine; DSPE-PEG, distearoylphosphoethanolamine-N-poly(ethylene glycol) 2000; EPC, egg phosphati-
dylcholine.
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be targeted specifically to tumor sites through proper surface mod-
ifications, reducing the impact of chemotherapy on healthy cells 
and thereby reducing the associated pain. Additionally, liposomes 
have the ability to enhance permeability, impart biocompatibility, 
reduce immunogenicity, and increase the retention of drug at the 
target site; thus, they act as a potential carrier for chemotherapeutic 
agents (Table 9).72–74

Infectious disease

Fungal and viral infections
Recently, in 2021, people worldwide were affected by the COV-
ID-19 pandemic. A current study has illustrated the effective crea-
tion of a remdesivir dosage form that is nebulized and scalable 
for self-medication against COVID-19. AL-Rem (aerosolized 
remdesivir) is practical for large-scale manufacturing thanks to 
the use of Federal Drug Administration-approved phospholipids 
and a modified hydration technique with a widely utilized particle 
size reduction technology.75 Some COVID-19 patients also were 
infected by black fungi, leading to the infectious disease termed 
as mucormycosis. Amphotericin B is used as the first-line treat-
ment for mucormycosis. Amphotericin B in its free form has a poor 
penetration rate at the target location, leading to its decreased ef-
ficiency and increased dose or dosing frequency and thus result-
ing in dose-related side effects like ionosphere toxicity and neuro-
toxicity.76 A liposomal amphotericin B formulation demonstrated 
an improved drug penetration rate and uptake at the target site, 
resulting in an increased therapeutic efficiency, a reduced drug 
dose, fewer dose-related side effects, and less drug toxicity.77 A 
liposomal formulation of amphotericin B also has been reported to 
reduce the incidence of drug resistance.1

Parasitic and bacterial infections
Malaria is endemic in several nations worldwide, and the major 
limitations of antimalarial drug substances are treatment failure 
due to Plasmodium species resistance as well as limited bioavail-
ability due to poor water solubility, biostability, and permeabil-
ity. A drug-delivery platform using liposomes can overcome the 
limitations of antimalarial therapy as liposomes, due to their dual 
hydrophilic as well as hydrophobic nature, can deliver water-
soluble and lipid-soluble antimalarial drugs together to reduce 
the incidence of Plasmodium species resistance. Liposomes ad-
ditionally offer the benefits of biodegradability, biocompatibility, 
and low toxicity, making them a potential vehicle for delivering 
antimalarial drug substances. Liposomes serve as an excellent 
drug-delivery carrier in parasitic infections like Leishmaniasis. 
Liposomes can offer targeted therapy to specific and targeted sites 
desired in parasitic infections, thereby increasing the therapeutic 
efficacy and reducing the toxicity of drug substances as well as 
the incidence of drug resistance.

Diagnostic applications of liposomes
In addition to their wide therapeutic applications, liposomes also 
have been investigated and exploited as carriers of chemical sub-
stances used for diagnostic purposes. Due to the inherent photo-
imaging properties of the components utilized in liposomal for-
mulations, they can be utilized in various bioimaging techniques 
such as photoacoustic imaging and fluorescence.78 Additionally, 
since the lipid components of liposomes can interchange with se-
rum lipoproteins, the serum lipoproteins have a decreased ability 
to absorb imaging agents. Also, liposomes can improve the solu-
bility and bioavailability of encapsulated imaging agents, thereby 
improving their imaging performance.79 Furthermore, liposomes 
have the ability to increase the sensitivity of detection as they can 
bind to specific cells through receptor-mediated endocytosis due 
to the low-density lipoproteins that migrate within the liposomes.

In cardiovascular disorders, liposomes have been explored to 
improve the sensitivity and specificity of ultrasonography and 
echocardiography for investigating thrombosis diagnosis and for 
thrombolytic therapy monitoring.80

Liposome lipids conjugated with fluorescent labels have been 
demonstrated to be a useful technique to visualize the physical po-
sitions of antigens and to understand the mechanics of the major 
histocompatibility complex pathway in phagocytic antigen-pre-
senting cells, which would be helpful for successful and effective 
vaccine development.81 Thus, liposomes can serve as a potential 
delivery carrier for increasing the diagnostic efficiency of availa-
ble imaging techniques. Also, several research investigations have 
explored the multifunctional potential of liposomes by combining 
their imaging functionality with therapeutic agents in a single lipo-
some for diagnosis and real-time treatment.82 Representative illus-
trations of commercialized Federal Drug Administration-approved 
therapeutic liposomal formulations are depicted in Table 10.

Future perspectives
Liposomes are multifaceted nanovesicular drug-delivery carriers 
with potential therapeutic and diagnostic medical applications. Li-
posomes are drug-delivery vehicles that have the potential to in-
crease the therapeutic efficiency of a drug substance by offering 
benefits like targeted delivery at the desired site, enhanced bioavail-
ability, and reduced dose/dosing frequency. The prospective mul-
tifunctional application of combining imaging functionality with 
therapeutic agents in a single liposome for diagnosis and real-time 
treatment is anticipated to be the future of liposomal formulations.

Conclusions
Liposomes as nanosized lipidic vesicular carriers have been used 
in a broad range of medical applications. The potential of li-

Table 9.  Representative illustrations of investigated liposomal drug formulations used to treat cancer72–74

Disease Liposome composition Loaded drug Results

AIDS-related 
Kaposi’s sarcoma

Cholesterol, PEGylated 
phoshpholipids

Doxorubicin Surface modified liposomes prolonged the half-life and anticancer  
efficiency of doxorubicin

Lung cancer Cholesterol, PEGylated 
phoshpholipids

Etopside Liposomal formulation enhanced cell apoptosis induction, increased 
cell cycle arrest and exhibited enhanced antiproliferative effect

Pancreatic cancer Cholesterol, PEGylated 
phospholipids

Azobenzene 
derivatives

Liposomal formulation diminished the nonspecific biodistribution of 
anticancer drugs along with controlled release drug delivery and  
reduced the multidrug resistance of drug
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posomes as drug-delivery carriers for a broad range of therapeutic 
substances, ranging from biologicals to synthetic drugs, is promis-
ing as they increase the therapeutic efficiency of drugs. Liposomes 
offer benefits such as targeted drug delivery to the disease location, 
improved pharmacokinetic parameters and bioavailability of the 
drug substance, reduced toxicity and side effects of the drug sub-
stance, and increased circulation residence time of the entrapped 
drug in the blood. Due to the inherent photoimaging properties 
of the components utilized in the liposomal formulation, they ex-
hibit diagnostic applications in various bioimaging techniques like 
photoacoustic imaging and fluorescence. Liposomes can improve 
the solubility and bioavailability of encapsulated imaging agents, 
thereby improving the imaging performance of several diagnostic 
techniques. Liposomes also have been investigated for multifunc-
tional applications by combining their imaging functionality with 
therapeutic agents in a single liposome for diagnosis and real-time 
treatment. Thus, liposomes have been proven as lipid vesicular 
carriers with potential in a wide range of medical applications, and 
future investigations and developments will broaden their scope as 
delivery vesicles in multifaceted areas.
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Introduction
Flavin-containing monooxygenases (FMOs) constitute a family 
of microsomal enzymes catalyzing the oxidation of nucleophilic 
heteroatom-containing xenobiotics.1 They oxygenate the sulfur or 
nitrogen atoms in chemicals with soft nucleophiles.2 FMOs are in-
volved in the pathogenic process of trimethylaminuria, atheroscle-
rosis, cardiovascular disease, diabetes, and metabolic disorders.3–6 
In recent years, the involvement of FMOs in neurodegeneration 
and aging has emerged,7 but the underlying mechanisms have not 
been elucidated. In this review, we summarize the expression and 
localization of FMOs in the brain, the endogenous chemicals and 
xenobiotics metabolized by FMOs in the brain, and the conse-
quences of FMO deficiency.

FMO
FMO (EC 1.14.13.8) was first described by Ziegler et al.8,9 Hu-
mans possess five functional FMO genes, designated FMO1–5. 
FMO1–4 are clustered on chromosome 1 q24.3, and FMO5 is lo-

cated at 1q21.1.10,11 Numerous allelic variants, including approxi-
mately 20 of human FMO1, have been reported.12

Mammalian FMOs are NADPH- and oxygen-dependent mi-
crosomal monooxygenases that usually metabolize nitrogen- and 
sulfur-containing compounds.1,13,14 The catalytic mechanism in-
volves a first step in which FAD undergoes a 2-electron reduction 
by NADPH. The reduced flavin then reacts rapidly with molecular 
oxygen to form peroxyflavin. This nucleophilic attack by the sub-
strate on FADOOH results in the transfer of one atom of molecular 
oxygen to the substrate with another contributing to the formation 
of water.

Trimethylaminuria is a currently confirmed rare inherited meta-
bolic disorder associated with abnormal amounts of dietary-de-
rived trimethylamine and is caused by the mutations in FMO3.15,16

Emerging roles of FMOs in neurodegeneration and aging

Amyotrophic lateral sclerosis
Association between FMOs and amyotrophic lateral sclerosis 
(ALS) has been widely reported although some reports are con-
tradictory. Malaspina et al.17 reported an 80% reduction in FMO1 
mRNA levels in the spinal cord of sporadic ALS patients. In con-
trast, Gagliardi et al.18 observed greater FMO1 expression in the 
spinal cord and brain stem of ALS patients compared with that in 
healthy controls. Gagliardi et al.19 found that the mRNA levels 
of all FMOs except for FMO3 were up-regulated in the brain of 
SOD1-mutated (G93A) ALS mice compared with control mice, 
with the highest increase in FMO1 in the spinal cord and brain-
stem. Cereda et al.12 found a significantly elevated frequency of 
FMO1 single nucleotide polymorphisms in female sporadic ALS 
patients, further indicating that specific allelic variants of FMO1 
might be associated with ALS development.
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Parkinsonism
Accumulating evidence indicates a relationship between FMOs 
and parkinsonism. The FMO gene cluster is associated with the 
volume of the lentiform nucleus, which is a physiological marker 
associated with Parkinson’s disease (PD). Nicotine can be N-oxi-
dized by FMOs and can reduce oxidative stress and neuro-inflam-
mation in the brain and improve synaptic plasticity and neuronal 
survival of dopaminergic (DA) neurons, thereby benefiting PD pa-
tients.20,21 MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 
is a neurotoxin and its toxic metabolite 1-methyl-4-phenylpyridin-
ium (MPP+) can kill DA neurons and elicit parkinsonism. MPTP 
can be deactivated by FMOs into a harmless metabolite in the brain 
(discussed in detail in the section, Endogenous Substances and Xe-
nobiotics Oxygenated by FMOs in the Brain). In addition, we have 
shown that FMO1 deficiency promotes neuroinflammation that 
affects the survival of DA neurons in mice. The levels of FMO1 
mRNA transcripts decreased in a rotenone model of parkinsonism, 
accompanied by decreasing levels of parkin mRNA transcripts and 
increased Caspase-3 activation.22,23

Aging
FMO1–5 have all been reported to be transcriptionally activated in 
classical mouse models of longevity, including calorie restriction, 
growth hormone/insulin-like growth factor 1 signaling disruption, 
and rapamycin treatment.7 The expression of FMO3 is up-regulated 
in the liver of a variety of longevity mouse models.24–27 However, 
up-regulation of FMO3 expression in hepatocytes of murine models 
has recently been shown to prevent or reverse hepatic aging. This 
mimicked calorie restriction and the associated mechanism is proba-
bly attributed to the promotion of autophagy.28 Furthermore, feeding 
with a normal diet significantly down-regulated FMO1 mRNA tran-
scripts in mice in an age-dependent manner,29 indicating that reduced 
FMO1 expression contributes to the progression of aging. However, 
the specific mechanism underlying its role is still unknown.

The expression and localization of FMOs in the brain
The mRNAs of mammalian FMO isoforms can be detected in dif-
ferent organs, including the liver, kidney, lung, and brain.30 FMOs 
are active in human, rat, mouse, rabbit, hamster, and guinea pig 
brains.31–37 Here we mainly review FMO activity in mouse and 
human brains.

Mouse brain
In an adult mouse brain, FMO1 and 5 are the most abundant FMOs, 
as detected using isoform-specific antisense RNA probes.30 FMO1 
mRNA transcripts are observed in neurons of the cerebrum and the 
choroid plexus while FMO5 mRNA transcripts are only detected 
in neurons of the cerebrum. FMO expression in astrocytes remains 
controversial. Janmohamed et al.30 reported no detectable FMO 
activity in vivo, while Di Monte et al.38 detected FMO activity in 
primary cultures of mouse astrocytes.

In the neonatal brain, the most abundant FMO mRNA tran-
scripts are FMO1, and their level drops by approximately 80% at 
8 weeks of age. The levels of FMO5 mRNA transcripts are 70% 
of FMO1 in neonates and are similar to that of FMO1 in 3-, 5- and 
8-week-old mouse brains. FMO2, 3, and 4 mRNA transcripts are 
present at relatively low levels; approximately <1 molecule/cell.

Human brain
Zhang et al.34 examined the developmental expression of FMOs in 

60 human brain samples detecting all FMO1–5 mRNA transcripts. 
FMO mRNA levels in the brain were much lower than that in other 
tissues, about less than 1% compared with the most abundant tis-
sues observed (i.e., FMO1 in the kidney, FMO2 in the lung, and 
FMO3 and 5 in the liver). FMO1 is the only subtype to be down-
regulated in adult human brains, while the amounts of other FMO 
mRNA transcripts in human brains remain similar among different 
age groups. Few studies have reported the expression of FMOs in 
human brains. Cashman et al.39 found that FMO3 was selectively 
expressed in the substantia nigra of human brains by immunohis-
tochemistry.

Endogenous substances and xenobiotics oxygenated by FMOs 
in the brain

Endogenous substances
FMO catalyzes the N- and S-oxygenation of several endogenous 
substances, including phenethylamine, tyramine, amphetamine, 
and trimethylamine that can be converted by FMO in the brain 
with clinical significance.40 S-oxygenation of hypotaurine by 
FMO1 contributes to the production of taurine in the brain, which 
possesses neurotransmitter, antioxidant, and anti-inflammatory 
functions.41

Xenobiotics
FMO oxidizes particular xenobiotics in the brain. Nicotine, which 
is abundant in tobacco smoke and can diminish oxidative stress 
and neuroinflammation in the brain, is hydroxylated by CYP2A6 
and undergoes glucuronidation by UDP-glucuronosyl transferases 
and oxidation by FMO.21,42,43 Several psychoactive drugs, e.g. im-
ipramine, chlorpromazine, and fluoxetine, are N- or S-oxygenated 
by FMO in both rat and human brains.31,32,44 Imipramine causes 
greater sedation in wild-type animals compared with FMO1-null 
mice, probably because imipramine N-oxide is produced in the 
wild-type brain and a higher concentration of desipramine is pro-
duced in the FMO1-null brain.45

A typical xenobiotic oxidized by FMO is the pro-neurotoxin, 
MPTP, which can lead to DA neuron degeneration and parkinson-
ism in humans.46–48 MPTP in the brain is rapidly converted to the 
toxic MPP+49,50 by monoamine oxidase B51,52 or CYP (marmo-
set CYP2D6 and human CYP1A2).47,49,53 However, MPTP can 
be deactivated to 4-phenyl-1,2,3,6-tetrahydropyridine (PTP) and 
MPTP N-oxide that is non-neurotoxic, by CYP2D6 and FMO (Fig. 
1).53–55 The concentrations of MPP+ in Suncus brains after a single 
intraperitoneal administration of MPTP were markedly higher than 
that in rats, probably because of the lack of FMO activity in Suncus 
brains.56 FMO1 and 3 may contribute to this detoxification. MPTP 
N-oxygenation in human brain microsomes was consistently cata-
lyzed by human FMO1 and 3.53

What are the consequences of FMO deficiency?
Genetic deficiency of FMOs has several consequences. FMO1 
deficiency promotes neuroinflammation that affects the survival 
of DA neurons in C57BL/6N mice.23 Mice with FMO1, 2, and 4 
deficiency exhibit a lean phenotype and enhanced resting energy 
expenditure, those with FMO1 deficiency most likely underlying 
the metabolic phenotype.57 FMO3 is a target of insulin and knock-
down of FMO3 expression in insulin-resistant mice improves glu-
cose tolerance.6 Knockdown of FMO3 expression in the liver of 
low-density lipoprotein receptor-knockout mice leads to decreased 
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circulating trimethylamine N-oxide (TMAO) levels (an independ-
ent risk factor for cardiovascular disease) and atherosclerosis.4,5 
Fmo5−/− mice exhibit a lean phenotype and are resistant to age-
related changes in glucose homeostasis compared with wild-type 
mice, indicating that FMO5 is a regulator of metabolic aging.58 
Fmo5−/− mice also possess metabolic characteristics similar to 
those of germ-free mice, indicating that FMO5 is crucial for sens-
ing or responding to gut bacteria.59 However, conditional knock-
down of brain FMOs has not been reported.

Further directions
The precise roles of FMOs in pathological processes remain to be 
determined. In-depth knowledge of FMO gene expression and pro-
tein localization and identification of substrates in the brain that 
are oxidized by FMOs may help in understanding the mechanisms 
of action of FMOs and their importance in the pathogenesis of neu-
ronal degeneration and aging.

Conclusions
The potential involvement of FMOs in neurodegeneration and ag-
ing has been demonstrated in recent years. FMOs play important 
roles in metabolizing certain endogenous chemicals and xenobiot-
ics in the brain, which participate in physiological and pathological 
processes. Knowledge of the expression and localization of FMOs 
in the brain, the endogenous chemicals and xenobiotics metabo-
lized by FMOs, and the consequences of FMO deficiency can help 
us understand their involvement in neurodegeneration and aging.
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Review Article

Introduction
In 2012, Dixony et al. proposed a type of unique programmed cell 
death type, ferroptosis, which is mainly characterized by high in-
tracellular lipid peroxidation and iron disorders.1 Morphologically, 
ferroptosis is mainly manifested by decreased mitochondrial volume 
or disappeared mitochondrial crest, increased mitochondrial mem-
brane potential and membrane density.2 In terms of biochemistry, it 

is mainly involved the increase of reactive oxygen species (ROS), 
decreased activity of glutathione peroxidase 4 (GPX4), iron disorder 
and accumulation of lipid peroxidation.3 Ferroptosis is a newly dis-
covered programmed cell death, many signaling pathways and pro-
teins involved in ferroptosis are continuously discovered and report-
ed (Fig. 1). It is well known that Solute Carrier Family 7 Member 
11 (SLC7A11)/GPX4 inhibits ferroptosis by eliminating the ROS 
and lipid peroxidation. While iron metabolism and lipid metabolism 
participate in ferroptosis by supplying ferrous iron and unsaturated 
lipid.4,5 In addition, ferroptosis can also be regulated by transsulfura-
tion pathway and mevalonate pathway through regulating cysteine 
level and coenzyme Q10 (CoQ10) content, respectively.6,7

Ferroptosis is associated with various diseases, including (neu-
ro)degenerative diseases, ischemia-reperfusion injury, acute kid-
ney injury, and cancer.8 Evading ferroptosis is one of manners that 
tumor cells bypass cell death, inhibiting different key molecules 
of ferroptosis can re-sensitive tumor cells to ferroptosis. In addi-
tion, the higher the level of ferroptosis in cancer patients receiving 
radiotherapy, the better the radiation response and the longer the 
survival of patient.9 Evading ferroptosis plays key role in resist-
ance of cancer to chemotherapy or radiotherapy, inducing ferrop-
tosis might overcome chemotherapy or radiotherapy resistance.10 
Recently reported ferroptosis inducers can be divided into four cat-
egories according to their mechanisms. The first and second cate-
gories are the ferroptosis inducers that directly targeting SLC7A11 
and GPX4, respectively.11–13 The third type of ferroptosis inducers 
is ferroptosis inducing 56 (FIN56) inducers that consume CoQ10 
by activating squalene synthase, promoting cellular lipid peroxi-
dation, and ultimately inducing ferroptosis.7,12 The fourth type is 
1,2-dioxolane FINO2 inducers that indirectly inhibit GPX4 and 
directly oxidize iron to induce lipid peroxidation.14
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Abstract
Ferroptosis is a programmed cell death mainly manifested as accumulation of ferrous ions and cell lipid peroxidation. Ferrop-
tosis is well regulated by multiple signaling pathways, of which SLC7A11/GPX4 axis is the key pathway negatively regulating 
ferroptosis by eliminating lipid peroxidation. While disorder of iron homeostasis catalyzes the lipid peroxidation by supplying 
ferrous iron. Lipid metabolism participates in ferroptosis by offering lipid substrates. In addition, transsulfuration pathway 
and FSP1/CoQ10 also involve in ferroptosis. Evading ferroptosis is one strategy that cancer bypasses cell death and develops 
resistance to chemotherapy or radiotherapy, making ferroptosis inducers the potential treatment for cancer. The objective of 
this review is to summarize the ferroptosis signaling pathways and ferroptosis inducers, thus exploring the opportunities and 
challenges of inducing ferroptosis in cancer.
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Ferroptosis signaling pathways

SLC7A11/GPX4 axis
SLC7A11, also known as xCT, together with heavy chain subu-
nit Solute Carrier Family 3 Member 2 (SLC3A2) form cystine-
glutamate acid reverse transporter (System Xc-), mediating the 
exchange of intracellular glutamate with extracellular cystine at 
1:1. Once transported into the cell, cystine is rapidly converted 
into cysteine (L-cysteine), which is then utilized to synthesize glu-
tathione (GSH).15 In the heterodimer of System Xc-, SLC7A11 
executes the function of transporting amino acids, while SLC3A2 
is required for the stability and trafficking of SLC7A11 to the cell 
membrane.16 mTORC2, as a growth factor integrating variety of 
signaling pathway, phosphorylates the 26th serine of SLC7A11 to 
reduce its activity, thereby inhibiting cystine intake and glutathione 
metabolism.17 The regulation of SLC7A11 has been well reviewed 
by Boyi Gan group.18 GPX4 plays a pivotal role in ferroptosis by 

reducing lipid hydroperoxides to lipid alcohols.19 GPX4, as a sele-
nase, requires the participation of GSH acts as a cofactor.20,21 Inhi-
bition of SLC7A11 or GPX4 activity can induce the production of 
lipid ROS, which in turn induces ferroptosis.19,22

Transsulfuration pathway
Transsulfuration pathway, as the backup supply of cysteine, plays 
important role in the growth of cancer cells. Transsulfuration 
pathway negatively regulates ferroptosis by de novo synthesizing 
cysteine (Fig. 2), which is a rate-limiting precursor for the syn-
thesis of GSH.23 Intracellular cysteine is indirectly supplied with 
cystine by System Xc- or directly produced by the transsulfuration 
pathway.15 Once intracellular cysteine is deficient, the cell will 
initiate transsulfuration pathway to synthesize cysteine from me-
thionine.6 In transsulfuration pathway, methionine reacts with ATP 
to form S-adenosine methionine (SAM) under the catalysis of me-
thionine adenosine transferase Iα/IIα (MAT1A/MAT2A).24,25 Then 

Fig. 1. Ferroptosis signaling pathways. AA, arachidonic acid; ACSL4, Acyl-CoA synthase long chain member 4; AdA, adrenal acid; CoA, coenzyme A; CoQ10, 
Coenzyme Q10; DMT1, divalent metal transporter 1; FPN1, ferroportin 1; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; GR, 
glutathione reductase; GSH, glutathione; GSSG, oxidized; LOXs, lipoxygenases; LPCAT3, lysophosphatidylcholine transferase 3; NADH, reduced form of nico-
tinamide adenine dinucleotide; NADPH, reduced form of nicotinamide adenine dinucleotide phosphate; NCOA4, nuclear receptor coactivator 4.; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; ROS, reactive oxygen species; SLC3A2, solute carrier family 3 member 2; SLC7A11, solute carrier family 7, 
member 11; STEAP3, six-transmembrane epithelial antigen of prostate 3; Tf, transferrin; TfR1, transferrin receptor 1.
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SAM is converted to s-adenosine homocysteine (SAH) by los-
ing a methyl group in the presence of methyltransferase (MTs).25 
SAH is then hydrolyzed to form homocysteine in the presence 
of adenosine homocysteine 1 (AHCYL1) or S-adenosine homo-
cysteine hydrolase (SAHH).25,26 Finally, Under the action of the 
enzyme cystathionine-β-synthase (CBS), serine is coupled into 
homocysteine to form cystathionine, which can then be cleaved by 
cystathionine c-lyase (CTH) to release cysteine.6,27

Several investigations have reported that upregulation of trans-
sulfuration pathway prevented ferroptosis induced by SLC7A11 
inhibition. Knockdown of cysteinyl- tRNA synthetase (CARS) 
could upregulate the transsulfuration pathway by accumulation of 
cystathionine, thus suppressing erastin induced ferroptosis.28 It has 
been reported that transformation of SAM to SAH determined the 
transsulfuration pathway activity, inducible of which contributed 
to cellular cysteine pool and promoted cancer cell growth upon 
cysteine restriction.27 Depletion of parkinsonism-associated degly-
case DJ-1, an oncogene located at 1P36.12-13 of human genome, 
reduced the activity of SAHH, thus leading to inhibition of trans-
sulfuration pathway, enhancing the sensitivity of cancer cells to 
SLC7A11 inhibitor.29,30

Iron metabolism
Iron is an indispensable trace element in the human body and is 
widely involved in metabolism and biology process as a cofactor 
or component of the enzymes.31 Excess irons will damage cells by 
catalyzing Fenton reaction, thus inducing ferroptosis.32–35 Normal-
ly, absorbed irons in blood vessel are ferric irons (Fe3+) bound by 
transferrin (Tf). Tf containing one or two ferric ions binds to trans-
ferrin receptor 1 (TfR1), forming a complex that enters the cell via 
receptor-mediated endocytosis and then enters the non-lysosomal 
acid compartment.36 Ferric ions are then released from the trans-
ferrin complex by endosomal acidification and reduced to ferrous 
ions (Fe2+) by six-transmembrane epithelial antigen of prostate 3 
(STEAP3), Tf will separate from its receptor TfR1 and re-enter the 
bloodstream to capture ferric ions.37,38 Meanwhile, divalent metal 
transporter protein 1 (DMT1) accounts for the transfer of ferrous 
ions to the labile iron pool, in which ferrous ions are easily trans-
ported to different cell machinery to participate in the synthesis 
of DNA synthase, heme and iron-sulfur cluster enzymes.38,39 The 
excess ferrous ions are then stored in ferritin as the type of ferric 
irons.39 Nuclear receptor coactivator 4 (NCOA4), as the selective 
cargo receptor of ferritin, participating in the autophagy of ferritin, 
thus releasing the stored ferrous irons.40 Ferroportin 1 (FPN1) is 
a transmembrane protein responsible for iron output and iron bal-
ance in cells, degradation of which is regulated by hepcidin, a cir-
culatory regulatory hormone peptide produced by liver cells.41,42

Accumulation of ferrous irons in tumor cells affected by various 
factors will induce ferroptosis by participating in the production 
of lipid ROS. Knock-down of NCOA4 could abolish degradation 
of ferritin and reduce the intracellular Fe2+ level, thus inhibiting 
ferroptosis induced by erastin.43 New studies have shown that 
upregulated FPN1 can also inhibit ferroptosis, while silencing or 
downregulating FPN1 enhances the sensitivity of tumor cells to 
ferroptosis inducer.44,45

IRE (iron response element) /IRP (iron regulatory protein) axis 
plays critical role in maintaining iron homeostasis through post-
transcriptional regulation of iron-related genes. IRP1 and IRP2 
specifically recognize the IREs and regulate cell iron homeostasis 
by blocking or promoting the translation of target mRNAs bound 
by IRE, which contains conserved stem-loop.46,47 Binding of IREs 
with IRPs is well regulated by iron concentration.48 When intracel-
lular irons are deficient, IRP1 binds to the IRE of TfR1 and ferritin, 
thus increasing the iron uptake and reducing iron storage.49 On 
the contrary, high iron content in cells will reduce iron intake and 
increase iron storage by releasing of IRP1/2 from IRE of TfR1 and 
ferritin.38,50 It has been found dihydroartemisinin made cells sensi-
tive to ferroptosis by impinging IRP-IRE system and lysosomal 
mediated ferritin degradation, both of which increased the intracel-
lular free iron content.51

Lipid metabolism pathway
Lipid peroxidation is an important manifestation of ferroptosis 
and unsaturated fatty acids are the substrates of lipid peroxidation, 
thus disorder of lipid metabolism is closely related with ferropto-
sis. Identifying the lipid substances and pivotal enzymes for lipid 
peroxidation will supply more information for ferroptosis. Among 
the various lipids, phospholipid-related polyunsaturated fatty acids 
(PUFAs) such as phosphatidylethanolamine (PE) and phosphati-
dylcholine (PC) play key role in ferroptosis as the substrates for 
lipid peroxidation.52 Genome-wide CRISPR-based genetic screen 
uncovers that Acyl-CoA synthase long chain member 4 (ACSL4) 
is essential for ferroptosis execution.53 ACSL4 connects CoA to 
arachidonic acid (AA) and adrenal acid (AdA) to form fatty acyl-

Fig. 2. Transsulfuration pathway. AHCYL1, adenosine homocysteine 1; 
ATP, adenosine triphosphate; CARS, cysteinyl- tRNA synthetase; CBS, 
cystathionine-β-synthase; CTH, cystathionine c-lyase; MAT1A/MAT2A, 
methionine adenosine transferase Iα/Iiα; MS, methionine synthetase; 
MTs, methyltransferase; SAH, s-adenosine homocysteine; SAHH, S-adeno-
sine homocysteine hydrolase; SAM, S-adenosine methionine.
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coA esters.53 Then, under the catalysis of lysophosphatidylcho-
line transferase 3 (LPCAT3), AA-CoA and AdA-CoA react with 
PC or PE to form PE-AA and PE-AdA.54 Lipoxygenases (LOXs) 
are dioxygenases that catalyze the peroxidation of PUFAs to pro-
duce various lipid peroxides and bioactive lipids in the presence 
of molecular oxygen.55,56 Genetic or pharmacological inhibition 
of ACSL4 inhibited ferroptosis by preventing the esterification of 
AA or AdA into PE, which was the only lipid oxidized in endo-
plasmic-reticulum-associated compartments during ferroptosis.57 
Arachidonate 12-Lipoxygenase (ALOX12) was indispensable for 
p53 induced ferroptosis and dispensable for erastin induced ferrop-
tosis.58 In addition, Genome-wide CRISPR/Cas9-mediated screen 
uncovered that cytochrome P450 oxidoreductase promoted ferrop-
tosis across a wide range of lineages and cell-states by peroxida-
tion of membrane polyunsaturated phospholipids.59 The relation-
ship between ferroptosis and lipid metabolism is complex, and its 
specific mechanism still needs to be further explored.

Mevalonate pathway
The mevalonate pathway occurs in the cytoplasm, where Acetoa-
cetyl-CoA thiolase (AACT) produces acetoacetyl-CoA by con-
densation of two units of acetyl-coA, and then 3-hydroxy-3-meth-
ylglutaryl CoA synthase (HMGS) condensates acetoacetyl-CoA 
and acetyl-CoA to form 3-hydroxy-3-methylglutaryl CoA (HMG-
CoA), which is then catalyzed by hydroxymethylglutaryl-CoA re-
ductase (HMGR) to generate mevalonic acid (MVA).60 MVA is 
then phosphorylated by MVA kinase and converted to isopentenyl 
pyrophosphate (IPP), which contributes to the synthesis of farnesyl 
pyrophosphate (FPP). FPP is converted to squalene, and finally 
squalene is converted to cholesterol.61 In addition, FPP can also 
participate in the production of CoQ10.62 Thus, the mevalonate 
pathway finally leads to the production of CoQ10, cholesterol, and 
IPP (Fig. 3).7,52,63 CoQ10 is a fat-soluble antioxidant with the func-
tion of scavenging oxygen free radicals, protecting lipids in golgi 
and plasma membranes from oxidation.7,64 Ferroptosis suppressor 
protein 1 (FSP1) with myristic acylation is recruited to the plasma 
membrane to reduce CoQ10 by using NAD(P)H, preventing the 
reproduction of lipid peroxides, thus inhibiting ferroptosis.65–68 
FSP1-CoQ10-NAD(P)H pathway is the stand-alone parallel sys-
tem with GSH-GPX4 pathway to inhibit phospholipid peroxida-
tion and ferroptosis.69

In addition, the mevalonate pathway participates in ferropto-
sis by supplying IPP for production of selenoproteins, including 
GPX4. As an intermediate product of the mevalonate pathway, IPP 
is required for isoprenylation of selenocysteine tRNA, which is 
indispensable for synthesizing selenoprotein GPX4.70 HMGR in-
hibitor statins reduced GPX4 expression in cancer cells, leading 
to elevated lipid peroxides and making cancer cells sensitive to 
ferroptosis.71

p53
p53 is a well-known tumor suppressor that induces cell cycle arrest 
and cell apoptosis. Recently, it has been reported that p53 induces 
ferroptosis through pleiotropic effect.72 Mutant p533KR, which is 
defective for the conventional p53 functions, still be able to repress 
SLC7A11 and induce ferroptosis upon ROS-induced stress.73,74 In 
addition, p53 induced ferroptosis required enzymatic activity of 
ALOX12, which is inhibited by SLC7A11, but independent of 
GPX4.58 Recently, scientists found that p53-driven ferroptosis un-
der ROS stress can also suppressed by calcium-independent phos-
pholipase iPLA2β, which mediated detoxification of peroxidized 
lipids.75

Moreover, p53 induced ferroptosis by directly activating its 
target gene spermidine/spermine N1-acetyltransferase 1 (SAT1), 
which induced lipid peroxidation.76 p53 suppresses tumor through 
regulating its target gene, glutamine synthase 2 (GLS2), which ex-
erts antioxidant defense function.77 Another article reported that 
GLS2 knockdown inhibits ferroptosis in mouse embryonic fibro-
blasts.78 Therefore, whether p53 induces ferroptosis by promoting 
GLS2 expression is worth further investigation.

However, wild-type p53 could delay induction of ferroptosis 
by regulating its transcriptional target CDKN1A (encoding p21).79 
p53 can also inhibit ferroptosis in a transcription-independent 
manner. For example, the deletion of p53 prevents the nuclear 
accumulation of dipeptidyl peptidase-4 (DPP4), thus facilitates 
plasma-membrane-associated DPP4-dependent lipid peroxidation, 
which finally results in ferroptosis.80

Targeting ferroptosis in cancer
In recent years, more and more researchers are committed to dis-
covering the development process of cancer, and found that fer-
roptosis is closely related to the occurrence and development of 
cancers. The ferroptosis inducers are attracting increasing attention 
in cancer treatment. In addition, ferroptosis inducers can enhance 
the effect of chemotherapy by inducing ferroptosis and reducing 
chemotherapy resistance, thereby improving the treatment effect. 
In this part, we elucidate the rational of targeting ferroptosis and 
the reported ferroptosis inducers (Table 1)1,7,13,22,81–115.

SLC7A11 inhibitors
SLC7A11 mediates uptake of extracellular cystine, which guar-
antees glutathione synthesis and maintains GPX4 enzyme activ-
ity to inhibit ferroptosis.15,20 SLC7A11 overexpression has been 
observed in hepatocellular carcinoma and is associated with poor 
prognosis.116,117 SLC7A11 is regulated by multiple enzymes and 
pathways. It has been reported that mutant p53 fail to induce cell 
cycle arrest and cell apoptosis, but still be able to repress SLC7A11 
and induce ferroptosis upon ROS-induced stress.73,74 Tumor sup-
pressor BRCA1-associated protein 1 (BAP1) frequently mutated 
or deleted in sporadic human cancers, inactivation of BAP1 inhib-
ited ferroptosis by releasing SLC7A11 inhibition, thus BAP1 mu-
tated cancer cells were sensitive to SLC7A11 inhibitor erastin.118 
OTUB1 is overexpressed in a variety of human cancers, and it can 
inhibit ferroptosis by stabilizing SLC7A11.119 In short, SLC7A11 
is an important target for the treatment of cancer and more and 
more SLC7A11 inhibitors have been discovered and reported.

In 2012, researchers firstly proposed that erastin induced fer-
roptosis by inhibiting System Xc- activity.1 Later, more reports 
proved that erastin induce ferroptosis by inhibiting SLC7A11 ac-
tivity in variety of cancer cells.81,120 Given the fact that poor water 
solubility and unstability of erastin, a metabolically stable erastin 
analogue, imidazole ketone erastin (IKE), has been developed.22,82 
Sorafenib, as a multi-target kinase inhibitor, is clinically used 
for the treatment of unresectable hepatocellular carcinoma.121 In 
2014, it was firstly reported that sorafenib can induce ferroptosis 
by inhibiting System Xc-.122 However, it was recently reported that 
Sorafenib could not induce ferroptosis by inhibiting System Xc-, 
thus it might not be a true ferroptosis inducer.123 Sulfasalazine is 
clinically used for treating ulcerative colitis.124 Recent study found 
that sulfasalazine is also a novel potent inhibitor of the System Xc-

.83 However, all SLC7A11 inhibitors currently identified, includ-
ing sulfasalazine and erastin, have off-target effects, which limits 
their clinical use as SLC7A11 specific inhibitors.125
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In addition, a variety of compounds have been reported to be 
able to indirectly inhibit SLC7A11, such as the newly discov-
ered small molecule compound 6-Thioguanine,84 the drug Ti-
rapazamine,85 and T-2 Toxin.86 The oral anti-diabetic drug met-
formin can also reduce the stability of SLC7A11 by inhibiting 
UFMylation of SLC7A11, and its combination with sulfasalazine 
can synergistically induce ferroptosis in breast cancer cells.87 
Some natural products, including Talaroconvolutin A,88 Tanshi-
none IIA,89 Actinidia chinensis Planch and Capsaicin,90,91 can also 
induce ferroptosis by partially inhibiting SLC7A11.

GPX4 inhibitors
GPX4 is a selenase that utilizes GSH as a cofactor to reduce 
membrane phospholipid peroxide to maintain cellular redox ho-
meostasis, thus negatively regulating ferroptosis.20 Pharmacologi-
cal inhibition or genetic absence of GPX4 induce ferroptosis in 

mouse tumor xenografts.19 Analyzing the data from TCGA, sci-
entists found that GPX4 expression in various cancer tissues is 
higher than that in normal tissues, and it is negatively correlated 
with the prognosis of cancer patients.126 High expression of GPX4 
promotes tumor recurrence in melanoma xenograft mice models.71 
In addition, GPX4 plays important role in the survival of drug 
resistant cancer cells.127 Therefore, GPX4 serves as the potential 
target to treat cancer by inducing ferroptosis.

The first reported GPX4 inhibitor RSL3 covalently interacts 
with selenocysteine, the active site of GPX4, to inhibit enzymatic 
activity of GPX4, thus inducing ferroptosis.13 Poor pharmacoki-
netic property of RSL3 restricted its application in vivo. Recent 
studies reported that small-molecule compound QD394 and com-
pound 26a induce ferroptosis by directly targeting GPX4.92,93 In 
addition, many small-molecule compounds induce ferroptosis 
mainly through GPX4 inhibition, including Jiyuan oridonin A 

Fig. 3. Mevalonate pathway. AACT, acetoacetyl-CoA thiolase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; HMG-CoA, 3-hydroxy-3-methylglutaryl CoA; 
HMGR, hydroxymethylglutaryl CoA reductase; MVA, mevalonic acid; IPP, isopentenyl pyrophosphate; FPP, farnesyl pyrophosphate; CoQ10, Coenzyme Q10; 
FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4.
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derivative a2,94 compound 21,95 tetrahydrocitrate,96 and Bufor-
taline.97 It has long been reported that many natural products 
inhibited cancer cells through multiple targets. Accompany with 
the report of ferroptosis, researchers found that many natural 
compounds, including dihydroisotanshinone I,98,99 solasonine,100 
DMOCPTL,101 cucurbitin B,102 and honokiol103 could induce fer-
roptosis by inhibiting GPX4 activity or reducing GPX4 protein 
level. Natural products gambogenic acid,104 thiostrepton,105 and 
red ginseng polysaccharide106 could suppress GPX4 expression by 
regulating upstream transcriptional factors, thus inducing ferropto-
sis. In addition, small molecule compounds atorvastatin, apatinib, 
and simvastatin induce ferroptosis by indirectly downregulating 
GPX4.107–109 The discovery of GPX4 inhibitors also supplies the 
information for the regulation of GPX4 in cancer cells.

FIN56
As a type 3 ferroptosis inducer, FIN56 induces ferroptosis by pro-
moting GPX4 degradation.7 Except degrading GPX4, FIN56 can 

also reduce intracellular antioxidants (like CoQ10) by activating 
squalene synthase, thus promoting cellular lipid peroxidation and 
ferroptosis.7 In addition, FIN56-induced ferroptosis is related to au-
tophagy, and inhibition of autophagy at different stages could weak-
en FIN56-induced lipid peroxidation and GPX4 degradation.128

FINO2
FINO2 triggers ferroptosis through mechanisms different from 
that of SLC7A11 inhibitors or GPX4 inhibitors.14 FINO2, serves 
as an endoperoxide, induces ferroptosis by directly oxidizing iron 
and indirectly inhibiting GPX4, which effect can be reversed by 
iron chelating agents.110

Others ferroptosis inducers
In addition to above mentioned ferroptosis inducers, researchers 
have developed many ferroptosis inducers by targeting other key 
ferroptosis regulators, like heme oxygenase-1 (HMOX1), ferrous 
ions or ACSL4 etc. HMOX1 protects cell through its byproduct 

Table 1.  Ferroptosis inducers

Ferroptosis inducers Target Basic mechanism Tumor type Reference

Erastin, IKE, Sorafenib, 
Sulfasalazine, 
6-Thioguanine

SLC7A11 Inhibit System Xc- Fibrosarcoma, Colorectal cancer, Diffuse 
large B cell lymphoma, Astrocytoma, 
Lung carcinoma cancer, Lymphoma, Non-
Hodgkin’s lymphoma,Gastric cancer

1,86,22,82,83,84

Tirapazamine, T-2 
Toxin,Tanshinone IIA, 
Talaroconvolutin A

SLC7A11 Inhibit the 
expression of 
SLC7A11

Osteosarcoma, Lung cancer,Gastric 
cancer,Colorectal cancer

85,86,88,89

Metformin SLC7A11 Reduces the protein 
stability of SLC7A11

Breast cancer 87

Actinidia chinensis 
Planch, Capsaicin

SLC7A11 Inhibit the 
expression of 
SLC7A11 and GPX4

Gastric cancer, Non-small cell lung cancer 90,91

RSL3, QD394, Compound 
26a, Honokiol, FINO2,

GPX4 Inhibit GPX4 
enzymatic activity

Renal carcinoma, Colon cancer, B-lymphoblastic 
cell leukemia line, Pancreatic cancer, Breast 
cancer, Breast adenocarcinoma, Fibrosarcoma

13,92,93,103,110

Jiyuan oridonin A 
derivative a2 Compound 
21, Tetrahydro 
citrate, Bufortaline, 
Dihydroisotanshinone I 
Solasonine, Cucurbitin 
B, Gambogenic acid, 
Thiostrepton, Red ginseng 
polysaccharide, Apatinib, 
Simvastatin, Atorvastatin

GPX4 Downregulate 
GPX4 expression

Gastric cancer, Hepatocellular carcinoma, 
Nasopharyngeal carcinoma, Melanoma, Human 
cardiomyocytes, Murine skeletal muscle cells, 
Breast cancer, Non-small cell lung cancer,
Lung cancer, Gastric cancer, Triple-negative 
breast cancer, Pancreatic cancer

94–109,102,104–109

DMOCPTL, FIN56 GPX4 Promote 
degradation of GPX4,

Triple-negative breast cancer, Fibrosarcoma 7,101

Curcumin analogues 
EF24, Cadmium

HMOX1 Directly up-
regulating HMOX1 
expression

Osteosarcoma, Hepatic stellate cells 111,112

Artesunate, Saponin 
Formosanin C

Ferritin Promote ferritin 
phagocytosis

Hepatic stellate cells, Hepatocellular carcinoma 113,114

Baicalin Ferritin Down-regulate 
ferritin

Bladder cancer 115

DMOCPTL, derivative of natural product parthenolide; EF24, 3,5-bis (2-fluorobenzylidine)-4-pyperidone; FIN56, ferroptosis inducing 56; FINO2, 1,2-dioxolane; HMOX1, heme-
oxygenase 1; IKE, imidazole ketone erastin; QD394, quinazolinedione reactive oxygen species inducer; RSL3, RAS-selective lethal 3; SLC7A11, solute carrier family 7 member 11.
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bilirubin, and its overexpression reduces ROS levels and lipid 
peroxidation.129 Combination of lapatinib and cilacine co-induces 
ferroptosis by reducing heme oxygenase-1 protein expression.129 
However, it has also been reported that HMOX1 can induce cell 
death by promoting intracellular ferrous accumulation.130 New-
ly discovered ferroptosis inducers such as curcumin analogues 
EF24111 and heavy metal cadmium112 can induce ferroptosis by 
directly up-regulating HMOX1 expression.

Triggering ferritin phagocytosis, a lysosome-mediated au-
tophagy process that degrading ferritin and inducing ferroptosis, 
is a new strategy to induce ferroptosis.131 It had been reported that 
natural compounds Artesunate,113 Saponin Formosanin C,114 and 
Arsenite132 can induce ferroptosis by promoting ferritin phagocy-
tosis. The natural product Baicalin can also induce ferroptosis by 
down-regulating ferritin heavy chain 1.115

In addition, Yiqi Huayu Decoction, created by Professor Liu 
Shenlin, can cause ferroptosis through multiple targets, such as 
reducing the content of GSH in cells and up-regulating the expres-
sion of ACSL4.133

Future directions
Ferroptosis, as a newly discovered programmed cell death, plays 
important role in cancer. The biology functions of SLC7A11 and 
GPX4 in ferroptosis have been well investigated. Relationship of 
ferroptosis with iron and lipid metabolisms are complicated, and 
are gradually investigated. Ferroptosis also co-occur with au-
tophagy and apoptosis, but the mechanism is still unclear. In addi-
tion, diversity of cancer makes ferroptosis executing differently in 
different cancer types. Thus, it is still a challenge to totally under-
stand the ferroptosis in cancer. Like the other anti-tumor drugs or 
molecules, ferroptosis inducers also face the problems of selectiv-
ity, sensitivity and pharmacokinetics. There is an urgent need to 
develop high selective ferroptosis inducer to reduce toxicity.

Conclusions
Ferroptosis has been discovered for 10 years, we have known 
many knowledge of ferroptosis, but the mechanism of ferropto-
sis, especially the lipid metabolism in ferroptosis, is still unclear. 
Given the role of ferroptosis in cancer, many ferroptosis inducers 
have been discovered and reported, and the ferroptosis inducers 
also help the investigation of ferroptosis. This paper reviews the 
research progress of ferroptosis signaling pathways and ferroptosis 
inducers. Although great progress has been made in ferroptosis-
related research in recent years, specific regulatory mechanisms 
and targets of ferroptosis inducers have yet to be explored.
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Introduction
DED, a general ocular condition, disrupts tear film homeostasis 
and affects the ocular surface, leading to desiccation, discomfort, 
impaired visual acuity, and potential corneal deterioration.1 Con-
temporary treatments for DED include ocular lubricants, anti-
inflammatory medications, and punctal occlusion (closure of tear 
ducts).2 Additionally, lifestyle adjustments and environmental 
modifications can be employed as therapeutic strategies to miti-
gate the risk of tear film destabilization.3

A strong association has been established between the onset of 
DED and an increased propensity for depressive symptoms, which 
were prevalent in 50–82% of the examined cases.4,5 Supporting 
evidence from other studies also suggests that depression and 
anxiety frequently coexist in patients with DED.6 These findings 
indicate that addressing depressive symptoms is a crucial and of-
ten-overlooked aspect of DED management, warranting compre-
hensive attention to achieve satisfactory outcomes. Moreover, the 
co-occurrence of anxiety may further aggravate DED symptoms, 
underscoring the need for a holistic approach to treatment that con-
siders both ocular and psychological factors.

Dry eye has been postulated to be a localized autoimmune dis-
ease, as evidenced by various sources. This claim is supported by 
studies involving a mouse model of dry eye induced by environ-
mental stress.7 Further evidence includes clinical and biological 
markers observed in non-Sjögren’s dry eye patients,8 as well as 
the characterization of dry eye as a localized autoimmune disease.9 
Research findings further corroborate the theory that dry eye syn-
drome arises because of a disproportion between the protective 
immunoregulatory and pro-inflammatory pathways of the ocular 
surface, thus strengthening its autoimmune character.10 Nonethe-
less, it is crucial to acknowledge the involvement of other factors 
in DED pathogenesis, such as environmental and hormonal influ-
ences,8 mucosal tolerance disruption,9 and toll-like receptor sub-
type TLR4.11 Moreover, some limitations of this hypothesis have 
been highlighted.12

An intriguing association has been identified between the pep-
tide LL37 and DED through a research investigation focusing on 
ocular fatigue-related phenomena.13 Scientific investigations have 
observed LL-37’s interaction with extracellular DNA, a potential 
contributor to inflammation in DED, which facilitates its translo-
cation into ocular surface cells. This process activates the TLR9-
MyD88 signalling pathway, subsequently eliciting a type 1 inter-
feron response and triggering the adaptive immune response,14 
thereby implicating it in the pathogenesis of DED. However, it is 
important to note that the study investigating the correlation be-
tween LL37, and DED involved a small sample size of patients.13 
Consequently, further research with larger sample sizes is war-
ranted to confirm the role of LL37 in the development of DED.

The tear film (Fig. 1) consists of three separate layers (mucus, 
aqueous, and lipid layers).15 Each layer, in its unique way, plays an 
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important role in maintaining the integrity and stability of the tear 
film. Factors such as tear film production, evaporation, absorption, 
and drainage continuously influence the tear film.16 Overall, the 
three layers work in tandem to protect and provide essential eye lu-
brication, which helps to prevent dryness and irritation of the eye. 
The thin inner mucin layer secreted by the lacrimal gland and con-
junctiva goblet cells contains proteins, growth hormones, and anti-
microbials. These contents help stick the tear film to the surface of 
the eye. The middle aqueous layer (7–8 µm thick) is composed of 
water, electrolytes, and various substances secreted by the lacrimal 
gland. The secreted components provide moisture and nutrients to 
the cornea and the conjunctiva. The outer lipid layer (0.1 µm thick) 
is composed of meibomian oil secreted by the meibomian glands. 
The layer reduces the tear surface tension and acts as a barrier to 
tear evaporation (reduced evaporation up to 95%).17 A retrospec-
tive study found that 86% of patients with DED had meibomian 
gland dysfunction (MGD).18 This relationship was supported by 
other studies,19–21 whereas DED and MGD were reported to be 
prevalent among type 2 diabetes, with a prevalence of 72.3% and 
55.3%, respectively.22 However, one potential bias in this study is 
that only included confirmed a small population type 2 diabetes 
patients, which may not be representative of all diabetes patients in 
Ghana. The current consensus in scientific literature is that MGD 
plays a significant role in the etiology of DED. The pathophysiol-
ogy of MGD involves a reduction in the secretion of meibum from 
the meibomian gland, which is the primary causative factor behind 
the functional abnormalities observed in MGD.23,24

For treating the mucin, aqueous, and/or lipid tear film inadequa-
cies, along with the damage to ocular surface linked with DED, 
various novel therapeutic approaches have been proposed.25 Stud-
ies on patients with Sjögren’s syndrome have compared dry eye 
evaluation tests and presented major treatment conclusions.26 An-
other study has shown that hyaluronic acid (HA) can hinder the 
dehydration of human corneal epithelial cells both in vitro and in 
vivo.27 This discovery has the potential to speed up the advance-
ment of more effective treatments for DED. On the other hand, a 
research has indicated that HA may lead to the counterintuitive 
outcome of causing the formation of haze and a reduction in the 
thickness of the epithelium.28

DED can be caused by a number of factors, such as medica-
tion (both systemic and topical), skin conditions, eye surgeries, 
exposure to chemicals or heat, prolonged device usage, vitamin 
A deficiency, wearing contact lenses, environmental elements, 
and more. Diagnosing DED requires a combination of symptoms 
and indicators such as tear volume, meniscus evaluation, tear film 
break-uptime (TBUT), Schirmer test, fluorescein staining, phe-

nol red test, tear film osmolarity, lissamine green staining, matrix 
metalloproteinases, and eyelid examination.29 Research has also 
demonstrated that DED may be caused by genetic factors, such as 
those related to immune response, tear film stability and corneal 
sensitivity. Recent genetic studies have identified new genetic re-
gions associated with DED, further emphasizing its complex ge-
netic makeup.30 A study shows that Human Leukocyte Antigen-C1 
alleles group is strongly associated with 108.30% increase in the 
odds of having DED.31 A study on twins carried out by Vehof et 
al., discovered that the heritability of DED was around 30% for 
symptoms and 40% for diagnosis, and there was a range of herit-
ability of 25% to 80% for selected signs.32 The findings suggested 
that identifying specific genes associated with DED could lead to 
better treatments and prevention strategies. Other studies have also 
indicated that genetic factors could contribute to the onset of DED, 
alongside environmental influences.33

In the US, DED occurs in approximately 6.8% of adults (16 
million individuals aged 18 or older). Unfortunately, its incidence 
increases with age and women are more likely to be affected than 
men.34 A study focusing on men (50 years and older) estimated that 
4.34% had DED (approximately 1.68 million men). Furthermore, 
it was predicted that the number of patients with this condition will 
exceed 2.79 million by 2030.35 One potential bias is that the study 
only included male physicians, which may not be representative 
of the general population. Additionally, the study relied on self-
reported data, which may be subject to recall bias or social desir-
ability bias. A cross-sectional study conducted in 16 towns in the 
Northern West Bank of Palestine to assess the prevalence of DED 
and potential associated risk factors found that the prevalence of 
DED was 64% in the study population, with older age and female 
gender being associated risk factors for its development.36 How-
ever, a limitation of the study is the sampling method. The authors 
used a multistage sampling method based on the Palestinian cen-
tral bureau of statistics sampling frame to identify the Palestinian 
towns participating in the study. While this approach may have 
helped ensure that a representative sample was obtained, it is pos-
sible that some groups were underrepresented or excluded from 
the study. Similarly, Germany saw an increase in DED prevalence 
from 20.24 per 1,000 patients in 2008 to 23.13 per 1,000 in 2014. 
Cataracts were the most frequent ocular comorbidity. The study 
concluded that these individuals used more healthcare resources 
and associated costs than their normal cohort.37 One limitation of 
the study was that it relied on administrative claims data, which 
may not accurately reflect actual patient outcomes or treatment 
patterns. Overall, DED is a common ocular condition affecting a 
significant portion of the global population, with women and older 

Fig. 1. The three distinct layers of the tear film: The outer lipid layer, the middle aqueous layer and the inner mucin layer. 
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individuals being at higher risk. The incidence of DED is predicted 
to increase in the coming years, leading to increased healthcare re-
source utilization and associated costs. However, studies assessing 
the prevalence of DED and associated risk factors may be subject 
to limitations, such as sampling bias and reliance on self-reported 
or administrative claims data. Therefore, further research is needed 
to accurately assess the burden of DED and its risk factors in di-
verse populations to inform effective prevention and management 
strategies.

Diagnosis and management of DED
Generally, the DED diagnostic evaluation includes a thorough 
patient history, a detailed slit-lamp examination, and additional 
tests as deemed necessary.38 Moreover, patient-reported outcomes 
(PRO) questionnaires are often utilized to measure the severity of 
DED symptoms. However, it is important to note that not all PRO 
questionnaires have been validated and, thus, should be utilized 
with caution.39 Ultimately, a precise diagnosis of DED requires 
a combination of tests and PRO questionnaires while ruling out 
other potential ocular surface conditions such as allergies and in-
fections. The International Dry Eye Workshop (DEWS) report has 
furnished a comprehensive guide for diagnosing DED. However, 
with recent advances in diagnostic techniques, certain aspects of 
the DEWS findings and recommendations require revaluation.40 
The diagnostic criteria for DED remain a matter of contention, and 
there is a lack of agreement on disease classification and inter-
pretation of diagnostic tests. Therefore, standardization of disease 
terminology and diagnostic tools is necessary to enhance the utility 
of epidemiological and clinical research on DED. Further research 
and consensus-building efforts are essential to improve our under-
standing and management of DED.41

The identification of DED involves utilizing both subjective and 
objective assessments. Patients’ self-reported symptoms are taken 
into consideration as a subjective measure, while objective tests 
entail examining tear film stability through methods like TBUT 
and fluorescence staining (FTBUT) using a slit-lamp microscope. 
Although tear film instability tests involve a variety of procedures, 
some of which may be intrusive, not easily reproducible, and less 
precise.19 TBUT has been reported to be associated with a 1,200% 
increase in the odds of severe DED.42 The corner fluorescent stain-
ing was introduced after suggestions by the Tear Film & Ocular 
Surface Society Dry Eye Workshop II (TFOS DEWS II) for DED 
diagnostic procedures. In situations where there is a disagree-
ment between the patient’s reported symptoms and the clinical 
signs, further assessment using additional diagnostic criteria was 
advised.43 Back in 2006, a group of experts in the field of DED 
reached a consensus using the Delphi approach. They suggested 
the use of the term “dysfunctional tear syndrome “ instead of DED 
in their report.44 The ODISSEY scoring algorithm serves as a 
straightforward tool for evaluating ocular surface damage in cases 
of severe DED, making the diagnosis process more accessible.43 In 
DEWS II, a wide range of diagnostic procedures were identified, 
which included questionnaires, tests for tear film stability, abnor-
malities in the epithelium, and other methods. Although specific 
diagnostic criteria were not proposed in the report, it did suggest 
the most effective tests for diagnosing and tracking DED.44 Some 
new techniques for diagnosing dry eye disease involve developing 
devices that rely on visual acuity to monitor patients’ symptoms.45 
Reduced FTBUT (tear film instability) is another means of diag-
nosing DED,46 although there is a weak association between dry 
eye tests and a lack of agreement between subjective symptoms 

and clinical signs.47

To treat DED, the patient must receive proper education, and 
management techniques such as using ocular lubricants, modi-
fying the environment (i.e., adding moisture), maintaining good 
hygiene of the eyelids, employing autologous tears, and tear pres-
ervation are recommended.48 To manage the disease, palliative 
treatments such as antimicrobial and anti-inflammatory therapy, 
along with warm compresses, are also utilized.49 Healthcare pro-
viders and patients typically opt for topical ocular preparations to 
help alleviate the symptoms of DED.50 Previous investigations had 
delved into examining the viability of P2Y (purinergic) family re-
ceptor agonists as a prospective treatment for DED.51 Recent stud-
ies have revealed that P2Y family receptor agonists show potential 
as a prospective treatment for DED by increasing tear and mucin 
production.52 Diquafosol, a topical P2Y2 agonist, is already being 
used as a drug to treat the disease.53,54 Moreover, antagonists of 
P2Y12 receptors, and potentially P2Y1 receptors, are being tested 
as anti-thrombotic agents, while a P2Y2/P2Y4 receptor agonist has 
been found to be effective in treating DED symptoms. Further-
more, TRPM8 receptor agonists such as cryosim-3 are also being 
studied for their potential to act as a viable treatment for DED.55–58 
A summary of important findings from the development and clini-
cal trials of diquafosol, another P2Y2 receptor activator, revealed 
its effectiveness in treating DED in short-term studies.59 Dinucleo-
side polyphosphates, created by combining two nucleotides with 
varying numbers of phosphates, have been suggested as a potential 
DED treatment. However, the FDA has not approved oral pilocar-
pine and cevimeline, which activate the muscarinic acetylcholine 
receptor, for the treatment of DED.60 P2Y2 receptors may also be 
a target for future trials aimed at treating tumors,61 and therapies 
targeting P2Y1 have been proposed as a new approach to treat-
ing drug-resistant status epilepticus.62 Despite the development of 
many treatments, some patients seek more straightforward or effi-
cient remedies.63 Currently, no specific curative measures for DED 
are mentioned in modern medicine.64 Nonetheless, essential fatty 
acids are being suggested as a new treatment method for patients 
with dry eye syndrome.65 In addition, the use of novel eye drops 
that contain n-3 eicosapentaenoic and docosahexaenoic acids has 
been shown to effectively manage mild cases of DED.66,67 Other 
recently developed eye drops such as Trimix eye drops,68 cord 
blood serum eye drops,69 HA and trehalose ophthalmic solution 
(Thealoz® Duo),70 corticosteroids, MC2-03 0.18% sodium hya-
luronate (SH) eye drops,71 propylene glycol/hydroxypropylguar 
(PG-HPG) nanoemulsion-based eye drops,72 and SH/chondroitin 
sulfate, preservative-free, ophthalmic solution, have demonstrated 
efficacy in managing mild cases of DED.73 Trimix eye drops, a 
combination of viscosity-enhancing HA trehalose, and cationic 
liposomes comprising stearylamine and phospholipids, showed 
promising results in improving objective signs and subjective 
symptoms in patients with DED.74 However, potential biases and 
limitations exist. The study for Trimix eye drops was conducted by 
a single center with a small sample size (25 patients), which limits 
its generalizability. Also, there was no control group or compari-
son to other available tear substitutes. Although the article men-
tions a shift towards complex multi-action combined formulas for 
DED, it provides no evidence to support this claim, raising ques-
tions about their effectiveness.

Additionally, randomized clinical trials have shown that water-
based eye drops containing SH, carboxymethylcellulose, or car-
bomers can also alleviate symptoms associated with DED. Moreo-
ver, the new-generation Intense Pulsed Light has been found to 
be safe and effective in relieving symptoms and signs of MGD-
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related dry eye.75,76 Automation of diagnostic methods for DED 
can improve accuracy and ease of acquisition, with semi-automat-
ed and fully automated methods showing promise in quantifying 
DED characteristics.19 An example of an effective approach to 
enhance diagnostic accuracy is the utilization of 3D ultrasound, 
which facilitates evaluation in three orthogonal planes and enables 
scrutiny of the external appearance of facial features.77 Addition-
ally, cross-checking may heighten diagnostic accuracy by allow-
ing human experts to apply their information processing heuristics, 
reasoning methods, and pattern recognition techniques, which au-
tomated systems may not possess.78 Therefore, the implementation 
of automated noninvasive workup is a promising instrument for 
the accurate diagnosis of DED.74

Nanotechnology: a cutting-edge approach to DED drug 
delivery
The burgeoning field of nanotechnology has been making waves 
in the realm of DED therapy, offering a multitude of innovative 
possibilities (Fig. 2). By harnessing the power of nanoparticles, 
researchers have successfully crafted drug carriers that can effi-
ciently penetrate and enhance bioavailability within the anterior 
segment of the eye.79 Despite the myriad of promising applica-
tions for nanoparticles in ophthalmology, their potential toxicity 
to ocular tissues, including the cornea, conjunctiva, and retina, 
under specific conditions warrants careful consideration. As such, 
elucidating the ocular toxicity of nanoparticles is of paramount 
importance to ensure the safety and efficacy of these innovative 
treatments. Further, although there is a strong interest in the use 
of nanoformulations for delivering phytochemicals to the eye, but 
this technology has been reported to be a hindrance to the clinical 
translation of new products due to scalability issues.80

To address this challenge, researchers have turned to advanced 
in vitro cell culture techniques that can closely simulate the human 
organism. One such technique involves the use of human orga-
noids, which are three-dimensional, self-organizing cell structures 
derived from pluripotent stem cells. Organoids can accurately 
mimic the complexities of human tissues and have been em-
ployed in various fields of study, including toxicology.81 Another 
groundbreaking approach in this domain involves the utilization 
of nanotechnology to create novel drug delivery systems, such as 
inhalation-based modalities. Central to the development of these 

inhalable powders is the art and science of particle engineering, a 
pivotal aspect that ensures the successful delivery of drugs with 
augmented therapeutic effects and precision targeting. By tailoring 
particle size, morphology, and surface properties, researchers can 
optimize the performance of inhalable formulations and maximize 
their clinical benefits.82 However, potential toxicity issues still re-
main largely unanswered.

This pioneering area of nano-ophthalmology is currently in its 
infancy, but it holds immense promise in overcoming the ocular 
barriers that have long hindered effective drug delivery.83 The 
advent of sophisticated nanotechnology-based delivery methods 
holds the potential to fundamentally transform the landscape of 
DED management. By providing heightened efficacy and pinpoint 
accuracy, these techniques promise to elevate therapeutic outcomes 
and improve patient experiences. Moreover, the dual-capability of 
nanotechnology to transport both pharmaceutical agents and an-
tigens has piqued the interest of researchers, who are diligently 
investigating its diverse applications. As the development of this 
versatile technology advances, the scientific community eagerly 
awaits the emergence of novel treatment modalities and their po-
tential impact on DED therapy.84,85

Liposomes
The management of DED is witnessing a paradigm shift with the 
advent of liposome-based therapies (Fig. 3). These innovative 
strategies offer new hope for the effective treatment of this preva-
lent ocular ailment. The development of liposome eye spray, for 
instance, has been heralded as a big advancement.86 Utilizing vita-
min A-coupled liposomes (VA-lip) containing heat shock protein 
47 (HSP47) for a formulation (VA-lip HSP47), researchers have 
identified a novel antifibrotic topical therapy for DED. The lipo-
some has been shown to be effective in DED in a mouse model of 
chronic graft-versus-host disease (GVHD). In GVHD, the HSP47 
has been identified to play a role and DED is the most common 
manifestation. The ocular instillation of VA-lip HSP47 distrib-
uted to the lacrimal glands, knocked down HSP47 expression in 
fibroblasts, reduced collagen deposition, and restored tear secre-
tion after allogeneic stem cell transplantation. Additionally, ocular 
instillation of VA-lip HSP47 also ameliorated established lacrimal 
gland fibrosis and DED.87 However, studies in humans still need 
to establish the above claims. Similarly, the potential of thymo-
quinone loaded liposomes as a therapeutic agent in DED has been 

Fig. 2. Different nanotechnology drug delivery systems applied to the three distinct layers of the tear film. Certain formulations will have the best bioavail-
ability if they are placed in the right tear film.
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identified. This effect may be attributed to the anti-inflammatory 
properties of the encapsulated vitamins and the protective barrier 
formed by liposomes.88 Another promising approach involves the 
use of liposomes loaded with 1-bromoheptadecafluorooctane and 
tetrandrine, which exert anti-inflammatory effects without sub-
stantially impacting intraocular pressure, offering an alternative 
therapeutic strategy for DED.89

Niosomes
Niosomes are a novel drug delivery system that can be used to treat 
a variety of ocular diseases, including DED. Studies have shown 
that niosomes have a high encapsulation efficiency and prolonged 
drug-release rate for drugs such as doxycycline hyclate and genta-
mycin sulfate, making them an effective and promising treatment 
option. Compared to liposomes, niosomes have several advantag-
es, such as their ability to entrap both lipophilic and hydrophilic 
drugs, their improved drug permeation in corneal cells, their small 
size which allows for better drug retention on the ocular surface, 
and their cost effectiveness for production in the pharmaceutical 
industry. Furthermore, niosomes are more convenient for handling 
and storage than liposomes. As such, due to their advantageous 
properties, niosomes offer a promising drug delivery system for 
treating DED.90

According to a preclinical study conducted by Durak et al. 
niosomes loaded with timolol maleate demonstrated high encap-
sulation efficiency and were found to be more effective at re-
ducing eye pressure compared to other delivery systems.91 This 
finding suggests that niosomes loaded with timolol maleate could 
be used as an effective treatment option for glaucoma, a condi-
tion that causes damage to the optic nerve and can lead to vision 
loss if left untreated. Moreover, a study by Cvenkel et al. found 
that the reduction in intraocular pressure achieved by niosomes 
loaded with timolol maleate was comparable to other commonly 
used glaucoma medications such as latanoprost and bimatoprost.92 
There have been studies that demonstrate the successful use of ni-
osomes as ocular drug delivery carriers, which significantly im-
prove the ocular bioavailability of various drugs. For example, one 
study reported 2.5 times increase in the ocular bioavailability of 
timolol maleate (a water soluble drug) encapsulated in niosomes 
compared to a timolol maleate solution. Niosomes are preferred 
over other vesicular systems for ocular drug delivery due to their 
chemical stability, low toxicity, biodegradability, biocompatibility, 

and non-immunogenicity. Surfactants used in niosomes can act as 
penetration enhancers to improve the performance and availability 
of the drug.93 It is important to note that the success of niosomes 
as ocular drug delivery carriers may depend on factors such as the 
specific drug being encapsulated, the formulation and composition 
of the niosomes, and patient-specific factors.

Graphene nanocomposites
A recent study focuses on a new antioxidant nanocomposite creat-
ed from pterostilbene and carboxyl-chitosan modified graphene to 
control oxidative stress of human corneal epithelial cells. Pterostil-
bene (PS), found in blueberries, is an antioxidant with potential for 
medical applications. However, poor hydrophobicity, poor cellular 
permeability and retention limit its use. Carboxyl-chitosan func-
tionalized graphene (CG) was used to address these limitations as 
it has good hydrophilicity and ocular biocompatibility. The result-
ing nanocomposite, PS-CG, had a good antioxidant effect due to 
its synergistic effects. The activation of the Keap1-Nrf2-ARE sig-
nalling pathway enhances the expression of various antioxidative 
enzymes and detoxification enzymes, preventing oxidative stress 
that causes dry eye. The synthesis process involved a ball milling 
method followed by the centrifugation and dialysis process to ob-
tain CG. PS was covalently linked to CG via a π-π stacking interac-
tion, resulting in a PS-CG dispersion that can be used to treat dry 
eye caused by oxidative stress.94

Micelles
Micelles are a type of colloidal drug delivery system that emerges 
when the concentration of polymer/surfactant exceeds the critical 
micellar concentration. This solution is commonly used to en-
hance the drug’s solubility and bioavailability, thereby improving 
its therapeutic efficacy.95 Micelles are formed by the spontaneous 
self-assembly of amphiphilic surfactants or diblock polymers at a 
specific concentration or temperature in a solution, and they can 
have varied shapes like spheres, cylinders, or star shapes with di-
mensions that range from 10–200 nm.96 The morphology of the 
micelles can have increased circulation time.97 Other studies also 
support the claim with their measurement of polymeric micelles 
in the blood to have a retention at 24 h above 20 % ID/g, which 
indicates that a large percentage of the micelles are still in circula-
tion.98

Micelles are useful in transporting hydrophobic drugs in wa-

Fig. 3. Liposome delivery to the eye. Different properties of the drug which can be formulated as a liposome for the best action are depicted in the figure. 
Some of the them can be given as eye drops, and some as injections.



DOI: 10.14218/JERP.2023.00034  |  Volume 8 Issue 3, September 2023258

Philip A.K.: Nanotech for DEDJ Explor Res Pharmacol

ter, with normal micelles being the carriers of choice, while hy-
drophilic drugs can be delivered using reversed micelles.99 This 
makes them ideal for targeting ocular tissue and increasing corneal 
permeability when applied topically. Micelles, despite their chal-
lenges in drug loading, scalability, and potential toxicity from sur-
factant use, offer notable benefits for DED treatment. Cyclosporin 
A, a hydrophobic and potent immunosuppressive agent, is used to 
address DED and prevent corneal transplant rejection. To improve 
its solubility and ocular bioavailability, researchers have explored 
nanoparticulate drug delivery systems for cyclosporine A. Poly-
meric micelles were successfully created utilizing a diblock poly-
mer, specifically Methoxypoly(ethylene glycol)-poly(lactic acid), 
which was loaded with cyclosporine A via a thin film dispersion 
method. This micellar approach boosted the drug’s retention on 
the precorneal surface by 4.5 times and decreased its elimination 
compared to a cyclosporine emulsion. These results highlight the 
potential of cyclosporine A micelles to enhance the drug’s effec-
tiveness in treating DED.80

In a study, nanomicelles were formed, which were small, self-
assembling particles that can have the potential to improve the bio-
availability of drugs by protecting them from precorneal elimina-
tion and promoting drug uptake into the eye. These nanomicelles 
have a better activity than those produced with Ikervis, and their 
stability and acceptability in patients are improved. Clinical stud-
ies will be necessary to identify the effective dose in the treatment 
of ocular pathologies such as DED.100

Among all the discussed nanoformulations, nanomicelles have 
shown promise in treating DED. This is because of their ability to 
improve the solubility and stability of drugs, prolong their release, 
and enhance their penetration into the target tissues. By encapsu-
lating the therapeutic agents within nanomicelles, their bioavaila-
bility and efficacy can be increased, leading to improved treatment 
outcomes for DED.

Nanoemulsions
Dry eye symptoms have been effectively addressed using a na-
noemulsion eye lubricant comprising Propylene Glycol and Hy-
droxypropyl Guar (PG-HPG). This innovative formulation serves 
to enhance tear film stability, increase lipid layer density, alleviate 
dryness and discomfort associated with contact lens use, and pro-
vide preventive benefits for maintaining ocular moisture in arid 
environments. Demonstrating sustained efficacy and tolerability, 
PG-HPG eye drops have become a widely adopted treatment for 
DED, and show potential for application in other ocular conditions 
as well.2

Both preclinical and clinical investigations have confirmed the 
effectiveness of PG-HPG nanoemulsion lubricants in mitigating 
DED symptoms.101 The HPG nanoscale droplets promote the op-
timal distribution of phospholipids within the tear film, thereby 
contributing to its stability. Results from studies comparing lipid 
and non-lipid-based aqueous drops have consistently reported sus-
tained relief from dry eye symptoms, reduced severity of superior 
lid wiper epitheliopathy, and improved tear film consistency and 
ocular surface properties. These findings have been corroborated 
by Phase IV clinical trial data, emphasizing the utility of PG-HPG 
nanoemulsion in the management of DED.72

Despite these promising results, there remains a need for more 
comprehensive clinical trials to establish robust evidence support-
ing the effectiveness of PG-HPG nanoemulsion lubricants in ad-
dressing DED symptoms.74 Future research should focus on fur-
ther elucidating the therapeutic potential and efficacy of this novel 
formulation.

Cubosomes
Cubosomes, a distinct class of lipid-based nanostructured carriers 
with dimensions ranging from 100 to 300 nm, offer an expansive 
surface area and minimal viscosity, rendering them suitable candi-
dates for various drug delivery systems.102–104 These versatile car-
riers encapsulate hydrophilic, lipophilic, and amphiphilic drugs, 
thereby demonstrating a promising potential for diverse adminis-
tration routes, including oral, ocular, and transdermal applications. 
Notably, drug absorption is generally facilitated through the tran-
scellular pathway.105

An in vivo study investigating the anti-inflammatory effects of 
fexofenadine hydrochloride in rabbits substantiated the superiority 
of a cubosomal carrier over an aqueous drug dispersion.105 Huang 
et al. reported the successful implementation of a cubosome-based 
drug delivery system for glaucoma treatment using timolol maleate 
(TM). Ex vivo corneal permeability experiments revealed an el-
evated penetration of TM cubosomes compared to commercially 
available eye drops, indicating an enhancement in corneal perme-
ability, increased retention time, and improved bioavailability of 
ocular drugs for ocular disease treatment.106

Moreover, numerous investigations have posited the promise of 
cubosomes as drug delivery systems for ocular disease therapy, 
including DED. Eldeeb et al. discovered that brimonidine tartrate-
loaded cubosomes exhibited augmented corneal permeability and 
sustained release patterns, culminating in a heightened intraocular 
pressure-lowering effect relative to commercial eye drops.107 Nasr 
et al. demonstrated that fluconazole-loaded cubosomes enhanced 
antifungal activity in the treatment of keratomycosis in rats.108

Despite these promising findings, no study has yet directly in-
vestigated the efficacy of cubosomes in treating DED. Addition-
ally, the large-scale production of cubosomes presents a signifi-
cant challenge.109 Consequently, further research is warranted to 
explore the potential of cubosomes as a therapeutic strategy for 
DED and address the obstacles related to their large-scale manu-
facturing.

Mucoadhesive nanoparticles
Mucoadhesive nanoparticles are promising drug delivery systems 
for treating DED. They have been shown to effectively target and 
deliver drugs to the ocular surface with prolonged retention, result-
ing in enhanced therapeutic efficacy.110 The use of phenylboronic 
acid-modified mucoadhesive nanoparticles has facilitated weekly 
treatment of experimentally-induced dry eye syndrome, providing 
a potential solution for patients suffering from this chronic condi-
tion.111 Furthermore, Cyclosporin A, a widely used immunosup-
pressant drug for treating DED and preventing corneal transplant 
rejection, can be delivered using mucoadhesive nanoparticle eye 
drop formulations, increasing the drug’s ocular retention and re-
ducing dosage frequency.80 Chitosan mucoadhesive nanoparticles 
have the potential to improve ocular drug delivery due to their 
ability to promote mucoadhesion and enhance corneal penetration, 
therefore, providing a promising alternative for treating ocular dis-
eases such as dry eye syndrome. However, safety concerns still 
persist regarding the cross-linked chitosan formulations.112

Future directions
The diagnosis and treatment of DED pose significant challenges 
due to the multifactorial etiology, lack of consensus on diagnostic 
criteria, and limitations in current therapeutic approaches.113 The 
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inadequacy of commonly used clinical signs and symptoms for 
diagnosis, along with the challenge of determining disease sever-
ity using biomarkers, surrogates, or outcomes, further complicates 
the management of DED.114 Addressing the low bioavailability of 
drugs and the risk of systemic side effects is crucial for enhancing 
the efficacy of existing treatments, such as topical administration 
of eye drops, surgery, and contact lens use.

Future studies should focus on the development of reliable di-
agnostic criteria and the identification of new biomarkers for DED, 
which will enable more accurate disease classification and moni-
toring. Additionally, research should continue to explore the po-
tential of nanotechnology-based delivery systems, with particular 
attention to overcoming the current limitations and paving the way 
for their successful clinical translation. Ultimately, such advance-
ments will lead to improved management and treatment of DED, 
enhancing the quality of life for millions of patients worldwide.

Conclusions
Nanotechnology-based delivery systems have emerged as a prom-
ising alternative to conventional ocular delivery systems for the 
treatment of anterior segment diseases, including DED. These sys-
tems have the potential to overcome the challenges associated with 
current treatment modalities by increasing drug bioavailability, re-
ducing side effects, and enabling targeted drug delivery. However, 
before these novel delivery systems can be translated into clinical 
use, further research is needed to address the existing challenges, 
optimize their performance, and establish their safety and efficacy 
profiles.
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Case Report

Introduction
Psoriasis is a worldwide chronic inflammatory skin disease, af-
fecting both genders and any age. It usually leads to significant 
deterioration of the quality of life of affected patients.1

Being a chronic relapsing disease, Psoriasis often needs long-term 
therapy. Mild to moderate psoriasis can be treated with topical creams 
of steroid and vitamin D analogs, together with phototherapy. Moder-
ate to severe psoriasis almost always needs systemic treatment.2

Topical corticosteroids, alone or in combination with calcipo-
triol, a topical vitamin D analog, have proven to be effective in 
treating mild to moderate psoriasis.3

Clobetasol propionate is the most effective topical corticoster-
oids used for the treatment of psoriasis. However, it is usually ac-
companied by local and systemic adverse effects, like skin atrophy 
and hypothalamic-pituitary-adrenal axis suppression.4

Topical corticosteroids, like clobetasol propionate, have a va-
soconstrictor effect on the peripheral dermal vessels, and this ex-

plains skin atrophy in psoriatic patients applying topical corticos-
teroids regularly for long periods.3,5

A new topical treatment for psoriasis was developed and pat-
ented by the Spanish Ministry of Industry, Trade, and Tourism (In-
vention patent reference number 202030824). The new treatment 
is prepared as a lotion and is composed of clobetasol, papaverine 
hydrochloride, spironolactone, milk-peptide-complex, and propyl-
ene glycol.

We report a case of moderate psoriasis treated with our new 
patented lotion “Psorisbye”.

Case report
A 47-year-old male presented with extensive psoriasis lesions in 
the elbows and back. The patient had an irrelevant past medical 
history and was complaining mainly of severe itching in the pso-
riatic lesions.

On examination, multiple plaque lesions in the chin, retroau-
ricular area, forearm and elbow, back, and popliteal regions were 
observed. In addition, a few erythrodermic psoriatic lesions were 
observed mainly in the back.

The patient was diagnosed 13 years ago and had been treated 
with a combination of steroid creams, moisturizers for dry skin, 
and calcipotriol and betamethasone cutaneous foam (Enstilar®). 
He had previously used clobetasol ointments and creams (De-
cloban® and Clovate®) without significant improvement. The 
patient did not accept the offer of a session of PUVA (psoralen 
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and ultraviolet light A). No immunosuppressive drugs like cyclo-
sporine or methotrexate had been previously used by the patient.

The patient was advised to use our newly patented lotion 
“Psorisbye” once daily for 1 week and a total of 120ml of “Psoris-
bye” was used over 1 week. The patient did not receive antihista-
mine treatment with the lotion during that week.

On the 8th day, after 7 days of local application of “Psorisbye”, 
the patient was examined in the outpatient clinic. The patient re-
ported important improvement in the itching sensations and remis-
sion of the scaled lesions.

The gold standard for the assessment of psoriasis is the psoriasis 
area severity index (PASI). The PASI is a measure of the average 
redness, thickness, and scaliness of the lesions (each graded on a 
0–4 scale), weighted by the area of involvement.6

Comparing the lesions before and after the application of the 
local treatment for 7 days, it was observed that the PASI score 
improved from 20.9 to 1.8.

Figure 1 shows the elbow of the patient before and after the ap-
plication of “Psorisbye” with 1 week between the images.

Discussion
We have herein presented a case of moderate psoriasis that was 
successfully managed via our new lotion. This case shows an im-
portant improvement after only one week of local application of 
“Psorisbye”.

The excellent results obtained in this case can be explained by 
the combined effects and equilibrated dosages of the drugs includ-
ed in “Psorisbye”:
•	 Clobetasol is a corticosteroid widely used for the treatment of 

this type of lesion that acts by reducing the proliferation of ke-
ratinocytes and eliminating the typical crust that occurs;

•	 Papaverine hydrochloride acts as a vasodilator agent producing 
a greater supply of blood flow to the lesion, which facilitates 
better penetration and access to the dermal lesion;

•	 Spironolactone is a diuretic that topically acts by reducing the 
seborrheic hyperproduction that occurs in this type of lesion;

•	 Milk-peptide-complex reactivates skin cells inducing the pro-

duction of collagen, hyaluronic acid, and fibronectin that im-
proves and softens the structure of the skin;

•	 Propylene glycol is an alcohol that acts by helping the skin to 
better absorb hydration by inducing suppleness;

•	 Excipients: hydroalcoholic solution in the appropriate propor-
tions to obtain the best solubility and stability of the formula.
The potential interactions between the different molecules of 

the new topical treatment, in particular between spironolactone 
and papaverine hydrochloride, were carefully monitored in the 
studied patient. No adverse reactions or interactions were ob-
served. A recent study evaluated the effectiveness of combining 
topical papaverine hydrochloride and topical spironolactone in 
the treatment of androgenetic alopecia (AGA). The results of the 
study showed that the combination of the two agents was better 
in AGA treatment, with no side effects or adverse interactions.7

A recent review reported the photosensitizing potential of 393 
different drugs or drug compounds, including topical spironolac-
tone. The level of evidence regarding the abilities of these agents 
to induce photosensitive reactions varied markedly.8

Kemp and co-workers (2019) in their histochemical and mo-
lecular biology study reported no evidence that human subjects 
receiving spironolactone are at particular risk of photosensitivity.9 
Moreover, no photosensitive reaction was observed after applying 
the new topical lotion.

Conclusions
The new topical treatment proved to bring significant improve-
ment as indicated by the disappearance of the itching sensation and 
comparing the pre- and post-PASI score assessment.

Although the results of “Psorisbye” in this case are promising, 
further studies with larger sample sizes and longer follow-up peri-
ods are required to confirm the findings of our case report.
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