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Establishing Age-Gender Specific Reference Values of T and B
Lymphocyte Subsets in Healthy Adults Using Flow Cytometry

Fatma Turgut Kaynak 1, 2 , Melek Yanasik ³ , Suzan Cinar ¹ , Sevgi Kalayoglu Besisik 3, 4 , Gunnur Deniz ¹  & Metin
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⁴ Department of Internal Medicine, Division of Hematology, Istanbul Faculty of Medicine, Istanbul University, Istanbul, Turkiye

Abstract Objective: Geographical, age and gender differences possibly affect the distribution of lymphocyte
subsets. This study aimed to determine the distribution of T and B lymphocytes and their subsets by
evaluating a larger healthy adult population in terms of gender and age.
Materials and Methods: Blood samples from 118 healthy adults aged 20-60 years were evaluated using
flow cytometry.
Results: B cell subsets were not affected by age and gender differences; however, CD3⁺ and CD4⁺ T cell
ratios were higher in women than in men. Gender and age differences did not affect the distribution
of CD4⁺ T cell subsets, but increased effector memory CD45RA⁺CD8⁺ T and decreased naive CD8⁺ T were
found among the group aged between 50-60 years. Additionally, regulatory T cells were found at higher
levels in individuals aged between 50-60 years. Moreover, high follicular regulatory T cells in men and
low follicular helper T cells in women were observed in individuals aged 50-60 years. Advanced age in
females may affect the differentiation of CD4⁺ T cells to T helper type 1.
Conclusion: Our results indicate that age and gender differences may affect cell distribution. Our findings
may contribute to the clinical evaluation of lymphocyte subset distributions as diagnostic tests performed
using flow cytometry for early diagnosis and appropriate treatment of patients.

Keywords T lymphocytes • B lymphocytes • Flow cytometry • Reference values of lymphocyte subsets
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INTRODUCTION
The immune system protects the body against foreign
microorganisms, such as bacteria, viruses, and tumor cells
(1). Adaptive immune responses contain B and T lymphocytes
that generate humoral responses by secreting the antibodies,
and T lymphocytes that generate cellular responses (2). The
distribution and function of B and T lymphocyte subsets
are known to change in various diseases, such as primary
immune deficiency (PID), autoimmunity, allergy, and cancer
(3). Recent studies have shown that decreased non-switched
and switched memory B and increased naive B lymphocytes
were detected in common variable immunodeficiency (CVID)
patients (4, 5). On the other hand, previous studies have
shown that patients with various autoimmune diseases such
as Hashimoto’s thyroiditis, type 1 diabetes mellitus, and
multiple sclerosis have a predominant CD4+ T helper type 1
(Th1) response and a decline in the proportion and number
of CD8+ T lymphocytes with an elevated CD4/CD8 ratio (6, 7).
Decreased numbers and impaired function of regulatory T
cells (Treg) were observed in X-linked immune dysregulation,
polyendocrinopathy, and enteropathy (IPEX) syndrome (8).

Some studies have indicated that demographic differences,
such as ethnicity, geography, age, and gender, may influence
lymphocyte distribution. Studies have reported that the
distribution of B cell subsets changes from birth to 16-18
years of age (9, 10). Furthermore, recent studies have shown a
functional relationship between immune cells and aging, with
a general consensus that memory cells increase relative to
naive cells as individuals age, even in healthy people (11). High
levels of Tregs, effector memory T cells, switched and non-
switched B cells, and natural killer (NK) cells, and low levels
of CD8+ T and naive T and B cells were found to be associated
with aging (12-14). In addition, the differentiation of CD4+ T cells
into Th1 and Th2 subsets decreases, whereas Th17 proliferation
increases with aging (15).

Determination of the distribution of T and B lymphocyte
subsets is highly important to evaluate and diagnose the
diseases like PID. Many studies have focused on the reference
values of T and B lymphocyte subsets in different countries
(16-19); however, the number of studies is limited in our
country (9, 20, 21). Most of the reference studies from Turkiye
only analyzed the distribution of CD19+, CD3+, CD8+, and CD4+

cells as well as NK cells (20, 21). One study focused on
different immunologic subsets like effector memory, central
memory, and effector memory RA in CD4 and CD8 T cells in
adults, without data about gender and age differences (9). In
this study, the effects of gender and age on the distribution
of lymphocyte subsets were determined and the reference
values of B and T cell subsets as well as Th1, Th2, Th17,

Treg, follicular regulatory T (TFR), follicular helper T (TFH), and
follicular cytotoxic T (TFC) cells were investigated for adults in
accordance with age and gender.

MATERIALS AND METHODS

Study Population

In total, 118 healthy adults, 58 females (49.15%) and 60
males (50.85%) aged 20-60 years were included. Volunteers
who were not Hepatitis B carriers, had no history of allergy,
autoimmunity, PID, cancer with their first-degree relatives with
no such symptoms, had no tissue, organ transplantation, or
blood transfusion in the previous year, were not pregnant,
taking no medication, did not have infectious or chronic
diseases, weighed over 50 kg, and had a body mass index (BMI)
of 17-31 were included in the study after signing the informed
consent form.

Venous peripheral blood samples were collected from the
Istanbul University Istanbul Medical Faculty Blood Center.
Ethics approval for the study was obtained from the
Istanbul Medical Faculty Clinical Research Ethics Committee
(21/08/2020 and numbered 19).

Volunteers were divided into four different age groups in 10-
year intervals. The first age group (20-29 years) consisted of 17
females (14.40%) and 15 males (12.71%), the second age group
(30-39 years) consisted of 15 females (12.71%) and 15 males
(12.71%), the subsequent age group (40-49 years) consisted
of 15 females (12.71%) and 16 males (13.55%), and the last
age group (50-60 years) consisted of 11 females (9.32%) and
14 males (11.86%). The data on the characteristics of the
volunteers are presented in Table 1.

Immunophenotyping

White blood cells (WBC) were counted using Rayto Auto
Hematology Analyzer (RT-7600, China). The T and B lymphocyte
subsets were determined by performing whole blood lysis
using three flow cytometric panels (B cell, T cell, and Treg cell
panel) which are detailed in Supplementary Table 1. The tubes
containing 1 x 10⁶ cells/mL were labeled for B cell panel with
anti-CD19, anti-IgD, anti-CD27, anti-CD45, for T cell panel with
anti-CD3, anti-CD4, anti-CD8, anti-CD45, anti-CD45RA, anti-
CCR7, anti-CD31, and for Treg panel with anti-CD3, anti-CD4,
anti-CD8, anti-CD45, anti-CD25, anti-CD127, anti-CXCR3, anti-
CXCR5, and anti-CCR6, by cell surface staining. The cells were
incubated, then, lysing solution (2mL) (BD Biosciences, San
Jose, CA, USA) was added. After 15 min of incubation, the cells
were washed 2 times by Flow Sheath (BD Biosciences, San
Jose, CA, USA) at 1800 rpm for 5 min. The cells were acquired
using a NovoCyte flow cytometer (Agilent Technologies, USA).
NovoExpress software (Agilent Technologies, USA) was used to
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Table 1. Demographic data of the groups

Age Groups
(years)

n % Age (Mean ± SD) BMI (Mean ± SD) WBC (Mean ± SD)
(10³/mm³)

Lym (Mean ± SD)
(10³/mm³)

20-29 17 14.40 26.23 ± 2.19 21.45 ± 2.60 6.67 ± 1.24 2.16 ± 0.48

30-39 15 12.71 36.53 ± 2.61 21.77 ± 3.40 7.68 ± 1.23 2.35 ± 0.58

40-49 15 13.55 43.93 ± 2.31 24.71 ± 3.01 6.90 ± 1.69 2.10 ± 0.55

50-60 11 9.32 54.72 ± 3.63 24.42 ± 2.54 5.51 ± 1.79 1.88 ± 0.60

FEMALE

Total Females 58 49.20 38.87 ± 0.53 23.00 ± 3.22 6.78 ± 1.61 2.14 ± 0.55

20-29 15 12.71 23.80 ± 3.27 24.73 ± 2.79 6.69 ± 1.57 2.45 ± 0.64

30-39 15 12.71 33.20 ± 2.14 25.23 ± 2.18 6.94 ± 1.55 2.08 ± 0.63

40-49 16 12.71 42.81 ± 2.25 25.22 ± 2.14 6.93 ± 1.46 2.27 ± 0.63

50-60 14 11.86 54.85 ± 3.54 25.63 ± 4.29 7.01 ± 1.65 2.29 ± 0.49

MALE

Total Males 60 50.80 38.44 ± 11.76 25.00 ± 2.80 6.89 ± 1.52 2.26 ± 0.61

TOTAL 20-60 118 100 38.66 ± 11.12 24.00 ± 3.23 6.83 ± 1.56 2.20 ± 0.58

BMI: Body mass index, WBC: White blood cell, Lym: Lymphocyte

analyze data by gating in the SSC/CD45 dot plot graph of at
least 100,000 CD45+ lymphocytes. Doublet cells were excluded
from the FSC-A/FSC-H and SSC-A/SSC-H graphs.

Statistical Analyses

GraphPad Prism version 9 was used for statistical analysis.
The mean, standard deviation, and 2.50%-97.50% percentile
values of all parameters were calculated. The Student’s t-test
was used to test statistics for normally distributed groups,
and the Mann–Whitney U test was used for the evaluation of
variables that showed no normal distribution. Age groups and
all parameters were compared and evaluated with Kruskal-
Wallis and two-way ANOVA. With reference to previous studies
("Reference values for peripheral blood lymphocyte subsets
in a healthy Korean population", CD3 variable), when the
difference between the means was 7.8 units and the standard
deviations were 6.73 and 9.97, respectively, the sample size was
determined as at least n=76 to obtain 80% power at the 95%
confidence level and p≤0.05 was determined as the statistical
significance level.

RESULTS

Age and gender did not affect the distribution of B
cell subsets

To identify age and gender differences, the ratios of CD19+

(B cells), CD19+CD27+ (total memory B cells), CD19-CD27+, and
CD19+IgD+ values in lymphocytes were analyzed. Additionally,
the ratios of CD27+ (total memory B), CD27-IgD+ (naive B),
CD27+IgD+ (non-switched memory B), CD27+IgD- (switched
memory B), and CD27-IgD- cells were analyzed in CD19+ B
lymphocytes (Supplementary Figure 1A).

The distributions of CD19+, CD19+CD27+, and CD19+IgD+ in
lymphocytes did not differ according to age and gender
(Supplementary Figure 1 B-C). Similarly, the distributions
of total memory, naive, non-switched memory, switched
memory, and CD27-IgD- B cells in CD19+ B cell gate showed no
differences in terms of age and gender. According to our data,
the distribution of B cell subsets in adults in the range of
20-60 years was not affected by age or gender (Supplementary
Figure 1 D-E). The age- and gender-related distributions of B
cell subsets are shown for all individuals in Table 2.

CD3+ and CD3+CD4+ T cells increased only in females

T lymphocyte subsets were analyzed in accordance with age
and gender differentiation and the distribution of T cells
(CD3+), T helper cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+),
CD4+CD31+, CD4+CD25+, and CD45RA+ cells were determined in
lymphocyte gate. On the other hand, CD3+ T cells were gated
in the SSC/CD3 graph. CD4+, CD8+, CD4+CD25+, and CD45RA+

(naive T) cell ratios in CD3+ T lymphocytes were also analyzed
Supplementary Figure 2.

The ratios of CD3+, CD3+CD4+, CD4+CD31+, and CD4+CD25+ T cells
in lymphocytes were higher in women than in men (p=0.0001,
p<0.0001, p<0.0001, and p<0.0001, respectively) (Figure 1A). The
CD4+ T cell ratios were found higher in the age groups of
30-39, 40-49 years and total in females compared to the ratios
in all men age groups (20-29, 30-39, 40-49, 50-60 years, and
total) (females aged 30-39 years p<0.0001, p=0.0026, p=0.0003,
p=0.0006 and p<0.0001, respectively; females aged 40-49
years p<0.0001, p=0.0021, p=0.0003, p=0.0007 and p<0.0001,
respectively; total females p<0.0001, p=0.0004, p<0.0001,
p=0.0001, and p<0.0001, respectively) (Figure 1B). The ratio of
CD3+CD8+ T cells did not change according to gender or age
(Figure 1C).
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Table 2. B lymphocyte subset distribution in lymphocytes and CD19+ B cell

Age Group 20-29
Female

20-29
Male

30-39
Female

30-39
Male

40-49
Female

40-49
Male

50-60
Female

50-60
Male

Total
Female

Total
Male

Total Group

in Lymphocyte

CD19+ (%) 9.60± 3.79
4.48-18.06

11.25 ± 2.87
7.38-16.21

10.73 ± 2.91
5.77-15.88

11.83 ± 3.51
5.45-17.09

10.55 ± 3.29
6.04-17.57

11.51 ± 3.81
5.19-19.20

10.70 ± 3.22
6.29-16.02

12.98 ± 4.20
6.35-20.62

10.35 ± 3.29
4.56-17.83

11.87 ± 3.59
5.32-20.59

11.12 ± 3.51
5.17-19.23

CD19+CD27+ (%) 3.48 ± 2.11
1.06-9.68

4.05 ± 1.80
1.76-7.40

3.92 ± 1.70
1.22-7.65

4.22 ± 1.65
1.92-8.72

3.15 ± 1.27
1.30-5.98

3.62 ± 1.36
1.75-6.02

3.71 ± 1.02
2.57-5.84

4.59 ± 2.31
1.84-9.54

3.55 ± 1.62
1.13-8.76

4.09 ± 1.77
1.75-9.13

3.83 ± 1.71
1.29-8.78

CD19-CD27+ (%) 67.07 ± 8.71
52.98-79.32

61.24 ± 10.59
42.99-75.64

60.02 ± 10.71
41.48-74.51

52.12 ± 12.71
30.33-70.27

62.59 ± 9.89
40.73-78.65

49.29 ± 9.48
28.24-63.96

49.38 ± 11.47
31.62-63.87

40.42 ± 15.4
7.68-61.53

60.75 ± 11.62
34.52-79.02

51.09 ± 13.85
11.50-75.04

55.84 ± 13.63
27.27-78.43

CD19+IgD+ (%) 6.51 ± 3.34
1.60-12.44

7.87 ± 1.61
5.16-10.67

7.43 ± 2.79
3.40-12.91

8.87 ± 3.14
3.43-15.04

7.22 ± 2.99
2.28-14.62

8.03 ± 3.36
3.37-13.73

7.55 ± 2.64
3.77-12.06

9.01 ± 3.60
3.40-15.61

7.13 ± 2.94
1.82-3.81

8.43 ± 2.99
3.38-15.58

7.79 ± 3.02
2.27-15.05

in CD19+ B Cells

CD27+

(Total Memory B)
34.06 ± 13.47
7.64-59.09

32.38 ± 12.53
16.43-62.43

32.96 ± 14.59
17.44-66.04

34.73 ± 12.90
17.84-55.43

29.31 ± 12.01
13.04-54.14

31.75 ± 12.84
11.03-55.44

33.16 ± 7.95
17.20-44.22

32.13 ± 11.69
11.18-51.05

32.37 ± 12.34
10.07-62.91

32.75 ± 12.26
11.11-58.94

32.56 ± 12.24
11.17-59.34

CD27-IgD+

(Naive B)
56.43 ± 14.55
29.72-79.46

59.24 ± 11.76
29.24-79.97

57.74 ± 13.26
28.85-72.62

59.11 ± 13.61
35.08-76.97

62.19 ± 12.82
41.19-79.45

59.79 ± 14.00
35.07-85.23

60.60 ± 9.75
47.33-74.99

60.63 ± 10.78
43.65-80.96

59.07 ± 12.85
29.24-79.46

59.66 ± 12.38
33.61-83.55

59.37 ± 12.56
31.96-81.03

CD27+IgD+

(Non-switched
memory B)

12.76 ± 8.98
1.75-33.29

12.94 ± 9.28
3.81-41.76

12.08 ± 9.62
2.78-40.03

17.98 ± 9.56
3.51-37.37

12.06 ± 8.39
0.46-28.96

10.77 ± 6.51
0.97-22.75

11.04 ± 6.01
2.69-23.71

14.08 ± 7.84
3.00-27.06

12.08 ± 8.30
1.04-37.00

13.89 ± 8.59
1.98-39.57

13.00 ± 8.46
1.69-37.57

CD27+IgD-

(Switched
memory B)

22.97 ± 8.57
5.95-38.15

20.65 ± 7.76
10.64-39.16

21.35 ± 10.17
12.20-48.89

16.99 ± 7.87
8.29-35.64

17.80 ± 5.60
6.39-26.95

20.59 ± 10.23
6.19-38.33

19.44 ± 8.05
7.23-28.88

17.29 ± 7.71
6.65-29.60

20.53 ± 8.28
6.14-44.06

18.96 ± 8.48
6.42-38.75

19.73 ± 8.39
6.37-38.39

CD27-IgD- 7.82 ± 4.47
2.18-18.81

7.16 ± 3.70
1.75-13.93

8.82 ± 4.47
3.56-18.60

5.91 ± 3.25
1.87-13.49

7.95 ± 4.88
1.83-18.56

8.84 ± 4.51
2.48-16.31

8.92 ± 3.51
4.86-16.92

7.99 ± 4.13
2.15-17.58

8.31 ± 4.33
1.98-18.72

7.48 ± 3.98
1.81-16.95

7.89 ± 4.16
1.86-18.56

All values are given mean ± SD and in the range of 2.50-97.50% percentile, respectively.

The proportions of T cell subsets were analyzed in the CD3+

T cell gate, and the ratio of CD4+ T cells was higher in the
female group (p=0.0001), however, the ratio of CD8+ T cells
was increased in men (p=0.0006) (Figure 1D-E, respectively).
Increased CD4+ T cells were found in women aged 30-39 years
compared with women aged 20-29 years and in all males
(p<0.0001 and p=0.0009, respectively). Similarly, elevated CD4+

T cells were observed in women aged 40-49 years in contrast
to women aged 20-29, 30-39, and 40-49 years and in all
males (p<0.0001, p=0.0036, p=0.002 and p=0.0007, respectively)
(Figure 1D). Increased CD8+ T cells were detected in men aged
20-29 years compared with the levels in men aged 30-39, 40-49
years, and in all females (p=0.0014, p=0.0022 and p=0.0002,
respectively) (Figure 1E). The ratio of CD45RA+ cells in CD3+ T
cells (naive T cells) showed no change with gender differences,
but the ratios were lower in males aged 50-60 years compared
with the levels in men aged 20-29 and 40-49 years (p=0.0052
and p=0.0029, respectively), while there was no difference
among all age groups in women (Figure 1F). The analysis of the
ratio of CD4+CD25+ T cells according to gender and age revealed
no significant differences between the groups. The values of
all cell groups evaluated within lymphocytes and CD3+ T cell
gates are given for all age groups in Table 3.

Lower naive and higher TEMRA CD8+ T cells are
observed in individuals aged 50-60 years

Based on CD45RA and CCR7 expression, naive (CD45RA+CCR7+),
T effector memory RA (TEMRA) (CD45RA+CCR7-), effector memory
(CD45RA-CCR7-) and central memory (CD45RA-CCR7+) T cell
subsets were separately analyzed in CD4+ and CD8+ T
lymphocytes. Additionally, the ratio of recent thymic emigrant
cells (RTE) (CD45RA+CD31+) was evaluated in CD4+ T cells
(Supplementary Figure 2). The values of naive, TEMRA, effector
memory, and central memory cells in males and females at
CD4+ and CD8+ gates are given in Table 4.

The evaluation of the ratio of naive, TEMRA, effector memory,
and central memory CD4+ T lymphocytes in terms of gender
and age showed no significant difference (Figure 2A). The
effector and central memory CD8+ T cell ratios did not change
according to age or gender (Figure 2B). On the other hand,
the ratio of naive CD8+ T cells of the women aged 50-60
years was decreased compared with the ratio in women
aged 20-29, 30-39, 40-49 years, and total females and with
the 20-29 and 30-39 aged male groups (p<0.0001, p=0.0013,
p=0.0118, p=0.0026, p=0.0006 and p=0.001, respectively) (Figure
2C). Similarly, the naive CD8+ T cell ratio was found lower
in men aged 50-59 years compared with the ratio in men
aged 20-29 years and total males (p<0.0001 and p=0.0038,
respectively) and 20-29, 30-39, 40-49 aged groups and
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Figure 1. In lymphocytes gate A) Distribution of CD3+, CD3+CD4+, CD3+CD8+, CD4+CD31+, and CD4+CD25+ T lymphocytes in the female and male groups B) Distribution
of CD4+ and C) CD8+ lymphocytes according to age. In the CD3+ lymphocyte gate, D) Distribution of CD4+ and E) CD8+ lymphocytes, F) CD45RA+ lymphocytes
according to age (**p<0.01, ***p<0.001, ****p<0.0001).

total females (p<0.0001, p<0.0001, p=0.001 and p<0.0001,
respectively) (Figure 2C).

However, TEMRA CD8+ T cell ratios of the women aged 50-60 years
increased compared with the ratios in women aged 20-29,
30-39, 40-49 years, and total females and the 20-29 and 30-39
aged group in males (p=0.0045, p=0.038, p=0.043, p=0.0039,
p=0.014 and p=0.038, respectively). TEMRA CD8+ T cell ratios of
the same age (50-60 years) men were higher compared with
the ratios in the total female and youngest (20-29 years old)
female group (p=0.003 and p=0.004, respectively). In addition,
the TEMRA CD8⁺ T cell ratio in the 20-29 age group was lower in
females than in males in the 40-49 age group males (p=0.03)
(Figure 2D).

The ratio of CD45RA+CD31+ RTE cells was higher in the total
females compared with the total and 40-49 aged males
(p=0.001 and p=0.0056, respectively). No difference was found
in terms of age groups in the RTE of women. However, the
RTE ratio was decreased in males aged 50-60 years relative to
men aged 20-29 years and the total male groups and 20-29,
30-39, 40-49 aged and total female groups (p<0.0001, p=0.0044,

p<0.0001, p=0.0004, p=0.0002 and p<0.0001, respectively)
(Figure 2E).

The ratio of Treg and TFR cells increased in elderly
individuals

CD25highCD127- cells in CD4+ T cell population were evaluated as
Treg cells. CXCR5 expressing CD25highCD127- cells were selected
as TFR. CXCR5 expressing cells in CD8+ T cells were defined as
TFC, and CXCR5 expressing cells within CD4+ T cells were defined
as TFH (Supplementary Figure 2).

The ratio of Treg was found to be higher in women aged 50-60
years when compared with the ratio in women aged 20-29,
30-39, 40-49 years, and the total female groups and 20-29
and 30-39 age group in males (p<0.0001, p=0.0014, p=0.0012,
p=0.0004, p=0.0002 and p=0.0004, respectively). Similarly, men
aged 50-60 years had elevated Treg cells compared with the
levels in the men aged 20-29, 30-39, 40-49 years and total
male groups and the 20-29, 30-39, 40-49 aged and total female
groups (p<0.0001, p<0.0001, p<0.0001, p<0.0001, p<0.0001,
p<0.0001, p<0.0001 and p<0.0001, respectively) (Figure 3A).
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Table 3. T lymphocyte subset distribution within total lymphocytes and T cell population

Age Group 20-29
Female

19-29
Male

30-39
Female

30-39
Male

40-49
Female

40-49
Male

50-60
Female

50-59
Male

Total
Female

Total
Male

Total Group

in Lymphocyte

CD3+ (%) 81.94 ± 6.22
72.51-91.53

76.21 ± 5.75
66.68-83.75

77.86 ± 4.29
69.97-83.57

75.55 ± 6.15
64.07-86.72

80.15 ± 6.02
67.97-88.73

74.93 ± 7.18
61.23-85.97

76.71 ± 7.10
65.01-86.44

69.58 ± 8.61
55.07-84.56

79.43 ± 6.10
65.25-90.58

74.47 ± 7.40
57.47-87.58

76.91 ± 7.21
61.19-88.75

CD3+CD4+ (%) 45.21 ± 3.63
35.05-52.33

38.93 ± 6.00
30.20-50.22

49.07 ± 4.44
42.60-56.61

41.36 ± 7.85
26.37-51.94

50.75 ± 7.26
35.93-62.18

40.67 ± 6.49
28.79-51.69

47.54 ± 6.59
39.79-58.91

40.84 ± 6.73
22.97-48.96

48.08 ± 5.81
35.47-60.80

40.45 ± 6.68
24.76-51.81

44.20 ± 7.32
27.74-58.92

CD3+CD8+ (%) 30.18 ± 5.64
20.56-40.01

30.91 ± 6.17
19.41-44.01

25.22 ± 5.14
17.96-36.53

29.06 ± 4.98
19.15-37.63

25.89 ± 4.06
18.03-33.48

28.89 ± 5.81
19.06-42.89

27.35 ± 6.03
19.57-35.57

25.23 ± 9.01
14.45-40.23

27.25 ± 5.47
17.99-38.93

28.59 ± 6.75
14.94-43.42

27.93 ± 6.16
16.40-40.30

CD4+CD31+ (%) 22.32 ± 3.70
15.59-28.15

18.12 ± 4.94
11.01-25.61

23.31 ± 6.10
12.82-36.23

17.87 ± 4.78
12.52-27.02

24.11 ± 6.09
15.85-33.86

15.24 ± 4.53
7.50-23.25

21.51 ± 5.56
14.54-31.82

14.62 ± 4.41
6.82-21.82

22.89 ± 5.33
13.64-35.10

16.47 ± 4.81
7.17-26.85

19.62 ± 5.99
8.38-33.66

CD45RA+ (%) 57.69 ± 6.63
46.46-70.51

63.47 ± 8.03
47.58-73.46

56.97 ± 9.01
43.05-76.53

58.03 ± 7.31
45.52-71.36

57.62 ± 8.19
44.48-73.17

62.48 ± 8.57
48.11-79.82

57.35 ± 5.85
51.03-69.26

55.36 ± 9.37
35.55-68.45

57.42 ± 7.40
43.73-74.93

59.95 ± 8.77
37.90-77.16

58.71 ± 8.19
42.97-74.80

CD4+CD25+ (%) 16.58 ± 3.43
11.86-25.05

15.05 ± 4.73
9.78-27.39

18.93 ± 6.79
3.12-29.77

16.92 ± 3.39
11.38-24.51

21.54 ± 5.16
10.04-29.12

18.77 ± 2.86
14.03-23.33

22.66 ± 6.50
12.48-31.29

19.11 ± 4.98
10.08-25.54

22.29 ± 6.12
12.24-35.65

17.46 ± 4.27
9.84-26.42

19.83 ± 5.77
10.08-33.95

in CD3+ T Cells

CD3+CD4+ (%) 53.86 ± 5.66
44.02-64.88

49.88 ± 6.09
37.23-61.24

61.41 ± 4.76
50.54-68.02

52.90 ± 8.57
35.65-64.30

61.91 ± 6.84
52.13-71.86

53.01 ± 7.70
39.30-65.40

59.07 ± 6.04
50.79-72.08

57.17 ± 11.97
34.61-72.71

58.88 ± 6.64
45.22-71.98

53.17 ± 8.91
35.16-71.18

55.98 ± 8.35
37.19-71.87

CD3+CD8+ (%) 34.87 ± 5.81
27.17-47.24

39.55 ± 8.05
23.30-54.87

30.51 ± 5.67
22.40-42.97

36.88 ± 6.31
22.58-46.27

31.05 ± 5.50
23.38-41.94

36.97 ± 6.24
26.00-48.77

32.86 ± 5.67
22.98-41.31

33.71 ± 9.70
18.96-52.44

32.37 ± 5.81
22.68-45.30

36.83 ± 7.72
20.86-53.59

34.64 ± 7.18
22.58-49.89

CD3+CD45RA+ (%) 47.77 ± 8.03
31.48-65.36

50.48 ± 8.75
35.89-66.54

45.98 ± 10.67
27.07-67.95

44.98 ± 8.65
31.51-62.41

46.32 ± 9.94
32.70-62.93

51.48 ± 9.44
35.57-66.89

46.54 ± 6.87
31.98-57.28

39.24 ± 11.07
15.07-58.18

46.70 ± 8.89
29.16-66.72

46.75 ± 10.46
20.49-66.71

46.72 ± 9.68
27.03-66.55

CD4+CD25+ (%) 23.06 ± 5.15
15.02-32.03

21.16 ± 6.29
13.38-37.97

26.94 ± 7.48
16.06-42.42

24.26 ± 4.58
15.65-32.33

28.80 ± 7.53
14.61-42.97

27.29 ± 6.36
20.36-39.14

30.10 ± 7.84
16.36-43.50

27.50 ± 7.02
15.08-39.49

26.88 ± 7.30
14.80-43.25

25.05 ± 6.51
13.86-39.31

25.95 ± 6.94
14.60-42.43

All values are given mean + SD and in the range of 2.50-97.50% percentile, respectively.

Table 4. Distribution of naive (CD45RA+CCR7+), effector memory (CD45RA-CCR7-), central memory (CD45RA-CCR7+), and TEMRA (CD45RA+CCR7-) lymphocyte subsets within
CD3+CD4+ and CD3+CD8+ T cell populations

Age Group 20-29
Female

20-29
Male

30-39
Female

30-39
Male

40-49
Female

40-49
Male

50-60
Female

50-60
Male

Total
Female

Total
Male

Total Group

in CD3+CD4+ T Cells

CD45RA+CCR7+ (%) 40.04 ± 9.05
24.23-52.77

40.23 ± 12.95
20.69-60.52

35.84 ± 12.31
16.32-55.32

32.31 ± 10.11
15.91-56.77

38.41 ± 10.80
23.38-57.44

37.03 ± 14.95
18.05-58.32

34.28 ± 9.88
17.75-43.63

25.73 ± 13.20
9.53-46.16

37.44 ± 10.53
17.00-56.43

34.01 ± 13.73
10.32-59.85

35.70 ± 12.33
11.47-58.34

CD45RA+CCR7- (%) 2.44 ± 1.22
0.41-5.12

4.38 ± 2.85
1.33-13.00

3.97 ± 2.38
0.91-10.35

4.30 ± 1.98
1.46-8.27

3.75 ± 2.18
1.04-8.10

5.77 ± 5.49
0.88-23.90

6.67 ± 3.59
2.47-13.35

4.52 ± 2.05
1.56-9.70

3.98 ± 2.71
0.64-12.61

4.76 ± 3.44
0.88-18.18

4.38 ± 3.11
0.88-13.01

CD45RA-CCR7- (%) 36.26 ± 7.74
22.88-50.37

36.89 ± 12.40
18.30-61.83

41.18 ± 11.02
25.67-57.41

43.73 ± 12.29
20.88-68.60

35.40 ± 10.03
17.87-52.49

35.52 ± 10.45
19.27-51.39

39.73 ± 9.13
30.61-59.21

47.64 ± 13.86
20.67-68.03

37.97 ± 9.58
19.84-58.36

40.74 ± 12.93
18.81-68.30

39.38 ± 11.44
19.25-64.00

CD45RA-CCR7+ (%) 21.26 ± 6.84
12.62-36.89

18.49 ± 4.88
11.15-28.97

19.01 ± 6.62
11.22-30.67

19.65 ± 8.03
8.00-36.72

22.43 ± 5.53
12.36-35.05

21.67 ± 12.97
2.04-48.52

19.31 ± 6.31
10.75-31.61

22.12 ± 5.47
14.91-33.16

20.61 ± 6.36
10.97-36.04

20.48 ± 8.51
4.31-46.11

20.54 ± 7.50
7.96-37.07

CD45RA+CD31+ (%) 34.91 ± 7.97
20.74-47.08

32.38 ± 9.59
20.99-50.42

30.01 ± 9.61
15.08-48.05

27.34 ± 8.01
11.59-44.12

30.88 ± 9.54
17.78-47.83

23.92 ± 8.47
9.91-38.67

27.47 ± 8.80
14.21-39.81

16.81 ± 7.77
6.93-29.37

31.19 ± 9.14
14.32-47.95

25.23 ± 10.00
6.95-48.55

28.61 ± 10.01
6.99-47.84

in CD3+CD8+ T Cells

CD45RA+CCR7+ (%) 37.48 ± 10.73
18.26-64.16

37.30 ± 14.65
18.46-62.48

32.29 ± 10.98
8.24-53.61

26.28 ± 10.65
10.78-43.24

31.83 ± 15.50
15.43-71.75

26.99 ± 14.59
10.54-54.88

17.67 ± 8.65
9.26-34.33

13.74 ± 8.84
1.65-35.65

30.92 ± 13.47
8.72-68.14

26.51 ± 14.74
3.90-60.93

28.07 ± 14.24
6.16-62.56

CD45RA+CCR7- (%) 26.56 ± 12.58
2.58-46.81

27.56 ± 10.96
13.89-44.13

30.21 ± 12.56
11.23-55.64

33.13 ± 15.28
12.20-64.81

29.45 ± 16.93
4.48-56.68

37.09 ± 15.19
17.08-58.45

41.56 ± 13.64
23.24-64.67

41.23 ± 18.54
9.66-66.70

31.10 ± 14.64
3.48-63.72

34.57 ± 15.53
10.93-65.76

32.85 ± 15.13
5.03-64.80

CD45RA-CCR7- (%) 33.84 ± 11.91
15.40-64.26

33.22 ± 9.68
20.80-55.06

34.29 ± 9.29
16.93-53.96

38.47 ± 10.86
23.97-58.76

34.91 ± 11.41
14.60-53.11

32.79 ± 9.09
20.06-54.57

38.44 ± 11.83
23.60-62.49

41.70 ± 15.56
19.95-75.15

35.11 ± 10.97
14.98-63.42

36.31 ± 11.67
20.01-66.96

35.71 ± 11.30
16.85-62.58

CD45RA-CCR7+ (%) 2.11 ± 1.21
0.42-4.50

1.92 ± 1.36
0.55-5.65

3.14 ± 2.13
0.64-6.97

2.11 ± 1.58
0.44-5.32

3.85 ± 2.26
1.11-7.93

3.12 ± 3.39
0.63-13.79

2.33 ± 1.47
0.75-5.11

3.32 ± 2.22
1.07-9.11

2.87 ± 1.91
0.52-7.91

2.60 ± 2.33
0.47-11.45

2.73 ± 2.13
0.50-7.98

All values are given mean + SD and in the range of 2.50-97.50% percentile, respectively.

The analysis of TFR cells revealed no significant differences
among women across age groups, whereas the rate of TFR

cells increased in males aged 50-60 compared to men aged
20-29, 40-49 years, and the overall levels in males and females
aged 20-29, 30-39, 40-49, as well as total females (p=0.0063,

p=0.009, p=0.01, p=0.0012, p=0.0009, p=0.0011 and p<0.0001;
respectively) (Figure 3B). The ratio of TFH cells was detected to
have decreased in females compared with the ratio in males
(p=0.0031). TFH cells in females aged 20-29 years were found
to be lower than the number of cells in females aged 30-39
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Figure 2. In the CD4+ lymphocyte gate, A) Distribution of naive, TEMRA, effector, and central memory CD4+ T lymphocytes in male, female, and all individuals; B)
Distribution of CD45RA+CD31+ RTE lymphocytes according to age. In the CD8+ lymphocyte gate, C) Distribution of effector and central memory CD8+ T lymphocytes
in male, female, and total individuals; D) Distribution of naive CD8+ cells; and E) distribution of TEMRA CD8+ lymphocytes according to age (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001).
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Figure 3. The distribution of CD25highCD127- Treg (A), CXCR5⁺CD25highCD127- TFR (B), CXCR5⁺ TFH (C), and CXCR5⁺CD8⁺ TFC cells (D) according to age.

years and males aged 30-39, 40-49, and 50-60 years (p=0.0006,
p<0.0001, p<0.0001 and p<0.0001, respectively). It was also
observed that the total number of the female group was lower
than the 30-39 female age group and the 30-39, 40-49, 50-60,
and total male groups (p=0.027, p=0.0081, p=0.0098, p=0.0028
and p=0.0031, respectively) (Figure 3C). The evaluation of the
ratio of the TFC cell group in terms of gender and age showed
no significant differences between the groups (Figure 3D). The
values for Treg, TFH, and TFR cells in the CD4+ T cell gate and
TFC cells in the CD8+ T cell gate for males and females by age
group are presented in Table 5.

Advanced age in females may affect the
differentiation of CD4+ T cells to Th1 cells

CD4+ T cells are divided into different subsets, such as
Th1, Th2, or Th17, according to transcription factors and
secreting cytokines (22). Recent studies have shown that some
chemokine receptors such as CXCR3 and CCR6, can be used
for the determination of Th1, Th2, and Th17 (23). Therefore,
CD4+ T lymphocytes were analyzed by CXCR3 and CCR6 surface

markers as Th1 (CXCR3+), Th2 (CXCR3-CCR6-) and Th17 (CXCR3-

CCR6+) cells (Supplementary Figure 2).

Th1, Th2, and Th17 cell subsets were analyzed, and no
differences were observed between genders. Th1 cells of the
women aged 20-29 years were lower than those of women
aged 30-39, 40-49, and 50-60 years (p<0.0001, p=0.0001, and
p=0.0016, respectively) and males aged 30-39, 40-49 and
50-60 years (p=0.0001, p=0.0008 and p=0.0073, respectively).
Females aged 30-39 years had higher Th1 than total females,
20-29 years, and total males (p=0.026, p=0.0044, and p=0.0044,
respectively) (Figure 4A).

On the other hand, the ratio of Th2 and Th17 cells in women
aged 20-29 years was increased compared with the ratio
in other female age groups (Th2 cells p<0.0001, p=0.0002
and p=0.006; Th17 cells p=0.0001, p=0.0016 and p=0.0009,
respectively) (Figure 4B-C). In addition, in the Th2 cell subset,
females aged 20-29 years were found to be higher than males
aged 30-39, 40-49 and 50-60 years (p=0.0004, p=0.0008 and
p=0.0008, respectively). The number of women aged 30-39
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Table 5. Distribution of Th1, Th2, Th17, Treg, TFH, TFR, and TFC cell subsets

Age Group 20-29
Female

20-29
Male

30-39
Female

30-39
Male

40-49
Female

40-49
Male

50-60
Female

50-60
Male

Total
Female

Total
Male

Total Group

CXCR3+ (Th1) (%) 83.63 ± 8.52
64.44-97.17

88.55 ± 8.18
73.17-98.03

95.63 ± 3.40
90.86-99.90

94.08 ± 3.89
86.62-98.57

94.15 ± 3.39
87.14-99.95

92.35 ± 3.98
86.15-99.20

93.10 ± 3.07
88.80-98.67

90.33 ± 1.73
87.05-92.75

91.25 ± 7.27
67.90-99.93

91.36 ± 5.34
73.95-98.87

91.31 ± 6.34
72.16-99.78

CXCR3-CCR6- (Th2) (%) 12.87 ± 7.35
2.61-28.99

9.10 ± 7.33
1.67-25.22

3.43 ± 2.76
0.02-7.93

4.74 ± 3.15
1.05-11.13

4.42 ± 2.51
0.04-9.46

5.55 ± 2.83
0.72-10.31

5.88 ± 2.85
1.14-9.20

7.91 ± 4.10
1.40-17.90

6.92 ± 5.96
0.02-26.50

6.93 ± 4.61
0.89-24.28

6.92 ± 5.30
0.08-23.78

CXCR3-CCR6+ (Th17) (%) 3.51 ± 2.11
0.22-6.74

2.41 ± 2.27
0.20-7.56

0.92 ± 0.93
0.02-3.10

1.17 ± 0.86
0.24-3.08

1.41 ± 1.05
0.01-3.37

2.09 ± 1.25
0.09-3.78

1.01 ± 0.76
0.20-2.59

1.07 ± 0.73
0.35-3.15

1.82 ± 1.75
0.01-6.66

1.70 ± 1.50
0.14-6.33

1.76 ± 1.62
0.01-6.50

CD25hiCD127- Treg (%) 0.33 ± 0.14
0.13-0.61

0.47 ± 0.27
0.22-1.17

0.59 ± 0.31
0.22-1.44

0.58 ± 0.19
0.35-0.92

0.64 ± 0.20
0.33-1.03

0.86 ± 0.29
0.31-1.33

1.23 ± 0.58
0.51-2.32

1.72 ± 0.63
0.61-2.73

0.65 ± 0.44
0.13-2.18

0.89 ± 0.60
0.22-2.63

0.77 ± 0.54
0.16-2.38

TFH (%) 4.73 ± 3.00
1.54-13.22

6.18 ± 5.41
0.19-17.34

9.65 ± 3.57
2.07-15.10

10.06 ± 3.01
4.97-15.84

7.02 ± 3.05
2.22-12.59

9.91 ± 3.01
5.05-18.98

7.51 ± 2.98
3.77-13.05

10.46 ± 2.54
4.47-13.84

7.30 ± 3.56
1.66-14.65

9.41 ± 3.70
0.07-18.32

8.36 ± 3.77
1.20-16.22

TFR (%) 1.00 ± 0.57
0.34-2.30

1.02 ± 0.83
0.18-2.95

1.08 ± 0.53
0.13-2.13

1.63 ± 0.78
0.28-2.94

1.08 ± 0.58
0.51-2.32

1.13 ± 0.51
0.21-1.90

1.77 ± 0.94
0.87-3.62

2.44 ± 1.30
0.29-5.40

1.20 ± 0.70
0.20-3.50

1.58 ± 1.03
0.07-4.87

1.39 ± 0.90
0.16-3.79

TFC (%) 3.17 ± 2.09
1.14-9.43

1.97 ± 1.44
0.23-5.08

3.58 ± 1.73
0.69-6.52

2.42 ± 1.54
0.81-5.93

1.81 ± 0.71
0.51-2.86

2.78 ± 2.21
0.56-9.58

2.90 ± 2.23
1.15-7.80

3.16 ± 1.37
1.28-5.70

2.87 ± 1.85
0.59-8.65

2.58 ± 1.70
0.29-7.66

2.72 ± 1.77
0.47-7.84

Th1: T helper type 1, Th2: T helper type 2, Th17: T helper type 17, Treg: Regulatory T cells, TFH: Follicular helper T, TFR: Follicular regulatory T, TFC: Follicular cytotoxic T
All values are given mean + SD and in the range of 2.50-97.50% percentile, respectively.

years was found to be lower than the number of the total
female group and 20-29 years old male and total male group
(p=0.031, p=0.0092, and p=0.0065, respectively). The Th2 cell
subset was observed at a lower age in 30-39-years-old females
compared with the total male group (p=0.046) (Figure 4B).
Th1, Th2, and Th17 cell subsets of men showed no difference
regarding age. The values of Th1, Th2, and Th17 lymphocyte
subsets are given in Table 5.

DISCUSSION
The pathology of diseases affects the immune system, and
accordingly, the distribution of T or B lymphocytes may
be altered. Detecting changes in the lymphocyte subsets
is important for disease diagnosis and clinical outcome.
Therefore, studies focusing on the reference values of T and
B lymphocyte subsets are needed. Various factors, such as
gender, age, and ethnicity might affect the distribution of T
and B lymphocyte subsets (9, 16, 18).

The researchers demonstrated that age and gender
differences had no effect on the distribution of B lymphocyte
subsets in adults in this study. Similar to our data, studies
from a different country showed that B lymphocyte subset
showed no change in adults (9, 16). The results of a multi-
center study containing six different centers in Europe were
similar regarding the distributions of total CD19+, naive, non-
switched, and switched memory B lymphocytes, but the
range of CD27-IgD- cells (2.00-6.09%) in individuals aged 20-86
years was different from the range obtained in our study
(1.86-18.56%) (9). This difference may be due to the selection
of age groups. Our results indicate that, apart from age and
gender, ethnicity might not affect the distribution of CD19+ B
lymphocytes, naive, non-switched, and switched memory B
lymphocytes.

The studies showed that the absolute cell counts of CD3+,
CD4+, and CD8+ T lymphocytes increased from birth until the
9th month of life and decreased at later ages (9, 24, 25). In our
study, we found that age differences did not affect the ratios
of CD3+, CD4+, and CD8+ T lymphocytes in adults. CD3+ and CD4+

T were higher in females; however, there was no difference in
CD8+ T lymphocyte according to gender. It was reported that
the distributions of CD3+, CD4+, and CD8+ T lymphocytes were
similar in different studies conducted in terms of gender in
adult individuals (16, 20), and no difference was reported in
terms of CD3+ lymphocytes; the number of CD4+ T lymphocytes
was higher and CD8+ T lymphocytes were lower in females (18).
In several studies, it has been reported that sex chromosome
genes and sex hormones such as estrogen, progesterone, and
androgens may contribute to differences in the distribution of
immune cells between women and men (26-28). In particular,
estrogen has been shown to have a strong influence on NF-κB
signaling, which plays a key role in a variety of inflammatory
and autoimmune processes, and half of the active genes in
female T cells like Treg, have estrogen response elements
in their promoters (26, 27). Additionally, it is suggested that
hormonal transition periods, such as menopause, may be
also associated with differences in immune cell distributions
in women of different age groups (26-28). A multi-cohort
study identified 144 differentially expressed genes between
females and males (27). According to this study, genes highly
expressed in CD4+ T cells of females were associated with
the adaptive immune response. MicroRNAs (miRNAs) are
small RNA molecules that play a role in the regulation of
gene expression. Although the Y chromosome contains only
2 miRNAs, the X chromosome contains approximately 800
miRNAs. Some miRNAs encoded on the X chromosome also
affect immune cells and their functions. Additionally, sex
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Figure 4. The distribution of CXCR3+ Th1 (A), CXCR3-CCR6- Th2 (B), and CXCR3-CCR6+ Th17 (C) in CD4+ T cells according to age.
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

hormones also influence the expression of these miRNAs (26).
In light of all the aforementioned information, it is thought
that various factors, including differences in the expression
profiles of sex hormones, miRNAs, and genes responsible
for immune responses between males and females, may

contribute to the observed differences in T cell subsets
between men and women in our study. Gender and age
differences were found to have not affected the effector,
central memory, naive and TEMRA cell distributions in CD4+ T
lymphocytes, whereas a decrease in naive CD8+ T cell and
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an increase in TEMRA in CD8+ T lymphocytes were found in the
50-60 age group of both genders. Some studies reported that
this decrease of naive cells was a result of age-related thymic
involution. However, an increase in the number of TEMRA cells
that develop in response to pathogens with immune aging
may be among the expected results (29, 30).

Treg and TFR play unique roles in autoimmune diseases, and
changes in the ratio or function of these cells are associated
with pathogenesis (31-33). Autoimmune diseases are rarely
detected in the elderly (32, 34). In our data, Treg cell ratio
was observed to increase, especially in individuals aged
50-60 years compared to the ratio in other age groups. The
increase in Treg in the elderly people observed in the current
literature supports the data obtained in our study. However,
one study showed that Treg cell distribution differed in terms
of gender, and 20-39 and 40-60 age groups compared with
our data (6.00-9.00%) (18). Additionally, it was observed that
TFR cell ratios increased in men aged 50-60 years compared
with the ratios in other age groups, while no difference was
found between male and female groups. As observed for
Treg cells, it might be suggested that the increase in Treg
and TFR cells in the elderly may have led to an increase
in the protective effects against autoimmune diseases and
increased susceptibility to cancer and chronic infections.

T cells play an important role in the development of
autoimmune diseases, and in most diseases, a Th1 response is
dominant (35). Our observations that Th1 responses are more
predominant in healthy women aged 30 years and older may
be related to the age at disease onset. Various factors, such as
genetic predisposition, hormones, and environmental factors,
are known to have possible roles in the pathogenesis of
autoimmune diseases, and age- and gender-related changes
in T cell subsets in healthy individuals may also be an
important factor to consider.

To summarize, the T and B lymphocyte subsets were
comprehensively analyzed in whole blood samples from
healthy adults, and reference ranges for age and sex
differences were established in the present study. The missing
point of our study is that the volunteers were limited to the
Istanbul region only and the total population size was low
to come up with country-wide conclusions. Nevertheless, our
results suggest that age and gender differences may lead to
differences in cell distribution. In addition, it is suggested
that the obtained data will contribute to the clinic in the
evaluation of lymphocyte subset distributions in diagnostic
tests performed using flow cytometry in individuals with
cancer, primary immunodeficiency, or autoimmune diseases;
thus, early diagnosis and correct treatment methods can be
offered to patients in a short period of time.
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APPENDIX
Supplementary Table 1. Constructed panel and antibody information

Antibody Fluorochrome Clone Source/Company

CD45RA FITC L48 BD

CCR7 (CD197) PE 3D12 BD-Pharmingen

CD31 PE.Cy7 WM59 BD-Pharmingen

CD4 APC OKT4 Biolegend

CD8 APC/Cy7 SK1 BD-Pharmingen

CD3 AlxF700 OKT3 Biolegend

T
Cell
Panel

CD45 BV510 HI30 BD-Horizon

CXCR5 (CD185) FITC J252D4 Biolegend

CD25 PE 2A3 BD

CCR6 (CD196) PE.Cy7 11A9 BD-Horizon

CD4 APC OKT4 Biolegend

CD8 APC/Cy7 SK1 BD-Pharmingen

CD3 AlxF700 OKT3 Biolegend

CD127 BV421 HIL-7R-M21 BD-Horizon

CD45 BV510 HI30 BD-Horizon

Treg
Cell
Panel

CXCR3 (CD183) BV711 IC6/CXCR3 BD-Horizon

IgD FITC IA6-2 Biolegend

CD27 PE.Cy7 M-T271 Biolegend

CD19 APC SJ25C1 BD

B
Cell
Panel

CD45 BV510 HI30 BD-Horizon
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Supplementary Figure 1. A) The lymphocyte (CD45+) and B cell (CD19+) gating strategy for B lymphocyte subsets. B) The distribution of CD19+, CD19+CD27+ and
CD19+IgD+ lymphocytes in total individuals, according to gender, and C) the distribution of CD19+ regarding age in lymphocytes gate. D) The distributions of
total memory, naive, non-switched, switched memory and CD27-IgD- B lymphocyte of total, male and female individuals in the CD19+ E) CD27+ total memory B
lymphocyte distributions by age groups in the CD19+ lymphocyte gate.

Supplementary Figure 2. The gating strategy for T lymphocytes and subsets.
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Abstract Objective: Sudden death is defined as death occurring within one hour of the onset of symptoms, with
cardiovascular diseases being one of the leading causes. The most common genetic factors leading to
sudden cardiac death are hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomy6
opathy. In some cases, autopsies may reveal no evidence of long QT syndrome, short QT syndrome,
catecholaminergic polymorphic ventricular tachycardia, or Brugada Syndrome.
Materials and Methods: We collected samples from sudden cardiac death cases aged 5–40 years
(arrhythmia as Group 1, hypertrophy as Group 2, and ischemic heart disease as Group 3) , as well as from
healthy athletes (control group as Group 4), and analyzed them using genome6wide association study
(GWAS) with a DNA microchip containing 196,725 single nucleotide polymorphism (SNP) markers thought
to be associated with sudden cardiac death or other cardiovascular diseases.
Results: We detected any possible genetic variations or patterns that could elucidate the mechanisms
underlying sudden cardiac death in a Turkish population. In our study group, two polymorphisms;
rs2971851 and rs9609516, stood out as prominent variants compared with healthy elite athletes.
Conclusion: We aimed to identify potential genetic variations or patterns that could shed light on the
mechanisms underlying sudden cardiac death in the Turkish population. In our study group, two poly6
morphisms, rs2971851 and rs9609516, emerged as prominent variants when compared to healthy athletes.
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INTRODUCTION
In forensic medicine practices, sudden and unexpected
deaths are the most frequent ones among natural death
causes. It is reported that every year approximately 350,000
people in Europe and between 300,000 and 400,000 people in
the USA die suddenly and unexpectedly (1). Moreover, it has
been shown that most of these deaths are of cardiac origin (2).
This phenomenon, known as sudden cardiac death, is defined
as death occurring within one hour of the onset of cardiac
symptoms—such as chest pain, palpitations, or fainting—in an
otherwise healthy individual (3). While channelopathies and
cardiomyopathies frequently cause sudden cardiac death in
younger populations, coronary artery diseases are among the
most common causes of sudden cardiac death in middle6aged
individuals (4).

Sudden cardiac death is an important public health problem
affecting the community and young people. Therefore, to
prevent possible young deaths, it is important to understand
the basic features and mechanisms of the disease.
Consequently, genetic studies have gained importance in
recent years. The genome6wide association study (GWAS) is a
technique that has been used since 2007 to evaluate complex
diseases and common diseases or population6based studies.
The primary purpose of GWAS is to link potentially associated
genes with a specific disease or trait. GWAS analysis is
advantageous because it can include a large number of single
nucleotide polymorphisms (SNPs) and can reliably analyze
them in a short time with a large number of samples (5, 6).

For our study, we used a DNA chip containing 196,725 SNP
markers associated with cardiovascular disease risk to identify
polymorphic gene regions specific to the Turkish population
and to uncover the relationships between genes and diseases.

MATERIALS AND METHODS
We selected 152 autopsies performed at the Forensic Medicine
Institute between 2011 and 2013. These cases were associated
with sudden cardiac death, were aged between 5 and 40 years,
and had no previous cardiac complaints or family history of
sudden cardiac death. Blood and tissue samples were stored
at −20°C.

We divided selected cases into 3 groups according to clinical
history and macroscopic and histopathological examination
findings. Group 1 (n=53; 12 females and 41 males), “negative
autopsy group (Group 1)” comprised cases with no structural
changes in the heart and no occlusive lesions in their
coronary arteries; Group 2 (n=50; 13 females and 37 males),
“hypertrophic cardiomyopathy group” comprised of cases
showing histopathological hypertrophic cardiomyopathy

features in cardiac tissue; and Group 3 (n=49; 5 females and
44 males), “ischemic heart disease group” comprised cases
showing occlusive features and histopathological ischemic
features in heart tissue. Cases with a history of epilepsy,
structural anomalies in the heart and/or coronary arteries
(valvular malformation, coronary bridging, etc.), myocarditis,
or toxicological features on chemical examination were
excluded from the study. Group 4 was formed as the control
group consisting of 80 healthy athletes.

The control group was selected using the following criteria
to increase the scientific validity and statistical power of the
results;

1) We selected individuals who did not have any heart
disease in themselves or their family, have no history
of sudden cardiac death in the family, have undergone
echocardiogram (ECHO) and electrocardiogram (ECG)
screenings, receive regular checkups, and engage in
regular physical activity.

2) The samples were selected from individuals aged 16640,
as in the autopsy samples.

3) The gender distribution was adjusted to ensure a higher
proportion of males in the control group, as sudden
cardiac deaths are more commonly observed in males.

4) To avoid ethnic and geographical differences among
individuals, the control group was selected from people
living in Istanbul.

We performed total DNA isolation using an Invitrogen Mini
Kit and a Qiagen Mini Blood Kit using the blood samples
of the control group and tissue samples of the case groups
collected during the autopsies. We measured the purity and
concentration of the DNA samples by spectrophotometric
method at a wavelength of 260/280 nm using a Nanodrop
spectrophotometer. A minimum of 40 ng/µL concentration
was needed for our purposes, and a total of 32 DNA isolates
that did not reach this concentration were not included in
further studies. 465 µL from each DNA isolate was used.

GWAS Analysis

We analyzed 196,725 SNP markers using an iScan Microarray
Scanner (Illumina Inc®) and GenomeStudio®v2011.1 software
(Illumina Inc®) for all preliminary analyses and quality
analysis of the process.

We then compared the samples using the “Identity by Descent
(IBD) Estimation” according to the alleles that they shared. The
estimated proximity identification (PI) value indicates shared
alleles. This value is expected to be one for monozygotic twins,
0.5 for siblings, and 0.25 for cousins. We verified the sex of the
samples using the heterozygosity of the X chromosome, which
was determined during the genotyping process.
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The processed data were transferred from GenomeStudio to
Golden Helix®SNP & Variation Suite (SVS). We started the
analyses with 196,725 SNP markers, but after removing the
markers on chromosome Y (due to the fact that genes on
the Y chromosome are associated with very few diseases), we
continued with 185,802 SNP markers.

Statistical Analyses

We applied Fisher’s exact test for Hardy6Weinberg Equilibrium
(HWE), and markers with p values lower than 1065 and SNP
markers with Linkage Disequilibrium (LD) (>0.5) were filtered
out and excluded from the analysis.

We started whole genome association analysis using the
markers determined during the SNP filtering process.
“Additive model, (dd)>(Dd)>(DD)” and applied “Correlation/
Trend” test were selected. We used Bonferroni Adjustment and
False Discovery Rate (FDR) tests as Multiple Correction tests.

We performed the statistical analyses using the SPSS 20.0
package program (IBM Corp., Armonk, NY, USA) and used p<0.05
as significance limit.

RESULTS
Group 1 consisted of 53 (12 females and 41 males, mean
age=23.13), Group 2 included 50 (13 females and 37 males, mean
age=28.94), and Group 3 included 49 (5 females and 44 males,
mean age=35.22) cases.

Information about the activities of the cases at the time of
death are given in Table 1.

Table 1. Distribution of patient groups by place of death

Activity at the
Time of Death

Frequency Percentage Valid
Percentage

Cumulative
Percentage

Unknown 9 5.9 5.9 5.9

Resting 50 32.9 32.9 38.8

Driving 4 2.6 2.6 41.4

Sleeping 8 5.3 5.3 46.7

Found dead at home 22 14.5 14.5 61.2

Found dead in the
bathroom

9 5.9 5.9 67.1

At workplace 9 5.9 5.9 73

During argument 2 1.3 1.3 74.3

During physical effort 34 22.4 22.4 96.7

Few days lasting chest
pain

5 3.3 3.3 100

Total 152 100 100

Evaluation of the Microarray Findings

Group 1 (arrhythmia), Group 2 (hypertrophy), and Group
3 (ischemic heart disease) were included in the analysis.

Samples in Group 3 were analyzed separately as hypertrophy6
coronary heart disease and hypertrophy6coronary heart
disease6myocardial infarction, yet evaluated as a single group.
We examined a total of 200 DNA samples, including case
groups; however, in 60 samples data acquisition (call rates)
were detected below 95%, and therefore these were excluded
from the study. Among the 140 samples, the highest data
acquisition was determined as 0.9969, and the lowest as
0.9557.

Proximity Identification (PI)

We found the estimated PI value of these 140 control samples
as 0.097, and since there were no kinship between the
samples, none were excluded from the analysis.

Gender Determination

We determined the sex of the samples using heterozygosity
data from the X chromosome. The gender distribution of the
genotyping samples was 66 male and 16 female cases. In the
control group, 44 were males and 14 were females.

SNP Filtering

We began our analysis using 196,725 SNP markers across a
total of 140 samples. Subsequently, we removed the markers
on the Y6chromosome and continued with the remaining
185,802 markers. The number of markers with a genotyping
rate below 95% was 10,596. The number of markers with minor
allele frequency (MAF) below 0.01 was 60,232. Markers with a p
value of less than 1065 for HWE were 507, and therefore, a total
of 68,688 SNP markers were excluded from the analysis (7).

Linkage Disequilibrium (LD)

A total of 57,569 SNP markers with LD (>0.5) were excluded from
the analysis.

GWAS Analysis

Following SNP filtering, we analyzed 140 samples (82 cases, 58
controls) with 59,545 SNP markers. As a result of the analysis,
among the SNPs with a p value below 1x1064, the ones with
the highest significance were determined as rs2971851 on the
2. chromosome (2p14, MAF=0.7342) and rs9609516 on the 22.
chromosome (22q12.3, MAF=0.1273).

Evaluation of Results According to Case-Control
Relationship

The Q6Q chart of the expected and observed values is shown
in Figure 1. The Manhattan Plot for case groups and control
group is shown in Figure 2. SNP markers with a p value below
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Figure 1. The Q6Q plot of the expected and observed values among the case
and control groups

Figure 2. Manhattan Plot demonstration between case/control groups

1x1064 according to the case groups6control relationship are
presented in Tables 2, 3, and 4.

Table 2. SNPs associated with arrhythmia (Group 1) compared to controls
(Group 4)

Marker Chromosome Gene Position Allele
Change

The Minor
Allele

Frequency

Variant

rs2369527 1q31.2 LINC02770 191872334 A/G 0.1663 Intronic

rs2632594 3p22,1 ULK4 41480682 A/G 0.8922 Intronic

rs10213562 4q25 MCUB 110494732 T/G 0.2146 Intronic

rs37569 5q11.2 PDE4D 58839567 A/C 0.8432 Intronic

rs12209155 6p12.3 PTCHD4 47891704 C/T 0.1204 Intronic

rs10811461 9p21,3 NONE 21063183 G/A 0.1246 NONE

rs3786189 18q23 NFATC1 77201837 T/C 0.2533 Intronic

Table 3. SNPs associated with hypertrophic cardiomyopathy (Group 2)
compared controls (Group 4)

Marker Chromosome Gene Position Allele
Change

The Minor
Allele

Frequency

Variant

rs792232 10q23.31 RNLS 90147344 G/A 0.8886 Intronic

rs1172479 10q24.1 PIK3AP1 98481307 T/A 0.3851 Upstream

rs9609516 22q12.3 RFPL3 32755074 G/T 0.1273 Intronic

Table 4. SNPs associated with ischemic coronary artery disease (Group 3)
compared controls (Group 4)

Marker Chromosome Gene Position Allele
Change

The
Minor
Allele

Frequency

Variant

rs7593239 2q34 LOC101927960 209605944 G/A 0.1387 Intronic

rs3856953 4p16.2 EVC/
CRMP1

5774747 C/A 0.9373 Intronic

rs6822202 4q32.3 MARCHF1 165132898 G/A 0.08282 Intronic

rs17440042 4p14 N4BP2 40130593 G/A 0.07490 Intronic

rs488174 5q13.2 LOC105379030 72429346 C/T 0.1095 Intronic

rs6864267 5q32 PDE6A 149247738 C/A 0.05700 Intronic

rs1428507 5q34 NONE 164791450 G/A 0.1918 NONE

rs994690 6p22,2 NONE 27047916 T/C 0.08668 NONE

rs6456769 6p22,1 H2BC12 27107865 G/A 0.08692 Intronic

rs10499295 6q25.3 LOC101928923 156223473 G/T 0.05196 Intronic

rs1107152 8q13.2 PREX2 68896865 A/G 0.4214 Intronic

rs10088446 8q13.2 PREX2 68898599 G/A 0.3783 Intronic

rs12115844 9q34.11 FNBP1 132720869 C/T 0.04864 Intronic

rs9424135 10p15,1 ASB13 5700843 G/T 0.09645 Intronic

rs2094248 13q13.3 DCLK1 36483466 A/G 0.09936 Intronic

rs9919897 14q11.2 LOC105370401 22862876 T/C 0.7667 Intronic

rs1034377 14q11.2 LOC105370401 22865841 A/G 0.8001 Intronic

rs2014778 14q11.2 LOC105370401 22876816 G/T 0.7081 Intronic

rs760017 14q11.2 LOC105370401 22882590 A/C 0.7063 Intronic

rs226785 16q13.12 MRTFB 14313728 G/A 0.05145 Intronic

rs4782921 16q24.1 WFDC1 84360361 C/A 0.1796 Intronic

rs1641788 16p13.13 NUBP1/
TVP23A

10861110 C/T 0.1796 Intronic /3’UTR

rs1468753 17q22 AKAP1 55162325 T/G 0.9023 Upstream

rs8111989 19q13.32 CKM 45809208 T/C 0.3532 Downstream

rs9619601 22q12.3 MYH9 36700175 A/G 0.05311 Synonym

In our study, we selected 13 polymorphisms that have been
shown to be associated with the cardiac diseases and that
were observed in at least one and at most 3 patients in the
same group. These polymorphisms are shown in Table 5.

DISCUSSION
In our study on the prevalence of sudden cardiac deaths in
the population, the results were consistent with the literature,
indicating that the death rate among male is higher than that
among female. This difference is considered to be due to the
protective effects of the estrogen hormone on blood vessels
(8).

In our study, the location of death in autopsy cases was
significant in terms of its relevance to the existing literature.
In this classification, since fatal symptoms were reported to
occur in the bed, bathroom, and toilet, the classification was
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Table 5. Candidate variations for cases (Group 163)

Marker Chromosome Gene Coordinate Allele Change The Minor Allele
Frequency

Changes in
Amino Acid

Levels

Pathogenicity Variant

rs78121716 11p11.2 NDUFS3 47605891 G/A 0.00003976 p.Arg218Gln VUS Missense

rs61742331 2p24.1 APOB 21229679 G/C 0.0008392 p.Ala3354Gly CIP Missense

rs72653074 2p24.1 APOB 21239423 C/T 0.00002121 p.Gly1074Arg VUS Missense

rs61742990 2p24.1 APOB 21255262 C/T 0.00003541 p.Arg439Gln VUS Missense

rs72653102 2p24.1 APOB 21230334 G/A 0.00004782 p.Arg3136Cys VUS Missense

rs59827137 1q24.2 NME7 169138708 G/T 0.002091 p.Leu359Met Missense

rs76757832 6p22.2 TRIM38 25969631 C/G 0.000004042 p.Arg164Gly Missense

rs183414771 3q27.2 IGF2BP2 185393659 C/G 0.0001592 p.Leu285Phe Missense

rs141107387 3p22.2 SCN5A 38592107 C/T 0.000008024 p.Arg1918His VUS Missense

rs35310697 9p21.3 DMRTA1 22451581 G/T 0.001811 p.Ala396Thr Missense

rs3782886 12q24.12 BRAP 112110489 T/C 0.01867 p.Glu4Gly Missense

rs11575933 9q34.2 ADAMTS13 136302063 C/T 0.005366 p.Pro475Ser CIP Missense

rs1800562 6p22.2 HFE 26093141 G/A 0.03377 p.Cys282Tyr Pathogenic Missense

VUS: Variant of Uncertain Significance; CIP: Conflicting Interpretations of Pathogenicity

made as death at home, death in the bed, and death in the
bathroom (9).

Since the autopsy materials in our study were selected from
cases sent to the Istanbul Morgue Department of the Council
of Forensic Medicine, it was not possible to clearly reflect the
regional distribution of sudden cardiac deaths. Therefore, a
regional evaluation was not conducted.

In addition to many family studies, population6based studies
have been carried out in relation to sudden cardiac deaths.
Studies on the genetic background of diseases such as
cardiovascular disease and cancer have been conducted with
GWAS since 2007. The advantage of GWAS is that it allows a
large number of samples to be run quickly on microchips with
a large number of SNPs (6).

In our study, we found the SNPs rs2971851 and rs2971851 to
be associated with the sudden cardiac death; however, no
association with the cardiac diseases has been reported in
either polymorphism.

When the cases were grouped according to their
histopathological findings, the polymorphisms rs2369527,
rs2632594, rs10213562, rs37569, rs12209155, rs10811461, and
rs3786189 in the arrhythmia group were significantly
associated with sudden cardiac death compared with the
control group. None of these polymorphisms were previously
associated with cardiac patients. However, mutations in the
NFATc1 gene with rs3786189 were associated with congenital
cardiac diseases (10); mutations in the ULK4 gene with
rs2632594 were associated with hypertension (11) and acute
aortic dissection (12); mutations in the MCUB gene with
rs10213562 (12, 13) with ischemic heart disease; and mutations

in the PDE4D gene with rs37569 were associated with
arrhythmogenic cardiac diseases (14, 15).

A significant correlation was found between rs792232,
rs1172479, and rs9609516 and sudden cardiac death in
the hypertrophic cardiomyopathy group. Previously, none
of these polymorphisms were associated with the cardiac
events. However, mutations in the RNLS gene with rs792232
polymorphism have been associated with hypertension (16)
and type 1 Diabetes Mellitus (17).

A significant correlation was observed with sudden cardiac
death and rs7593239, rs3856953, rs6822202, rs17440042,
rs488174, rs6864267, rs1428507, rs994690, rs6456769, rs6456769,
rs10499295, rs1107152, rs10088446, rs12115844, rs9424135,
rs2094248, rs9919897, rs1034377, rs2014778, rs760017, rs226785,
rs478292, rs1641788, rs1468753, and rs8111989 in the coronary
artery group. However, none of these polymorphisms had
been reported in the literature to be associated with the
cardiac diseases. Among these, rs6864267 has been stated
as a benign variant in the ClinVar database. On the other
hand, there are no mutations associated with cardiovascular
diseases reported in the PDE6A gene, in which it is found. The
MRTFB gene, in which the rs226785 polymorphism is found, is
called Myocardin Related Transcription Factor B and is known
to play an active role in heart development (18).

It has been reported that the AKAP1 gene, in which rs1468753 is
found, plays a role in the development of cardiac hypertrophy,
hypoxia6induced myocardial infarction, and endothelial cell
dysfunction (19, 20).

In our study, we selected 13 polymorphisms that have been
associated with the cardiac diseases and observed in at least
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one and at most 3 patients in the same group. Among these
variants, it has been reported that the rs1801278 (p.Gly971Arg)
variant in the IRS1 gene may be a risk factor for coronary artery
disease, especially with the history of diabetes (21, 22).

Although there is no literature on rs72653074 (p.Gly1074Arg),
724742990 (p.Arg439Gln), and rs72653102 (p.Arg3136Cys) in the
APOB gene, all of them were detected among different
patients in Group 3, and their clinical importance in the
ClinVar database is stated as conflicting classifications
of pathogenicity (CIP) for familial hypercholesterolemia
patients (23). Although there is no literature on rs141107387
(p.Arg1918His) in the SCN5A gene, which was detected in 3
different patients in Group 1, they were reported as CIP for
clinically important hereditary arrhythmic diseases in the
ClinVar database (23).

The rs61742331 (p.Ala3354Gly) variant of the APOB gene,
which was found in only one patient in Group 3, has been
reported in the ClinVar database as CIP for clinically important
familial hypercholesterolemia disease (23, 24). The rs11575933
(p.Pro475Ser) variant of the ADAMTS13 gene, found in only
one patient in Group 3, has been proposed as a pathogenic
variant for hereditary thrombotic thrombocytopenic purpura
by Kokame et al. and Akiyma et al.(25, 26).

The rs1800562 (p.Cys282Tyr) variant of the HFE gene, found
in only one patient in Group 2, has been suggested
to be a pathogenic variant of cardiomyopathy (23) and
Familial Hemochromatosis Syndrome (27631). In addition, it
has been reported that the same variant is a risk factor
for microvascular complications in Type II Diabetes patients
(32, 33). Furthermore, the same variant was suggested as a
possible pathogenic variant for Cardiomyopathy in the Clinvar
database (23).

In addition to all these, variants of rs74522665 (p.Gly1386Arg)
of NOTCH2 found in only 1 case in Group 1, that is known to
play a role in cardiac development, rs59827137 (p.Leu359Met)
of NME7 found in 1 case in Group 2, rs76757832 (p.Arg164Gly) on
TRIM38 found in 1 case in Group 1, rs183414771 (p.Leu285Phe)
of IGF2BP2 found in 1 case in Group 1, rs8176721 (p.Asn105Lys)
of APOB found in 1 case in Group 1, rs35310697 (p.Ala396Thr) of
DMRTA1 found in one case each of Group 1, 2 and 3, rs115553210
(p.Trp195Ter) of REXO4 found in one case in Group 1, rs3782886
(p.Glu4Gly) of BRAP found in one case in Group 1, rs114104180
(p.Glu1218Asp) of HECTD4 found in one case each in Group
1 and 2, rs117505183 (p.Arg2511Trp) of HECTD4 found in one
case in Group 1, rs188294925 (p.Arg528Gly) of GNL3 found in
one case in Group 1 should be further evaluated in terms of
sudden cardiac death.

CONCLUSION
The development of new strategies for the early diagnosis and
prevention of sudden cardiac death is important for public
health. Understanding the molecular mechanisms underlying
sudden cardiac death represents a crucial step in this process.
The results of the GWAS of our study suggest new and possibly
complementary biological pathways that may be involved in
sudden cardiac death. Furthermore, our study is the first
autopsy6based research to investigate variants observed in
the Turkish population in cases of sudden cardiac death.
In future studies, sequencing analyses of these candidate
genes should be performed to look for possible mutations.
By determining the sudden cardiac death gene profile specific
to Turkish population, it will be possible to determine the
people who inherit the disease and the people who develop
it spontaneously; and to take the necessary precautions in
terms of the risk of sudden cardiac death.
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Abstract Objective: Upon injury, Müller cells re-enter the cell cycle, acquire progenitor properties, and produce new
retinal neurons in zebrafish. Proliferation is an essential step in retinal regeneration. The strict regulation
of Müller cell proliferation limits mammalian retinal regeneration. Growth factors such as fibroblast
growth factor 2 (FGF2) can promote the proliferation of Müller glia in mammals; however, the regeneration
capacity is restricted. In this study, we investigated the possible contribution of salt-inducible kinase 2
(SIK2) to Müller reprogramming through FGF2 signaling.
Materials and Methods: MIO-M1 cells were used as the model system. Modulations in cell proliferation,
extracellular signal-regulated kinase (ERK)1/2 activity, and SIK2 expression during 7 days of FGF2 treatment
were documented. Overexpression studies were conducted to provide clues for the potential contribution
of SIK2 to MIO-M1 reprogramming.
Results: Our findings demonstrate that the expansion of Müller cells that de-differentiate into progenitors
requires ERK activation. A significant reduction in the SIK2 protein level is necessary for Müller cells to
proliferate. SIK2 overexpression inhibited ERK activity, cell proliferation, and reprogramming.
Conclusion: We propose that SIK2 is involved in Müller reprogramming by suppressing ERK activation.
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INTRODUCTION
The description of Müller cells dates back to 1851 by Heinrich
Müller, and they were later identified as the principal glial
cells in the retina (1). They span the width of the retina and
contact all retinal neurons (2). The major role of Müller glia
is to maintain retinal homeostasis and support the survival
and function of neurons. In response to damage, Müller
cells undergo a series of changes including upregulated
production of neuroprotective factors, such as fibroblast
growth factor 2 (FGF2) (3, 4). Consistent with the upregulation
of neuroprotective factors, extracellular signal-regulated
kinase (ERK) activation has been detected in experimental
models of various retinopathies (5, 6). ERK activation is
proposed to mediate cell cycle re-entry in activated Müller
cells (7).

In zebrafish, Müller glia undergo a proliferative response
upon injury, gain progenitor properties, and produce all
retinal cell types (8). Most of the cells produced by
proliferating Müller glia remain as progenitors, whereas a few
differentiate into specific neurons in chick retia (9). Müller
glia can become activated in mammals, but few proliferate
in response to injury and do not replenish lost neurons
(10). The limited Müller cell proliferation in mammals upon
injury may be due to inhibitory mechanisms or limited
mitogens. Characterization of the mechanisms that limit
the proliferation of mammalian Müller cells may provide
clues to unlocking the dormant regenerative potential of
mammals (11). Müller glia may proliferate after retinal injury
in humans, but there is no evidence of neuron regeneration
in the human retina. Human Müller cells (the MIO lines),
isolated from different post-mortem retinas (12), express
Müller and progenitor markers. Growth factors stimulate these
cells to express post-mitotic neuronal markers (13, 14). FGF2
is one of the factors involved in Müller proliferation and
reprogramming (13, 15). Without any damage, FGF2 and insulin
stimulate Müller glia, as observed after neurotoxic damage
in chicks (15). FGF2 selectively activates the Ras/MAPK/ERK
signaling pathway, which regulates Müller proliferation (16).

Salt inducible kinase 2 (SIK2) was first identified in the adipose
tissue of mice and has a well-defined role in regulating
metabolism (17, 18). SIK2 was shown to have a role in insulin
release from β-islet cells in the pancreas (19). Furthermore,
SIK2 activity in cancer progression was also implicated (20,
21). In cortical neurons, oxygen-glucose deprivation causes
SIK2 degradation, which activates cyclic AMP-responsive
element-binding protein (CREB) and its downstream genes
and promotes neuronal survival (22). By controlling Akt
phosphorylation, SIK2 blocks insulin-mediated Müller cell
survival in normal and chronic hyperglycaemic conditions (23).

SIK2 is expressed in Müller cells and neurons in the inner
nuclear layer of the retina (23). Recently, we identified a novel
regulatory role of SIK2 downstream of FGF2 signaling, induced
by ERK activation (24). In this context, we provide evidence
showing that SIK2 is a factor that restrain Müller proliferation
and impede reprogramming.

MATERIALS AND METHODS

Cell Culture

MIO-M1 cells were provided by Prof. Astrid Limb (University
College London, Institute of Ophthalmology) and grown in
Dulbecco's Modified Eagle Medium (DMEM) (Thermo Scientific,
USA) supplemented with 10% fetal bovine serum (FBS)
(Thermo Scientific, USA) and 0.1% penicillin/streptomycin
(Thermo Scientific, USA) at 37°C and under 5% CO₂. For
FGF2 treatment, 500 MIO-M1 cells per cm² were cultured
on matrigel-coated plates and serum-starved overnight.
Subsequently, the cells were stimulated with 40 ng/mL FGF2
(R&D Systems, USA) for 7 days (13). The FGF2-containing
medium was replenished every 2 days.

RNA Isolation and Reverse Transcription-
Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA isolation was performed using the Ouick-
RNA MiniPrep Kit (Zymo Research, USA) according to the
manufacturer’s instructions. RNA samples were treated with
DNase I on a column for 30 minutes at 37°C. Total RNA was
reverse-transcribed using the RevertAid First Strand cDNA
synthesis kit (Thermo Scientific, USA). RT-qPCR amplifications
were performed on a Piko Real 96 Real-time Thermal Cycler
(Thermo Scientific, USA) in a reaction mixture containing SYBR
Green (Takara, Japan) and the primer pairs listed in Table
1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a normalisation standard. The amplification reactions
were started with initial denaturation at 95°C for 5 min. This
was followed by 40 cycles of denaturation at 95°C for 10 s,
annealing of primers for 10 s, and extension at 72°C for 10
s. Relative transcript levels were calculated using the ΔΔCT
method.

Lysate Preparation and Western Blotting

Cell pellets were resuspended in ice-cold lysis buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1% Triton X-100 supplemented with protease and phosphatase
inhibitor cocktails and lysed using ceramic beads (Roche,
Germany) with MagnaLyser homogenizer (Roche, Germany) at
6500 rpm for 30 s. Centrifugation for 20 min at 13,200 rpm at
4°C removed cell debris.
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Table 1. List of primers used in qPCR

Gene ID Forward primer Reverse primer

GAPDH 5’-GGAAGGTGAAGGTCGGAGTC-3’ 5’-AACATGTAAACCATGTAGTTGAGGT-3’

Pax6 5’-CCGAGATTTCAGAGCCCCAT-3’ 5’-AGACACCACCGAGCTGATTC-3’

Vimentin 5’-CGGGAGAAATTGCAGGAGGA-3’ 5’-AAGGTCAAGACGTGCCAGAG-3’

Calretinin 5’-ATCCTGCCAACCGAAGAGAAC-3’ 5’-GCAGGAAGTTTTCCTGGACAG-3’

Chx10 5’-AGTGTCATGGCGGAGTATGG-3’ 5’-TTTTGTGCATCCCCAGTAGCC-3’

Hesr2 5’-GAGAGCGACATGGACGAGAC-3’ 5’-CGACGCCTTTTCTCTATAATCCCT-3’

Prox1 5’-TGACTTTGAGGTTCCAGAGAGAT-3’ 5’-AGGCAGTTCGGGGATTTGAA-3’

Total protein extracts or immunoprecipitated samples were
separated on a polyacrylamide gel, electroblotted on a
polyvinylidene fluoride (PVDF) membrane (Roche, Germany),
blocked by either 1% skimmed milk powder or 5% bovine
serum albümin (BSA) in 150 mM NaCl, 20 mM Tris-HCl (pH
8.0), 0.1% Tween 20 and probed with primary antibodies
overnight at 4°C. Anti-SIK2 (Cell Signaling, 1/1000), anti-
phospho-extracellular signal-regulated kinase (pERK) (Cell
Signaling, 1/1000), anti-ERK (Santa Cruz, 1/1000), anti-β-actin
(Santa Cruz, 1/5000) antibodies were used. The membranes
were then washed and incubated with horseradish peroxidase
(HRP)-tagged secondary antibodies. The antibody-antigen
interactions were visualized by ImmunoCruz luminol reagent
(Santa Cruz, USA) using the Stella imaging system (Raytest,
Germany).

Cell Proliferation Assay

Proliferating cells were detected using an in situ cell
proliferation kit, FLUOS (Roche, Germany). Briefly, 10 μM
bromodeoxyuridine (BrdU) was added to the culture medium
5 h before fixation of the cells with 70% ethanol and 30%
glycine (50 mM, pH 2). Cellular DNA was denatured with 4M HCl.
The samples were incubated with the fluorescein-conjugated
anti-BrdU antibody for 45 min at 37°C in the dark. 4′,6-
diamidino-2-phenylindole (DAPI) was used to stain the nuclei.
Samples were analysed using Zeiss Axio Observer Z1 Inverted
fluorescence microscope (Zeiss, USA). For each image, 200
cells were counted from distinct areas. For SIK2 overexpressed
MIO-M1 cells, anti-BrdU antibody (Roche, Germany) and Alexa
Fluor 555-conjugated secondary antibody were used.

SIK2 Overexpression in MIO-M1 Cells

MIO-M1 cells were transfected with the enhanced green
fluorescent protein-salt inducible kinase 2 plasmid (pEGFP-
SIK2) using X-treme Gene HP DNA transfection reagent (Roche,
Germany) at a 3:1 ratio as instructed by the manufacturer. An
empty pEGFP vector was used as the control. After 24 h, the
culture medium was replenished. To select stable clones, cells
were grown in 500 μg/mL neomycin (Sigma, USA) containing

medium for 2 weeks, and the medium was replenished
every 3 days. Neomycin-resistant colonies were collected
using cloning cylinders. Western blotting analysis verified SIK2
overexpression in neomycin-resistant colonies.

Statistical Analyses

Differences between the untreated cells and FGF2-treated
cells, and mock-transfected cells and pEGFP-SIK2 transfected
cells were analysed with Student’s t-test using Graphpad
Prism 7. p<0.05 was considered as significant.

RESULTS

FGF2 Stimulates Müller Proliferation Through Early
ERK Activation

Müller reprogramming consists of multiple stages, including
the cell cycle re-entry of Müller cells, their conversion into
progenitors, progenitor amplification, and differentiation (25).
The ERK pathway plays a major role in FGF2-dependent MIO-
M1 proliferation (26). Hence, we analysed the effect of FGF2
on the cell proliferation and ERK activity profiles of MIO-M1
cells. The proliferation assays indicated that 25% of the cells
were BrdU positive in the untreated culture. This percentage
increased up to 42% after 4 h of FGF2 treatment and stayed
there for 24 h (Figure 1A). A second proliferation peak with 37%
of the cells expressing BrdU was observed after 6 days of FGF2
stimulation (Figure 1A).

Parallel with cell proliferation, a 1.4-fold increase in ERK
activity was detected after 4 h and 12 h of FGF2 stimulation
(Figure 1B). In the remaining time points, the active ERK levels
were near basal.

SIK2 Protein Expression is Diminished Upon FGF2
Induction

SIK2 plays a role in the negative regulation of FGF2-dependent
ERK activation and proliferation in Müller glia (24). Based on
the central role of SIK2 in Müller proliferation, we investigated
the possible role of SIK2 in Müller reprogramming. Western
blot analysis revealed that SIK2 levels decreased by
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Figure 1. FGF2-dependent cell proliferation and ERK activity profile. MIO-M1 cells were treated with FGF2 for 7 days and the untreated cells were used as control
group (0). A. BrdU incorporation was performed to detect proliferating cells, and DAPI staining was used to label the nuclei. The number of BrdU-positive cells
was normalised to the number of DAPI-stained nuclei in the same samples. B. ERK activity was analysed by western blotting. The band intensities of pERK were
normalised to that of ERK. Data are the means ± standard error; n=3. FGF2 treated cells were compared to the control group; *p<0.05, **p<0.01, ***p<0.001. Scale
bar: 50 μm. BrdU: Bromodeoxyuridine; DAPI: 4′,6-diamidino-2-phenylindole; ERK2: Extracellular signal-regulated kinase 2; pERK: Phospho-extracellular signal-
regulated kinase; FGF2: Fibroblast growth factor 2; h: hours, d: days.

Figure 2. FGF2-dependent modulations in SIK2 expression. MIO-M1 cells were treated with FGF2 for 7 days and the untreated cells were used as control group
(0). The SIK2 protein level was analysed with western blotting. Data are the means ± standard error; n=3. FGF2 treated cells were compared to the control group;
** p<0.01, ****p<0.0001. FGF2: Fibroblast growth factor 2; SIK2: Salt-inducible kinase 2; h: hours; d: days.

approximately 50% at 4 h and 12 h of FGF2 stimulation,
recovered to basal levels after 24 h of FGF2 stimulation, and
did not change at later time points (Figure 2).

SIK2 Overexpression Blocks FGF2-Dependent Cell
Proliferation by Inhibiting ERK Activity

Because we observed a significant decrease in its protein
level, we decided to focus on the expression level of SIK2
to modulate ERK activity and FGF2-dependent proliferative
response in Müller cells. The pEGFP-SIK2 vector was used to
transfect MIO-M1 cells for SIK2 overexpression. The presence

of both the 120-kDa endogenous SIK2 band and the 150-kDa
GFP-SIK2 band confirmed the SIK2 overexpression (Figure 3A).
Only the endogenous SIK2 band was detected in the control
cells.

We examined the effect of SIK2 overexpression on
proliferation and ERK activation to test whether SIK2 inhibits
proliferation through ERK in MIO-M1 cells. As in the wild-type
cells, an increase in cell proliferation and ERK activity was
observed at 4 h and 12 h in the mock-transfected cells. When
SIK2 was overexpressed, the percentage of BrdU-positive cells
was lower than the baseline at all times and strikingly near
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Figure 3. SIK2 overexpression in MIO-M1 cells. A. MIO-M1 cells were transfected with pEGFP-SIK2 for SIK2 overexpression and with pEGFP for mock transfection.
The SIK2 protein level was analysed by western blotting. B. pEGFP-SIK2 transfected and mock-transfected MIO-M1 cells were treated with FGF2 for 7 days and the
untreated cells were used as control group (0). The effect of SIK2 overexpression on cell proliferation was analysed by BrdU incorporation C. The effect of SIK2
overexpression on ERK activation was analysed by western blotting. Data are the means ± standard error; n=3. pEGFP-transfected cells were compared to mock-
transfected cells; *p<0.05, **p<0.01, ***p<0.001. GFP: Green fluorescent protein; SIK2: Salt inducible kinase 2; FGF2: Fibroblast growth factor 2; pEGFP: Enhanced
green fluorescent protein plasmid; pERK: Phospho-extracellular signal-regulated kinase; BrdU: Bromodeoxyuridine; ERK2: Extracellular signal-regulated kinase
2; h: hours; d: days.

half in the early days (Figure 3B). There was no significant
increase in active ERK levels in the SIK2-overexpressed MIO-
M1 cells, and SIK2 overexpression alone blocked the early
activation of ERK2 in 4 h and 12 h (Figure 3C). These
results show that during the early phases of FGF2 exposure,
SIK2 overexpression inhibits cell proliferation through ERK
activity, and blocking cell proliferation might hamper the
reprogramming.

SIK2 Overexpression Alters FGF2-Dependent
Transcriptional Activity

RT-qPCR experiments were performed to determine the FGF2-
dependent transcriptional changes.

We observed an increase in the levels of the progenitor
markers paired box 6 (Pax6) and visual system homeobox 2
(Chx10) that peaked at 12 h and 1 day of FGF2 treatment

in mock-transfected MIO-M1 cells (Figure 4A, 4B). The
simultaneous rise in the Pax6 and Chx10 levels shows
that FGF2 stimulation induces progenitor features in MIO-
M1 cells. The transcript levels of the Müller marker vimentin
decreased after 4 days of FGF2 treatment in mock-transfected
cells (Figure 4C). In the retina, Hes related family bHLH
transcription factor with YRPW motif 2) Hesr2 promotes Müller
development. The Hesr2 transcript level was detectable in
MIO-M1 cells as expected; however, we could not observe
any significant change in the Hesr2 level upon FGF2
treatment in mock-transfected cells (Figure 4D). After 6 days
of FGF2 treatment, the expression of the neuronal marker
calretinin increased in the mock-transfected cells (Figure
4E). We detected Prospero homeobox 1 (Prox1) expression,
the regulator of horizontal cell development, in the mock-
transfected cells. Prox1 transcript levels were increased after
4 days of FGF2 treatment and remained high at subsequent
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Figure 4. Effect of SIK2 overexpression on marker gene expression. pEGFP-SIK2 transfected and mock-transfected MIO-M1 cells were treated with FGF2 for 7 days
and the untreated cells were used as control group (0). Relative mRNA expression levels were assessed by qPCR. The Ct of target gene/the Ct of reference gene
(GAPDH) ratio for the untreated mock-transfected sample was set as a baseline value to which all time points were normalised. Data are the means ± SE; n=3.
pEGFP transfected cells were compared to mock-transfected cells; *p<0.05, ***p<0.001. A. Pax6, B. Chx10, C. Vimentin, D. Hesr2, E. Calretinin, F. Prox1. SIK2: Salt
inducible kinase 2; FGF2: Fibroblast growth factor 2; pEGFP: Enhanced green fluorescent protein plasmid; Pax6: Paired box 6; Chx10: Visual system homeobox 2;
Hesr2: Hes related family bHLH transcription factor with YRPW motif 2; Prox1: Prospero homeobox 1; h: hours; d: days.

times (Figure 4F). Although MIO-M1 cells acquire certain
neuronal features, as indicated by an increase in calretinin,
our data highlight a considerable tendency towards horizontal
cell fate.

In SIK2-overexpressing MIO-M1 cells, the expression of Pax6,
Chx10, vimentin, calretinin, and Prox1 remained at a basal
level compared with the mock-transfected cells (Figure 4).
These results support the hypothesis that SIK2 overexpression
inhibits the cell cycle re-entry and reprogramming of MIO-M1
cells.

DISCUSSION
In zebrafish, Müller cells respond to injury by reprogramming,
which results in the repair of the damaged retina. Mammalian
Müller cells become activated, but their regeneration ability
is highly restricted. Cell cycle re-entry is necessary for
the functional regenerative response. The limited Müller
proliferation is considered a barrier to retinal regeneration
in mammals. FGF2 is one of the factors that stimulate
Müller reprogramming through ERK activation (13, 15, 16). SIK2
negatively regulates FGF2-dependent Müller proliferation by
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inhibiting ERK activity in MIO-M1 cells (24). Therefore, we
hypothesised that SIK2 might be a crucial factor that regulates
Müller proliferation and block reprogramming.

Initially, we investigated the temporal profile of proliferation
and ERK activation during reprogramming. The number
of BrdU-positive MIO-M1 cells was significantly increased
between 4 h and 24 h of FGF2 stimulation; a second
proliferation peak was detected after 6 days of FGF2 treatment.
The parallel increase in ERK activity at 4-12 hours of FGF2
treatment demonstrated that enhanced proliferation at 4-12
hours involves the ERK pathway. In addition, SIK2 protein
levels were nearly halved after 4 h and 12 h of FGF2 treatment
and returned to basal levels after 24 h. SIK2 might regulate
ERK activation during the early stages of reprogramming,
as evidenced by the correlation between the rise in active
ERK and the reduction in SIK2 protein levels. Consistent
with this scenario, pERK levels in SIK2-overexpressing MIO-
M1 cells remained at a basal level, and we could not detect
any increase in the number of proliferating cells upon FGF2
treatment. In addition, the expression levels of the progenitor
markers Pax6 and Chx10, as well as the neuronal markers
calretinin and Prox1 did not increase in response to FGF2 in
SIK2-overexpressing MIO-M1 cells.

Based on these results, we found that in the absence of FGF2,
high levels of SIK2 prevent proliferation and reprogramming.
After FGF2 stimulation, the reduction in SIK2 protein levels
allows ERK activation at an early phase, and Müller cells
proliferate and de-differentiate into progenitor cells, possibly
through Notch, pCREB, and early growth response 1 (EGR1) (16).

De-differentiated MIO-M1 cells proliferate and enrich the
progenitor pool, and a different signaling pathway may
regulate this enrichment. At later stages, Notch, which
functions downstream of forkhead box N4 (Foxn4), might
promote horizontal cell formation (27).

Müller de-differentiation has recently been associated with
changes in miRNA expression profiles (28). It has also
been demonstrated that miRNAs targeting SIK2 expression,
including miR143 and miR125, are involved in both de-
differentiation and differentiation events (29, 30). miR-125
regulates retinal progenitor cells during development (30),
and miR143 is differentially regulated in Müller glia during
de-differentiation (29). It is likely that higher levels of these
miRNAs result in decreased SIK2 expression in the early phase
of the MIO-M1 reprogramming.

CONCLUSION
Our study provided evidence for the first time that SIK2 is
involved in FGF2-induced MIO-M1 reprogramming. Increased
SIK2 levels prevent cell cycle re-entry and reprogramming in

the absence of FGF2. Following FGF2 treatment, the significant
reduction in SIK2 levels allowed ERK activity, Müller cells re-
enter the cell cycle, de-differentiate into progenitors, and
differentiate into horizontal cells.
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Abstract Objective: Primary immune deficiencies (PIDs) are syndromic diseases characterized by severe clinical
findings in early childhood. The diagnosis and treatment of PID are challenging due to its genetic and
clinical heterogeneity. Severe combined immune deficiency (SCID) is one of its most severe and fatal forms
and is characterized by the absence of T lymphocytes and either the presence of B and/or natural killer
(NK) cells. The failures in variable, diversity, joining (V(D)J) recombination, which are also controlled by
the recombination activating gene (RAG) 1/2 complex, result in the deficiency of B- and T-cells, and these
failures are associated with SCID or its alternative forms. Due to complete defect in RAG1 function, the
SCID phenotype occurs, but OMENN syndrome (OS) and atypic SCID (AS) occur if defects in RAG1 function
are partially tolerated.
Materials and Methods: By using in-silico computational tools, the structural differences are revealed
and then variants are prioritized according to how degree the existing structural alterations are tolerated
or not.
Results: These promising ones are Arg474Cys, Arg778Gln & Arg975Trp in AS, Arg396His, Arg396Leu, Arg624Cys,
Trp552Cys, Val433Met & Met435Val in OS, and Arg474His and Glu722Lys in SCID.
Conclusion: The utilization of in-silico computational tools provides a great advantage to gain insight
about variant specific molecular mechanisms of diseases to boost existing knowledge about RAG1/2
failures.
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INTRODUCTION
Hematopoietic stem cells are the source of B and T
cell development, and their maturation and differentiation
depend on the proper activity of essential enzymes that
are common to both cell types. The process of lymphocyte
development is orchestrated by the number of genes
that play specific roles at different stages of B or T
cell differentiation. DNA recombinase, also known as the
recombination activating gene (RAGs) complex, provides
instructions for the rearrangement and diversification of B
and T cell antigen receptors to participate in immune cell
maturation (1).

During the maturation of B- and T-cells, variable, diversity,
joining (V(D)J) recombination occurs collectively (2). By
recognizing recombination signal sequences (RSS), V, D, and
J gene segments are flanked, and they direct the assembly
of functionally relevant gene segments. There are two types
of RSSs: 12 (12-RSS) or 23 (23-RSS) base pairs (bp) existing
between conserved heptamer (5'-CACAGTG-3') and nonamer
(5'-ACAAAAACC-3') motifs. Two types of RSS are required
for recombination, and RAG complex proteins participate in
recombination by forming double-chain breaks from these
regions. The RSS must be split (V to J or V to D to J) specifically
for the V(D)J gene segments to assemble in the correct order
(3, 4). V(D)J recombination, rearranged by the RAG complex,
facilitates the generation of B and T cell repertoire diversity
against different pathogens. Mutations in the RAG complex,
composed of RAG1 and RAG2 genes (chromosome 11p13), have
resulted in defective B and T cell formation or inhibited B-
and T-cell development (5). Although RAG1 and RAG2 protein
structures act together within this complex system, RAG2
protein cannot bind to DNA; therefore, RAG1 is required for
mediating V(D)J recombination. Unlike the RAG2 protein, the
RAG1 protein has a DNA-binding domain to which it can
bind by recognizing the RSS nonamer in its homeodomain
structure. This interaction model has also been supported by
RAG1-DNA & RAG2-DNA binding affinity studies (Figure 1) (6).

The RAG1 gene is polymorphic, and the mutations are
associated with severe combined immune deficiency (SCID).
SCID is one of the most severe forms of primary immune
deficiency (PID), appearing in early childhood as a genetically
heterogeneous course (7). It is defined as a genetically
heterogeneous group of diseases characterized by the
absence or dysfunction of T cells as well as the presence
or absence of B and/or natural killer (NK) cells (7, 8), and
its phenotype is reflected in early childhood with severe
symptoms, e.g. recurrent and severe infections, T lymphocyte-
mediated immune response defects, and lymphopenia. The
different forms of RAG deficiencies exist as Omenn Syndrome

(OS) and atypical SCID (AS), also known as granulomas and
cancer (8). In general, the complete defect in the RAG1 protein
molecule is referred to as the SCID phenotype. In contrast,
other variants may result in OS or AS forms indicating the
existence of defective but functional RAG1 (8).

Figure 1. RAG1/2 synaptic diagram. The two monomers of RAG2 represent
red, the nonamer-binding region of RAG1 in yellow, and the active
region as red stars. DDBD: dimerization and DNA-binding domain, RAG:
Recombination activating gene; N: RAG1 N-termini, COOH: RAG2 C-terminus.

The RAG1 protein consists of 1043 amino acids and has two
basic regions: core and non-core. The non-nuclear region of
RAG1 contains the zinc-binding dimerization domain (ZDD;
residues 265-380) that includes the RING and zing fingers
(ZF) domains. The core region (residues 387-1011) includes
the nonamer-binding domain (NBD; residues 394-460),
dimerization and DNA-binding domain (DDBD; residues
461-517), zinc-binding domain (ZBD; residues 722-965), and
the carboxy-terminal domain (CTD; residues 966–1008), which
performs the catalytic functions of the protein (9). The
ZBD plays a crucial role in the multiple functions of V(D)J
recombinase, including nicking and hairpin formation. The
role of the NBD domain is to mediate specific binding from
the nonamer and heptamer motifs of RSSs. The RAG complex
creates a hairpin structure by forming a nick (the '12–23
rule') between the heptamer and the neighboring coding
sequence and causes a double-strand break in DNA. When
cleaving double-stranded DNA, sequences from the V, D, and
J gene segments are selected in the correct order (first D-
J and then V-DJ). The RAG complex binds to form 12-RSS
and 23-RSS synapses. The broken ends must join properly
for recombination to occur. The non-homologous end joining
(NHEJ) repair mechanism and broken ends of other proteins
(DNA-dependent protein kinase (DNA-PKcs), Ku70/80, Artemis,
and DNA ligase IV) are then joined (10, 11). Upon the presence
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of missense variants on RAG1, the different phenotypes
are reported as pathogenic, which is related to either the
disruption of the VDJ complex or the RAG1/RAG2 complex
interaction.

In this study, we aimed to provide a detailed understanding
of the impact of missense variants on RAG1 from a
structural perspective. To achieve this, we used in-silico
bioinformatics tools to assess structural changes in RAG1
from the perspective of intramolecular interactions and cavity
changes. Based on the principal relationship between the
structure and function of RAG1, we aimed to prioritize RAG1-
associated variants that cause SCID or its alternative forms.
Here, we harness the power of structural bioinformatics tools
to describe promising variants in RAG1 that could be further
investigated to capture SCID or its alternative forms based
on unique molecular mechanisms to promote or accelerate
ongoing research in orphan drug design.

MATERIALS AND METHODS

Variant Selection

RAG1-associated missense mutations were retrieved from
the literature via a text-mining approach from PubMed and
classified according to clinical outputs as either SCID, OS, or
atypic SCID. These clinical outputs were also confirmed in the
UniProt database with P15918, the UniProt ID (https://www.
uniprot.org/uniprot/P15918). The OMIM (https://www.omim.
org/) and GeneCards (https://www.genecards.org/) databases
were used for RAG1 gene information. Selected variants were
reviewed in the clinical and literature using the ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), dbSNP (https://www.
ncbi.nlm.nih.gov/snp/), and PubMed (https://pubmed.ncbi.
nlm.nih.gov/) databases. In addition, several web-based
bioinformatics tools were used to retrieve all related
information about RAG1-associated missense variants (Table
1).

Structural Interpretation Using Web-Based Tools

AlphaFold model of the RAG1 protein model (AP-P15918-
F1) was used to elucidate structural and functional changes
induced by the presence of missense variants in RAG1.
We used the Visual Molecular Dynamics (VMD) tool to
visualize mutant protein conformations, to identify changes
in intramolecular interactions, to measure distances between
residues, and so on (12). More details regarding structural
changes in the RAG1 protein were also assessed using the
Missense 3D, Stride Database, and Disulfide by Design 2 (DbD2)
tools (13, 14). The location of the variants in the protein
domains was determined using the Mutation Mapper tool
(Figure 2) (15).

RESULTS
The first step was to identify RAG1-associated missense
variants and categorize them according to their clinical
outputs (SCID, AS, and OS).  A schematic of the RAG1/2 complex
is presented in Figure 2, and the distribution of the domain-
based variants is presented in Table 1. At first sight, two things
are important; (1) no domain-specific clinics associated with
RAG1 and (2) multiple variants at the same position that lead
to varied clinical outputs. For (2), it implies the presence of
unique molecular mechanisms of SCID, AS, and OS by referring
to replacements at Arg396, Arg474, Arg561, and Arg624 in RAG1.
Depending on the clinical output, structural alterations in
RAG1 are described below.

Structural Alterations of RAG1 Caused by SCID-
associated Missense Variants

We first describe structural changes in RAG1 caused by SCID-
associated missense variants. According to Table 1, the 12
SCID-causing variants that were most interesting at first
sight were Arg396Leu, Arg396His, Arg561Cys, and Arg624His.
The presence of variants at positions 396 (loop), 561 (alpha
helix), and 624 (beta sheet) causes either SCID or OS (Table
1). This information makes these positions critical in terms of
tolerating structural changes at different levels if we consider
the fact that the Arg residue is involved in advanced molecular
interactions (salt bridge, ionic interactions, etc.). Among these
critical Arg residues, neither Arg396/Arg624 in the native
structure nor His replacement in mutant RAG1 structures are
involved in salt bridge interactions. Only Arg561 is involved in
salt-bridge interactions by partnering with Asp563 at 3.31 Å,
but it is disrupted by the SCID-induced Arg561Cys substitution,
which also does not lead to newly formed disulfide bond
interactions. We also checked the relative surface area (RSA)
values of these residues, and increased RSA values were
reported for all residues excluding Arg561Cys. Here we have
summarized the RSA results such that 93.4% in Arg396His,
87.8% in Arg396Leu, and 82.8% in native, 2.1% in Arg624His and
1.6% in native, 9.2% in Arg474His, 8.8% in Arg474Cys, and 3.2%
in native were associated with the conformational shift to
“exposed” upon His replacement but remained “buried” upon
Cys replacement (Figure 3). Finally, the presence of significant
cavity expansions of 81.4 Å in Arg474Cys and 52.9 Å in Arg474His,
respectively, is crucial for Arg474His and Arg474Cys (Figure 4). It
is also important to note that the Arg474Cys substitution leads
to the formation of new disulfide bonds such as Cys474-Cys481
with 5.57 Å.

In the Glu722Lys substitution, we observed the preservation
of the salt-bridge interaction with the same strength (2.6 Å),
but with a changed interacting partner from Asp711 to Lys722.
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Structural studies show that these two interacting partners
are localized in different parts of RAG1, e.g. Asp711 is in the
core region but Asp766 is on the surface; therefore, their
contributions to the local stability of RAG1 are likely to be
different even if the same distance is maintained. The RSA
measurement of Lys722 also supports this finding by showing
that the RSA value for Glu722Lys increases from 20.1% in the
native state to 26.3%, which is associated with a change
in the conformational state from exposed to buried. For
the Arg776Trp and Arg841Trp substitutions, the most striking
changes in the RSA value are reported together with the loss
of salt-bridge interaction, e.g., an increase from 29.0% to 45.3%
for Arg776Trp and from 47.9% to 68.7% for Arg841Trp. There is no
information on changes in intramolecular interactions caused
by Ala444Val, Phe972Ser, and Gln981Pro; therefore, we only
report changes in cavity measurements. Among these three
substitutions, the Phe927Ser substitution results in a 75.8 Å³
cavity expansion in RAG1, which is considered significant for
altering the local stability of RAG1.

Structural Alterations of RAG1 Caused by Atypical
SCID (AS)-associated Missense Variants

Based on Table 1, we present six AS-associated variants of
RAG1. In terms of changes in intramolecular interactions,
Arg314Trp (3.1 Å), Arg778Gln (2.9 Å) and Arg975Trp (4.1 Å)
involve salt bridge interactions that are disrupted by Trp or
Gln substitutions. Consistent with the loss of intramolecular
interactions, we report increased patterns in RSA values,
e.g., from 23.7% to 54.6% for Arg314Trp, 42.3% to 57.5% for
Arg778Gln, and 7.6% to 10.5% for Arg975Trp. For Arg975Trp, only
a conformational shift from buried to exposed is reported.
His375Asp substitution preserved the existing salt bridge
interaction in RAG1 but caused a shift in the interaction
partner from Glu365 to His388 in RAG1. Arg699Trp was not
involved in any salt bridge interaction in native or mutant
RAG1, and there was no change in the RSA value (0.8% in both).
For Leu454Gln, no structural change was observed in RAG1. Of
the six AS-associated variants, only Arg314Trp and Arg778Gln
were reported to be pathogenic, whereas the others were
probably pathogenic.

Structural Alterations of RAG1 Caused by OS-
associated Missense Variants

According to Table 1, the remaining 17 variants in RAG2 are OS-
associated. Because these positions were mutated more than
once, we first focused on the changes in the intramolecular
interactions present in the 396th, 561st, and 624th positions
of RAG1. After Cys substitutions at the 396th and 624th
positions, salt-bridge interactions are lost in mutant RAG1,

but Arg624Cys is associated with the formation of a possible
new disulfide bond as Cys624-Cys655 with 6.85 Å, which seems
insignificant at first sight but has the potential to alter the
local dynamics within RAG1. The RSA results support these
changes in intramolecular interactions, such as an increase
in Arg396Cys from 82.8% in native to 85.9% and in Arg624Cys
from 1.6% in native to 4.4%. For the RSA results of Arg561His, we
report a decrease from 27% in native to 20.6%. According to the
literature, Arg396Cys and Arg561His are pathogenic, whereas
Arg624Cys is probably pathogenic.

Among the remaining variants, we first checked whether the
presence of Gly392Glu, Ser401Pro, Asp429Gly, and Glu669Gly in
RAG1 leads to any change in secondary structures or not by
referring to Gly and Pro residues as structural breakers. Based
on the close structural examination of native and mutant
RAG1, there was no alteration in secondary structures in which
replacements existed, e.g., Gly392Glu in coil, Ser401Pro in turn,
Asp429Gly in turn, and Glu669Gly in the helix for both. Even
after preserving the same secondary structures, the presence
or existence of Gly or Pro resulted in changes in RSA values,
e.g., 72.6% to 94.7% in Gly392Glu, 58.2% to 34.5% in Asp429Gly,
59.2% to 52.3% in Glu669Gly, and 60.7% to 65.4% in Ser401Pro
in native and mutant RAG1s. In terms of advanced molecular
interactions within RAG1, Gly392Gly, Asp429Gly, and Glu669Gly
made no contribution.

Even though Arg737His and Arg507Trp seem to involve a salt-
bridge interaction and to disrupt existing ones, respectively,
they do not contribute to intramolecular interactions. For
Arg507Trp replacement, there exists a conformational shift
from being buried to exposed according to RSA measurement.
For Arg559Ser and His753Leu, we report the loss of strong
salt-bridge interactions in RAG1 as Glu861-Arg559 in 4.4 Å,
and Glu719-His753 in 3.5 Å that are significant to alter
local dynamics in mutant RAG1s. The remaining Cys328Tyr,
Trp552Cys, and Tyr912Cys replacements in RAG1 were evaluated
based on their potential in disulfide bond formation. Our VMD
measurements did not detect any disulfide bond formation
with the involvement of Cys328. Upon Cys replacements at the
552nd and 912nd positions, we also detected no newly formed
disulfide bond formations in mutant RAG1s, and the limited
increases in RSA values support this finding, e.g., from 9.2% to
14% in Trp552Cys and 0.9% to 14% in Tyr912Cys. For Trp552Cys
replacement, we report 79.3 Å³ cavity alteration in RAG1 as a
striking structural change that alters local protein dynamics.

The remaining Val433Met and Met435Val variants in RAG1
appear at first sight to be neutral because they replace more
likely amino acids in terms of physicochemical properties.
This was also suggested by the RSA results, which reported
changes in the range of 2%-4% between native and mutant
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RAG1. The closer structural examination of the RAG1 protein
suggests that these are parts of the alpha-helices in the
hydrophobic pocket, and the dynamic changes that exist
around this region could be critical in terms of clinical
outcome(s), as shown in Figure 1. These findings may help
explain OS associations.

DISCUSSION
The overall structure of RAG1 protein is composed of
several domains in core and non-core regions with specified
functions, e.g., ZBD in the non-core region, nonamer-binding
domain, carboxy-terminal domains (C-ter; CTD) in the core
region, etc. The literature findings suggest that there is no
direct relationship between the presence of domain-specific
missense variants and their associated clinics. As shown in

Table 1. RAG1-associated missense mutations with clinical outputs

Variant No cDNA Protein dbSNP Pathogenicity Clinics

1 c.940C>T p. Arg314Trp rs121918568 P AS

2 c.983G>A p. Cys328Tyr rs121918571 P OS

3 c.1123C>G p. His375Asp rs773272902 LP AS

4 c.1175G>A p. Gly392Glu - LP OS

5 c.1186C>T p. Arg396Cys rs104894289 P OS

6 c.1187G>T p. Arg396Leu rs104894291 P SCID

7 c.1187G>A p. Arg396His rs104894291 P SCID

8 c.1201T>C p. Ser401Pro rs199474682 P OS

9 c.1229G>A p. Arg410Gln rs199474684 P OS

10 c.1286A>G p. Asp429Gly rs104894292 LP OS

11 c.1297G>A p. Val433Met rs199474679 LP OS

12 c.1303A>G p. Met435Val rs141524540 P OS

13 c.1331C>T p. Ala444Val rs199474685 P SCID

14 c.1361T>A p. Leu454Gln rs199474677 LP AS

15 c.1420C>T p. Arg474Cys rs199474678 P SCID

16 c.1421G>A p. Arg474His rs199474686 P SCID

17 c.1519C>T p. Arg507Trp rs104894298 P OS

18 c.1566G>T p. Trp522Cys rs193922461 P OS

19 c.1677G>C, c.1677G>T p. Arg559Ser, p. Arg559Ser rs199474681 LP OS

20 c.1682G>A p. Arg561His rs104894284 P OS

21 c.1681C>T p. Arg561Cys rs104894285 P SCID

22 c.1870C>T p. Arg624Cys rs199474688 LP OS

23 c.1871G>A p. Arg624His rs199474680 P SCID

24 c.2006A>G p. Glu669Gly rs199474689 LP OS

25 c.2095C>T p. Arg699Trp rs199474676 LP AS

26 c.2164G>A p. Glu722Lys rs28933392 P SCID

27 c.2210G>A p. Arg737His rs104894286 P OS

28 c.2258A>T p. His753Leu rs199474687 P OS

29 c.2326C>T p. Arg776Trp rs121918572 P SCID

30 c.2333G>A p. Arg778Gln rs121918569 P AS

31 c.2521C>T p. Arg841Trp rs104894287 P SCID

32 c.2735A>G p. Tyr912Cys rs104894290 P OS

33 c.2780 T >C p. Phe927Ser: rs1249862287 P SCID

34 c.2923C>T p. Arg975Trp rs121918570 LP AS

35 c.2942A>C p. Gln981Pro rs104894288 P SCID

SCID: Severe combined immune deficiency; AS: Atypical SCID, OS: Omenn’s Syndrome; LP: Likely pathogenic; P: Pathogenic.
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Figure 2. RAG1-associated missense variants in SCID, OS, and AS clinics (Color coding: Purple-SCID, Red-OS, and Light Blue-AS). RAG: Recombination activating
gene; SCID: Severe combined immune deficiency; OS: OMENN syndrome; AS: Atypic SCID.

Figure 2 and Table 1, the missense variants existing in the
same domains are associated with different clinical outputs
that highlight the importance of the variant-specific etiology
of RAG1. However, in terms of their significance, the role of the
core region has been emphasized more than the N-terminal
region by referring to the fact that the recombination activity
of RAG1 is preserved even in both N-terminal knockdown and
highly mutated model(s) (10). Another study finding suggested
that the variable phenotypes (CID, SCID, or OS) are reported
within a study cohort composed of 22 patients upon the
interruption of the same N-terminal region of RAG1, and this
leads to the conclusion that the clinical penetrance of RAG
deficiency is uncertain (16).

Within the non-core region ZBD of RAG1, we assessed the
impact of three missense variants (Arg314Trp, Cys328Tyr &
His375Asp), and only His375Asp appeared to be significant in
terms of the conformational change caused by the His to
Asp substitution, resulting in a shift in the interacting partner
of the salt bridge interaction. The role of this domain has
been defined as regulating the catalytic activity of RAG1 by

contributing to the maintenance of genomic stability (34).
Here, the presence of AS clinics can be explained by their
negative contribution to AS stability.

In the core region, there is also the ZBD domain (residues 722-
965), and its role is defined as interacting with the catalytic
region of the RAG1 protein by playing a role in conjugation with
the catalytic center, the RAG2 protein, and the DNA sequence.
Here, RAG1 exists as a 'Y' shaped dimer with RAG2 binding to
each arm to form the RAG1/RAG2 complex. Specifically, the
NBD dimer of RAG1 forms the body, while the center of RAG1
and the CTD are shifted to form the DNA-binding surface, as
shown in Figure 1. Both polar and hydrophobic residues play a
crucial role in maintaining this Y-shaped shape. In particular,
RAG2 interacts with Glu607 and Val615 and Glu719 and Val724
of RAG1 (17).

Upon the presence of missense mutations within the borders
of the core-ZBD region, destabilization is introduced by
breaking down the crucial interactions; hence, the binding of
RAG2 to RSS is adversely affected. Within this region, we report
the impacts of 8 variants (Glu722Lys, Arg737His, His753Leu,
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Figure 3. Conformational changes in RAG1 protein structures in the presence of multiple variants at position 396, 474, 561, and 624. RAG: Recombination activating
gene; SCID: Severe combined immune deficiency; OS: OMENN syndrome; AS: Atypic SCID.

Arg776Trp, Arg778Gln, Arg841Trp, Tyr912Cys, Phe927Ser)
associated with different clinical outputs (Figure 2). Among
them, we report Glu722Lys (SCID) and Arg778Gln (AS) as
significant in terms of leading structural alterations beyond
the tolerable limits of RAG1 and promising ones for further
evaluation. Specifically, in Glu722Lys replacement, we detect
the shift in interacting partner from Asp711 in native to Asp766
in mutant as a salt bridge partner. Even though the length
of the salt-bridge interaction is almost the same for these
two interacting partners, the localization of the interacting
partner for the 722nd residue is shifted from the core (Asp711)
to the surface (Asp766), and this shift leads to different
contributions to the local stability of RAG1. In terms of local
stability contributions, salt bridges existing on the surface
contribute to the local stability of protein molecules with less
than 1 kcal/mol, whereas it is more than 4 kcal/mol if existing
in a hydrophobic core (18, 19). Similarly, five more missense
variants existing in the core ZBD domain of RAG1 (Cys730Phe,
Leu732Phe, Trp893Arg, Tyr909Cys, and Ile953Arg) were reported
by indicating their associations as a cause of PID due to
bringing destabilization in this region. These five missense

variants were excluded from our missense variant lists (see
Table 1) because they were not listed in UniProt (20, 21).

In line with literature findings on PID associations in the
core ZBD domain, our results also pointed out the local
destabilization in RAG1 caused by the presence of His753Leu
(OS) and Phe927Ser (SCID) missense variants located near the
ZBD of RAG1 protein in the core region. Within the ZBD of RAG1
in the core region, there is also a DDE motif composed of
three acidic residues (Asp603, Asp711, and Glu965) that plays
a role in nicking and hairpin formation immediately after RSS
binding to the RAG1/RAG2 complex. Due to the presence of
closely located mutations around this region, the catalytic
activity of the RAG1 protein together with its DNA binding
ability has been altered, and hence, these mutations are
associated with SCID and OS phenotypes. Moreover, this highly
conserved motif is crucial for controlling the coordination of
Mg²⁺ divalent ions. The importance of the DDE motif and its
close association with SCID and OS phenotypes would help
us further explain the association between missense variants
and clinics (Figure 2).
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Figure 4. Changes in protein surfaces in the presence of Arg474His (SCID), Arg474Cys (AS), and Trp552Cys (OS). SCID: Severe combined immune deficiency; OS:
OMENN syndrome; AS: Atypic SCID.

Within the core NBD of RAG1, we highlight four variants as
promising for further investigations, e.g. Arg396His, Arg396Leu,
Val433Met, and Met435Val. For Arg396His and Arg396Leu
replacements, it is crucial to identify their contributions
to the local stability of RAG1 compared with other Arg396
replacements. Since differences in local stability contributions
result in the presence of different clinical outputs (SCID vs.
OS) for Arg396 cases, it would be possible to capture clinic-
specific molecular mechanism pattern(s) if exist. For Ala444Val
replacement, it is reported as pathogenic in the literature with
SCID clinics by indicating the role of the hydrophobic pocket
composed of Ala444, Val433, and Met435 (10) even though
we detect no crucial change in intramolecular interactions or
conformation changes within RAG1. A closer look at the RAG1
molecule suggests that Ala444Val, Val433Met, and Met435Val
are located on the same α-helices, and more attention is
required for further structural investigation.

Within the core DDBD of RAG1, we detect 2 variants that are
promising for further study: Arg474His (SCID) and Arg474Cys
(AS). We report a significant degree of cavity expansion for
both mutations and the presence of a new disulfide bond
in RAG1 resulting from the Arg474Cys substitution. Since the

conformational asymmetry of the RAG1 and RAG2 dimer,
together with the off-center NBD, is very important for
modulating 12- and 23-RSS DNA binding (11), the presence
of these missense variants would result in destabilization
of the DDBD of RAG1 by altering the required structural
conformation for effective binding of 12- and 23-RSS. The
experimental finding of Arg474Cys has also supported this by
concluding that this substitution does not alter the protein
expression level but leads to a failure in DNA binding
(11). Further investigation, including molecular dynamics
studies together with docking studies, may reveal the
potential uniqueness of the molecular disease mechanisms
of Arg474His and Arg474Cys leading to different clinics, SCID
and AS, respectively.

Finally, Arg975Trp (AS), located in the CTD of RAG1, is a
promising variant for further investigation because it results
in the loss of a strong salt-bridge interaction. The role of the
CTD in RAG1 is defined as the coordination of divalent zinc
atoms (Zn²⁺) required for effective DNA recombination. The
effective coordination of these zinc atoms is well organized
by the presence of CC and HH regions, composed of C902 and
C907 and H942, respectively. According to the literature, there
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is a close association between the HH zinc coordination site
and the DDE active site, in which Glu962 plays a key role in
coordinating this association either directly or indirectly (9). A
close examination of the RAG1 structure revealed that Arg975
and Glu962 are in the same alpha-helix structure with their
ends and beginnings, respectively. The loss of the strong salt-
bridge interaction would probably cause local destabilization
around here, and adversely affect the Zn²⁺ coordination
through the HH region in RAG1. From a structural point of
view, the Arg975Trp substitution seems worthy of further
investigation to define the degree of loss in Zn²⁺ coordination,
together with its impact on the overall stability of RAG1.

The remaining RAG1 variants present in the core of RAG1 but
not clearly defined in any region (ZBD, NBD, DDBD or CTD)
are Arg559Ser, Arg561Cys, Arg561His, Glu669Gly and Glu669Trp.
Except for the Glu669Trp substitution, all of these variants
have been reported to be associated with OS. Based on the
literature, OS clinics are described with reference to RAG2
protein being required for DNA cleavage, although its role in
V(D)J recombination for B and T lymphocyte development has
not yet been specified (22). All these residues are exposed
on the surface of RAG1, and it is likely that they contribute
to RAG1/2 interactions. In addition, from the perspective of
RAG2, there have been several studies of missense variants in
RAG2 such that they cause a decrease in interaction with the
RAG and result in OS and SCID by destroying the degradation
function of the RAG recombinase (23).

Until now, we have reported the possible outcomes of RAG1-
associated variants from a structural perspective as the
output of web-based computer tools. The use of web-based
computational tools is, at first sight, a good and useful
option to assess what they are likely to do to the protein
structure and, of course, to its associated function, but
they have suffered in describing the full changes in protein
dynamics that are essential to reveal the disease mechanism.
Instead of using experimental methods to understand more
about functional interpretations of missense variants in the
RAG1 gene, computational tools, e.g., molecular dynamics
simulations, would also be preferred to evaluate the
structural effects of RAG1 to gain deeper insight into disease
mechanisms by using a detailed atomistic approach as a
cheaper and reliable option, but these disease mechanism-
related studies were out of scope for this paper.

Besides providing a limited understanding of the structure
and functional associations of RAG1 via web-based prediction
tools, the use of an artificial intelligence (AI)-predicted model
of the RAG1 protein to provide a discussion of the effects of
missense variants would be considered another limitation of
this study. As the RAG1 protein molecule is a very large protein

structure and is mostly found in complexes with RAG2 and
other associated molecule(s), the experimentally determined
structures were mostly reported as different fragments or
functional domains including associated molecules rather
than the whole structure, and some of these structures
included point mutations that did not represent the native
state. To validate the power and accuracy of AI integration into
homology modeling, we used the AlphaFold model of the RAG1
protein structure to discuss the structural effects of missense
variants.

CONCLUSION
Within the scope of this study, we provided a detailed
discussion of the structural alterations based on SCID, AS and
OS caused missense variants in RAG1. Our results suggest that
there is no direct relationship between associated clinical
outcomes and RAG1 domains in cases with missense variants
exist. It is very clearly stated by previous studies that the
clinical penetrance of RAG deficiency is so uncertain, and
these also imply the presence of a unique disease mechanism
behind SCID, OS, or AS. In other words, the degree of tolerance
to structural alterations caused by missenses in RAG1 may
lead to various clinical outputs. Basically, we used the
advantage of in-silico computer tools to assess the potential
impacts of missense variants in RAG1 by aiming to prioritize
them as ‘promising’ variants in terms of leading to changes in
protein structure, especially its stability, beyond the tolerable
limit. Even all listed variants in RAG1 are significant to
discuss because they lead to SCID or its alternative clinical
forms, Arg396His, Arg396Leu, Arg624Cys, Trp552Cys, Val433Met,
and Met435Val in OS; Arg474His and Glu722Lys in SCID; and
Arg474Cys, Arg778Gln, and Arg975Trp in AS are highlighted as
more crucial ones for further investigations. Understanding
the molecular basis of SCID, AS, and OS could be possible
if these promising variants are employed to constitute a
theoretical background via molecular dynamics simulations,
docking studies, and so on. Rather than employing all
existing variants in RAG1 for further investigations, assessing
their structural impacts via in-silico bioinformatics tools
would provide great time and money advantages in terms
of their effective usage. In particular, in the field of rare
diseases, the identification of the molecular mechanism of
disease plus clinic-based characteristics is important to direct
and accelerate future research studies for the development
of orphan drugs, which are considered the actual and
immediate need of this field. Currently, hematopoietic stem
cell transplantation is offered as the only option regarding
SCID or its alternative forms owing to its low success rate, high
complications, and so on. Any contribution to accelerating
translational medicine in this field is crucial, and accelerating
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research studies by performing prioritization studies with
structural bioinformatics tools would be greatly served for
this purpose.
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Abstract Objective: Various symptoms, including microcephaly, corpus callosum agenesis, cerebellar atrophy,
spasticity, and epilepsy, are associated with variations in the TRAPPC12 gene. This diversity of features
contributes to a broad range of mortality and morbidity. Identifying variations with functional conse-
quences is crucial for accurate diagnosis and appropriate counseling for affected families. This study
presented the results of a functional analysis of a previously detected mutation.
Materials and Methods: Patient-derived fibroblast cells (have a c.679T>G; p. Phe227Val variation) and the
CCD1079Sk cell line (as a healthy control) were used. The relative protein expression of TRAPPC12 along
with morphological changes, including Golgi integrity, endoplasmic reticulum (ER) structure, and vesicle
distribution for neutral lipids, were assessed using immunofluorescent staining.
Results: Protein expression analysis revealed an absence of the mature TRAPPC12 protein and the
uncharacterized protein fragment (CGI-87) via mutation compared with the wild-type. Additionally, milder
outcomes were observed for Golgi integrity, slight ER structure enlargement, and further vesicle distrib-
ution changes, particularly with the truncated TRAPPC12 protein.
Conclusion: Despite the variant leading to a milder clinical phenotype without microcephaly and epilepsy,
as previously reported, the study showed unstable protein expression and mild effects on Golgi and ER
structures along with alterations in vesicle distribution throughout the cytoplasm. Despite the lack of
mature TRAPPC12 protein expression and mild organelle impairments, the vesicle trafficking persisted.
We showed that a single amino acid substitution might cause a loss of mature protein expression and
also cause a milder disruption of organelles. More functional analyses are necessary to confirm these
outcomes.
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INTRODUCTION
Early-onset progressive encephalopathy with brain atrophy
and spasticity (PEBAS) (MIM#614139) caused by bi-allelic
variations in the TRAPPC12 gene is an autosomal recessive
condition characterized by progressive central nervous system
(CNS) deterioration with seizures, hypotonia, microcephaly,
dystonia, and/or global developmental delay (1).

TRAPPC12 is a constituent of the transport protein particle
(TRAPP) multisubunit tethering complex and plays a role
in intracellular vesicle trafficking (2). Every cell engages in
intracellular trafficking, facilitating interaction for the delivery
and/or recognition of its contents. The intracellular trafficking
process involves multiple stages, including coating the cargo,
cargo movement, tethering to the target membrane, and
uncoating the cargo protein (3-5). Initially conceptualized
as the tethering of two membranes, the transportation
mechanism is now recognized to be much more intricate
and involves a diverse array of proteins (5). The tethering
function of the TRAPP complex has been extensively studied.
This complex is categorized into two protein families in
mammals: TRAPP II and TRAPP III (3, 5). One of the primary
functions of these cells is to facilitate trafficking interaction
among the endoplasmic reticulum (ER), ER-Golgi intermediate
compartment (ERGIC), and Golgi apparatus (3, 5, 6). Over the
course of 20 years of subsequent research, TRAPP complexes
have been revealed to play a crucial role in mediating
interactions between ER exit sites (Coat protein complex,
COP, I and II vesicles) through the Golgi apparatus (7),
exhibiting guanine nucleotide exchange factor (GEF) activity
(8). A recent study highlighted that the TRAPP complex
undergoes various conformational changes, leading to robust
GEF activity, especially with regard to its interaction with Rab1
and Rab11; TRAPP II interacts with both, while TRAPP III exhibits
distinct specificity for Rab1 (8). TRAPP III complexes are also
implicated in kinetochore stability, mitotic transformation,
and autophagy (9-11).

A wide spectrum of human diseases is linked to
the alterations observed in TRAPP subunits. Changes in
TRAPP subunit proteins have been correlated with diverse
clinical manifestations, including global developmental delay,
intellectual disability, microcephaly, spasticity, epilepsy, and
encephalopathy (6, 11-14).

In this study, we evaluated the protein expression and
organelle integrity, including the Golgi, ER, and vesicle
distributions of the TRAPPC12 gene variation reported by
Aslanger et al. (c.679T >G; p. Phe227Val) (12).

MATERIALS AND METHODS
Approval was obtained from the Bezmialem Vakif University
Ethics Committee (approval number: 2019/2659). Written
informed consent was obtained from the patient and the
parents of the patients were included in this study. This study
evaluated a functional analysis of the previously reported
(12) homozygous missense variation (NM_016030.6:c.679T>G; p.
Phe227Val) of the TRAPPC12 gene.

Sample Retrieval

Punch biopsy samples of the patient's skin were harvested
after clinical determination. The derivation of fibroblast
cells was performed as described previously (15). The skin
biopsy in media was dissected into 10-12 pieces using sterile
forceps and then cultivated. Medium was refreshed every
2-3 days. Further assays were performed once fibroblasts
were confluent. CCD1079Sk (ATCC® CRL-2097™) human skin
fibroblast cell line was used as the healthy control group. Cells
were grown in DMEM/F12 (Panbiotech, Aidenbach, Germany)
supplemented with 10% fetal bovine serum, 0.5% non-
essential amino acids (NEAA), and 1% penicillin/streptomycin.
Both primary skin fibroblast and CCD1079Sk cell lines were
cultivated at 37oC in 5% CO₂ and 95% relative humidity.
Protein samples from cells were prepared using a 100 µL RIPA
lysis buffer containing 100-mM phenylmethylsulfonyl fluoride,
100-mM sodium orthovanadate solution, and 1X protease
inhibitor cocktail (Santa Cruz, Texas, USA). The lysed protein
samples were frozen overnight at −80℃ then centrifugation
was performed at 13000 g for 10 min. The total protein
concentrations were determined using the Qubit protein assay
kit protocol with a Qubit Fluorometer 4.0 (Thermo Fisher
Scientific MA, USA).

Western Blotting

A 75 μg protein sample with 4X Laemmli buffer (EcoTech
Biotechnology, Erzurum, Turkiye) was separated on 4–
12% handmade polyacrylamide gel electrophoresis. Proteins
were transferred to 0.2 µm polyvinylidene fluoride (PVDF)
membranes (EcoTech Biotechnology, Erzurum, Turkiye) via
semi-dry hot transfer using 20% MeOH and a Trans-Blot
Turbo Transfer System (Bio-Rad, USA). Blocking was performed
for 1 h at room temperature with Tris-buffered saline
containing 0.02% Tween-20 containing 5% nonfat milk. Two
different primary antibodies were used for TRAPPC12. The
rabbit polyclonal antibody (cat no: NBP1-84500 from Novus
Biologicals, Oxfordshire, UK) recognizes 625 amino acid (a.a.)
and 710 a.a. sequences of human-TRAPPC12. The second
primary antibody was a mouse polyclonal antibody (cat
no. H00051112-B01P from Novus Biologicals, Oxfordshire, UK),
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which recognizes the full-length protein (1 a.a. - 735 a.a) of the
human TRAPPC12. The secondary antibodies were anti-rabbit
IgG and anti-mouse IgG (both from Cell Signaling, MA, USA),
and as a reference protein, horseradish peroxidase (HRP)-
conjugated rabbit monoclonal β-actin primary antibody was
used (cat no. AC028, Abclonal, MA, USA). The membranes
were washed five times for 5 min per wash, each between
primary and secondary antibody incubations. The blots
were generated using an enhanced chemiluminescence (ECL)
detection kit (WesternBright ECL, Advansta, CA, USA). The
ImageJ (National Institutes of Health; NIH) program (16) was
used to analyze Western blot images and to measure the
intensity of organelle staining.

Organelle Staining

The Golgi and ER staining were performed with
BODIPY™ FL C5-Ceramide and ER-Tracker™ Red (BODIPY™
TR Glibenclamide) dyes from Thermo Fisher Scientific,
respectively, according to the manufacturer’s instructions.
Additionally, the cytoplasmic neutral lipid droplets were
stained with Nile red (Thermo Fisher Scientific) as previously
described (17). Nuclei were counterstained with DAPI, and
images were acquired using a laser scanning confocal
microscope (Leica TCS-SPE, Leica Microsystems, Wetzlar,
Germany) from the Aziz Sancar Institute of Experimental
Medicine, Istanbul University, as a service purchase.

Statistical Analyses

Statistical analyses were performed for experimental values
by t-tests using GraphPad (GraphPad Software v10, Inc., CA,
USA). Data are presented as means with a significance level
of p≤0.05.

RESULTS
Before further experiments, we checked the pathogenicity
scores of the variation, which was previously reported
by our team (TRAPPC12 NM_016030.6:c.679T>G, rs1312522735)
using prediction tools (12). The patient was shown to be
homozygous, and the parents were determined to be obligate
carriers. The variant was not found in public databases in the
homozygous state. However, 2 of 237.118 alleles were found in
the Gnomad exome database, indicating a very rare carrier
rate (0.00000843) (18). The variant was classified as pathogenic
based on the tools integrated into the Varsome platform
(19). The region appeared to be highly conserved across
species according to PyhloP5.680 PhastCons 1.00 scores (20).
Additionally, to detect our variation’s nature, we used the in-
silico prediction tool Mutalyzer (Mutalyzer 2.0.35) and found a
non-truncating variant. Variations in the TRAPPC12 gene have

been reported in the literature, and the results of this study
are presented in Figure 1A.

TRAPPC12 Protein Expression

Patient fibroblasts and CCD1079Sk human skin fibroblasts were
used as mutant and wild type, respectively. Prior to Western
blotting, we replicated the cells using consecutive passages
during cultivation for the wild-type and mutant types. The
variation itself did not cause a stop gain mutation; therefore,
we evaluated the protein level with two different primary
antibodies, including one that recognizes between 625 a.a.
- 710 a.a. region (tetratricopeptide region) and the other
region recognizes the full-length of the human TRAPPC12
protein while β-actin was used as a reference control (Figure
1B). Our chemiluminescent detection was >70 pg sensitive.
The Western blot analysis of TRAPPC12 showed that the
primary antibody that identified the tetratricopeptide region
showed no bands of the expected size (79 kDa). However, an
absence of the intact protein according to the second primary
antibody that recognizes the full-length TRAPPC12 resulted in
only a cleaved-like pattern protein product compared with
the wild-type (Figure 1B). Regarding the Western blot, highly
reduced protein expression and possibly cleaved protein
products were observed (Figure 1B right blot). The second
primary antibody recognizes the tetratricopeptide region of
the TRAPPC12 protein, and mutation occurred via a nonpolar
phenyl (F) at position 227 to another nonpolar amino acid,
Valine (V). This may result in unstable, cleaved, or limited
target protein function. To confirm whether the primary
antibodies recognize the amino acid sequence, we ran the
standard protein BLAST. We then determined the sizes of
the cleaved-like pattern proteins and CGI-87. In addition, we
also identified wild-type CGI-87 expression at approximately
35 kDa, and the subcellular location of the CGI-87 was
reported to be located in the Golgi apparatus, according to
UniProt (UniProt ID: Q53S18) (Figure 1B). The CGI-87 protein
is identical to the a.a. sequence from 1 to 349 a.a. of
the TRAPPC12 a.a. sequence. Regarding the outcome of the
two primary antibodies of the TRAPPC12 region, the mutant
type failed to show a protein expression for TRAPPC12 and
CGI-87 (TRAPPC12-related protein, an uncharacterized protein
fragment) compared with the wild type. In addition, the
cleaved-like pattern did not show any reference point from
BLAST. Thus, the TRAPPC12 NM_016030.6:c.679T>G variation
also affected the mature TRAPPC12 protein and CGI-87 by
changing the position at 227 a.a.

Intracellular Differences

To investigate variations that interfere with organelle
structure via mutation, we performed ER and Golgi
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Figure 1. The variations were mapped at the protein level (NP_001308031.1). Schematic depicting aligned protein-coding sequence for the TRAPPC12. The gray
arrows mark the locations of previously identified TRAPPC12 variations. A black arrow indicates the new variation. Variants are named according to GRCh37.
B. Immunoblot images of 75μg protein samples per lane. The wild type of CCD1079Sk cells was replicated using different passages. The mutant type from
patient fibroblast was replicated from passages two and three during cultivation. The left panel shows a primary antibody recognizes between 625 a.a. and 710
a.a. sequence (tetratricopeptide region) and the right panel shows a second primary antibody that recognizes a full-length protein of the human-TRAPPC12,
respectively. Both primary antibodies demonstrated that the mutant type showed no visible bands or isoforms of intact TRAPPC12 which appeared to be
associated with changes in the amino acid sequence. The CGI-87 bands indicate uncharacterized protein fragments and TRAPPC12-associated protein products
(UniProt ID: Q53A18) from UniProt, which were detected by both primary antibodies that we used for TRAPPC12. The sequence similarity analysis of TRAPPC12
revealed 100% identity for this protein fragment. C. Evaluation of the Golgi and ER structures by immunostaining wild type and mutant type. The left panel
shows the ER structure in red, middle panel compiles the intensity analysis between wild-type and mutant Golgi and the ER. Each dot represents a single cell.
The right panel shows the Golgi structure in green. Nuclei were stained with DAPI (shown in blue) Magnification 40X. Scale bar=50μm. Intensity measurements
were performed using ImageJ, and 12 cells/group were analyzed.

visualization using confocal laser scanning microscopy (Figure
1C). The Golgi staining showed corrupted integrity, and
Golgi clusters expanded around the juxta nuclear region
compared with the wild type. In addition, a comparison of the
intensity between the wild-type and mutant types revealed
no significant changes. However, the ER staining intensity
analysis showed an increase in the mutant type (p<0.0001)
(Figure 1C). Moreover, we visualized vesicles with neutral
lipids to assess the vesicle trafficking process. We used Nile
red staining to understand the intracellular distribution of
lipid droplets. The cellular distribution of the lipid droplets
did not show significant changes and only slight disruption
was observed. Compared with the wild type, a wild type,
heterogeneous distribution of cells their stage was observed
(Supplementary Figure S1).

DISCUSSION
PEBAS is a severe disorder, and its etiopathogenesis has not
been fully understood. To identify the pathogenesis of the
disease, two independent groups noticed that Golgi apparatus
is associated with neuronal loss, leading to the PEBAS
phenotype (12, 21). According to the literature, many pathways
are associated with progressive encephalopathy (22). Among
these pathways, the TRAPP complex is particularly remarkable.
The complex is a highly conserved modular multi-subunit
protein complex that plays a role in endoplasmic reticulum-
to-Golgi transport (11).

A significant number of proteins, including TRAPP complexes,
regulate intracellular trafficking. Since the discovery of
specific subunits of the TRAPP complexes contributed to the
molecular processes between the ER-ERGIC-Golgi apparatus
(23). Particularly, two different complexes exist, TRAPP II and
TRAPP III, in metazoans and humans (8). One study on the
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cryo-EM structure of metazoan TRAPP III demonstrated that
there are two arms and one core of the complex. The one
arm includes TRAPPC8 and TRAPPC11, and the other arm
includes TRAPPC12 and TRAPPC13 together (24). The Ras-
related protein Rab-1 (Rab1) contacts half of TRAPPC8 which
is a GEF (8, 25), and provides a starting point for the
completion of the TRAPP III structure. According to Galindo et
al., the vertexes of the arms between subunits of the TRAPP
III complex and Rab1 mediate vesicle membrane attachment
(24). Additionally, among subunits of the TRAPP III complex,
particularly TRAPPC12, also known as TTC15, has been reported
for various cellular processes (8-10, 23). In 2015, Milev et al.
reported that depletion of TRAPPC12 prohibited the migration
of chromosomes to the metaphase, resulting in failed
chromosome congression. In addition, TRAPPC12-depleted
HeLa cells exhibited a disrupted kinetochore structure (10).
Subsequent research by Milev et al. also identified a
novel function of TRAPPC12 phosphorylation during mitosis,
which acts as a mitotic regulator and provides Centromere-
associated protein E (CENP-E) recruitment to the kinetochores
(10). The distinctive features of TRAPPC12 differ from those of
other TRAPP complexes; therefore, Milev et al. renamed the
TRAPPC12 as TRAMM (trafficking of membranes and mitosis)
(9).

The TRAPPC12 structure and its functions are being
studied at the molecular level, as well as considering its
relationship to the TRAPP complex, as mentioned above.
Genetic studies identified a possible effect of TRAPPC12
variations, on etiopathogenesis. For instance, in 2017, Milev
et al. showed that three individuals from two unrelated
families (one consanguineous and one nonconsanguineous)
had either a homozygous deleterious variant (c.145delG
[p. Glu49Argfs*14]) or compound-heterozygous variants
(c.360dupC [p. Glu121Argfs*7] and c.1880C>T [p. Ala627Val])
(1). According to their study, the clinical characteristics of
the three patients were highly similar, i.e., severe disability,
microcephaly, spasticity, hearing loss, visual impairment,
and specific brain imaging findings such as; severe cortical
atrophy, simplified gyri, and hypogenesis of the corpus
callosum. In our case, the patient did not have epilepsy
but presented with EEG abnormalities without seizures. In
addition, Milev et al. reported that their patients had agenesis
of the corpus callosum and severe cerebral atrophy, although
our patient had no agenesis of the corpus callosum and only
mild cerebral atrophy (1). Based on this difference, we report
our case as "mild".

The importance of their study from our point of view is that
they provide functional data that exhibits changes in Golgi
morphology, membrane trafficking dysfunction, and mitotic

delay in fibroblasts (1). In 2020, two case reports by Gass et
al. and Aslanger et al. were published, respectively (12, 26).
Gass et al. reported compound heterozygous variations in
TRAPPC12 in two fetuses with ventriculomegaly. The family had
a previously deceased fetus with hydrocephaly, polydactyly,
and interhemispheric cysts, an effect on cilia (26). Aslanger
et al. reported two patients from unrelated families with
homozygous TRAPPC12 variants. The first patient was a 2-year-
old boy with severe progressive cortical atrophy, moderate
cerebellar atrophy, epilepsy, and microcephaly who had
previously reported variations (c.1880C > T (p. Ala627Val)) in
TRAPPC12. The second patient, a 9-year-old boy, was carrying
novel variation (c.679T > G (p. Phe227Val) and manifested mild
cortical atrophy, severe cerebellar atrophy without epilepsy,
and microcephaly. The absence of cardinal manifestations
like epilepsy and microcephaly, led us to investigate the
pathogenic mechanism of this variation (12). The variation
evaluated in this study is an extension of our previous report.

Herein, we found mature TRAPPC12 protein loss or high
protein-level decrease, but contrary to the previous report by
Milev et al., our variation did not have stop-gain variation
(1). It is also noteworthy that CGI-87 (UniProt ID: Q53S18), a
protein with 100% similarity to the TRAPPC12 a.a. sequence,
was absent in the wild type. Immunostaining provided a
more comprehensive outcome. Our results showed that the
variation caused mild structural changes in the Golgi and
made in a slight enlargement of the cell size, which was
validated by the ER staining. The lack/loss of TRAPPC12 mature
protein raises the possibility of COPII-associated membrane
clustering to the juxta nuclear region of Golgi. Instead, our
findings demonstrate that the TRAPPC12 protein is unstable
and may be degraded by proteasome and has a marked effect
on the architecture of the Golgi complex.

To understand whether the differences at the organelle
level affected vesicle trafficking, we visualized the vesicles
that carried neutral lipids (by Nile red staining). When
examined using Nile red staining, we observed heterogeneous
vesicle distribution depending on cell stage. In wild-type
comparisons, we assumed that morphological differences
were heterogeneous but homogeneous within the cell groups.
However, Nile Red is a dye that dissolves in acetone, and
when it is applied to cells, the cells become round, regardless
of the concentration. Afterward, we became aware that it
would be inappropriate to make a definitive interpretation
of the possible changes in the vesicle distribution. Another
limitation of the study was that the other molecules found
in the core structure of TRAPPC12 could not be examined
in terms of their relevance to the mutation. In addition,
the vesicle traffic neither showed accumulation nor stopped
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via variation (c.679T>G (p. Phe227Val). Consequently, the mild
disarrangement of the Golgi and ER structure showed that
the neutral lipid-carrying vesicle distribution was altered
throughout the cytoplasm. Further studies are required to
examine the relationship between the mutagenicity of the
changes in cell morphologies caused by this mutation.

CONCLUSION
In conclusion, genetic diagnosis confirms the specific cause
of the related diseases however the exact diagnosis requires
more functional consequences at the protein and cellular
levels. The precise pathways associated with the determined
genes and their protein products play an important role
in elucidating intracellular processes. Herein, the cellular
impact of homozygous c.679T>G (p. Phe227Val) variation
provides an understanding of the disruption of variation in
cellular behavior. To prove this point, further experiments
with proteasome inhibitors could help detect possible
protein degradation. Further functional analysis, including
high-throughput structural and functional relationships with
other TRAPP molecules will underline the exact diagnosis of
patients with PEBAS.

Acknowledgments We are grateful to the patient for their participation in
the study. 

Ethics Committee
Approval

Approval was obtained from the Bezmialem Vakif
University Ethics Committee (approval number:
2019/2659). Written informed consent was obtained from
the patient and the parents of the patients were included
in this study.

Peer-review Externally peer-reviewed.
Author Contributions Conception/Design of Study – B.G., G.Y.S., A.D.A., E.Y.; Data

Acquisition – B.G.; Data Analysis/Interpretation – B.G.,
E.Y.; Drafting Manuscript – B.G., G.Y.S.; Critical Revision of
Manuscript – E.Y.; Final Approval and Accountability – B.G.,
G.Y.S., A.D.A., E.Y.

Conflict of Interest The authors declare no conflict of interest.
Financial Disclosure The Research Fund of Bezmialem Vakif University

supported this study (grant number 4201919).

Author Details

Beyza Goncu
¹ Department of Medical Services and Techniques, Vocational School of Health
Services, Bezmialem Vakif University, Istanbul, Turkiye

 0000-0001-6026-8218  bgoncu@bezmialem.edu.tr

Gozde Yesil Sayin
² Department of Medical Genetics, Faculty of Medicine, Istanbul University,
Istanbul, Turkiye

 0000-0003-1964-6306

Ayca Dilruba Aslanger
² Department of Medical Genetics, Faculty of Medicine, Istanbul University,
Istanbul, Turkiye

 0000-0003-1770-1762

Emrah Yucesan
³ Department of Neurogenetics, Institute of Neurological Sciences, Istanbul
University-Cerrahpasa, Istanbul, Turkiye

 0000-0003-4512-8764

REFERENCES
1. Milev MP, Grout ME, Saint-Dic D, Cheng YH, Glass IA, Hale CJ, et al. Mutations

in TRAPPC12 manifest in progressive childhood encephalopathy and Golgi
dysfunction. Am J Hum Genet. 2017; 101(2): 291-9.

2. Scrivens PJ, Noueihed B, Shahrzad N, Hul S, Brunet S, Sacher M. C4orf41 and
TTC-15 are mammalian TRAPP components with a role at an early stage in ER-
to-Golgi trafficking. Mol Biol Cell 2011; 22(12): 2083-93.

3. Sacher M, Kim YG, Lavie A, Oh BH, Segev N. The TRAPP complex: insights into
its architecture and function. Traffic 2008; 9(12): 2032-42.

4. Whyte JR, Munro S. Vesicle tethering complexes in membrane traffic. J Cell Sci
2002; 115(Pt 13): 2627-37.

5. Sacher M, Jiang Y, Barrowman J, Scarpa A, Burston J, Zhang L, et al. TRAPP, a
highly conserved novel complex on the cis-Golgi that mediates vesicle docking
and fusion. EMBO J 1998; 17(9): 2494-503.

6. Kim MS, Yi MJ, Lee KH, Wagner J, Munger C, Kim YG, et al. Biochemical and
crystallographic studies reveal a specific interaction between TRAPP subunits
Trs33p and Bet3p. Traffic 2005; 6(12): 1183-95.

7. Cox R, Chen SH, Yoo E, Segev N. Conservation of the TRAPPII-specific subunits
of a Ypt/Rab exchanger complex. BMC Evol Biol 2007; 7: 12.

8. Harris NJ, Jenkins ML, Dalwadi U, Fleming KD, Nam SE, Parson MAH, et al.
Biochemical insight into novel Rab-GEF activity of the mammalian TRAPPIII
complex. J Mol Biol 2021; 433(18): 167145.

9. Milev MP, Sacher M. Mitotic transformation of TRAMM/TrappC12. Oncotarget
2015; 6(20): 17853-4.

10. Milev MP, Hasaj B, Saint-Dic D, Snounou S, Zhao Q, Sacher M. TRAMM/TrappC12
plays a role in chromosome congression, kinetochore stability, and CENP-E
recruitment. J Cell Biol 2015; 209(2): 221-34.

11. Kim JJ, Lipatova Z, Segev N. TRAPP complexes in secretion and autophagy. Front
Cell Dev Biol 2016; 4: 20.

12. Aslanger AD, Demiral E, Sonmez-Sahin S, Guler S, Goncu B, Yucesan E, et al.
Expanding clinical phenotype of TRAPPC12-related childhood encephalopathy:
Two cases and review of literature. Neuropediatrics 2020; 51(6): 430-4.

13. Andresen K, Caliebe A, Spielmann M, Nagel I, Eckmann-Scholz C. Expansion of
the symptoms associated with bi-allelic variants in TRAPPC12. Z Geburtshilfe
Neonatol 2023; 227(S 01): P073.

14. Bhola PT, Marshall AE, Liang Y, Couse M, Wang X, Miller E, et al. RNA sequencing
to support intronic variant interpretation: A case report of TRAPPC12-related
disorder. Am J Med Genet A 2023; 191(6): 1664-8.

15. Vangipuram M, Ting D, Kim S, Diaz R, Schule B. Skin punch biopsy explant
culture for derivation of primary human fibroblasts. J Vis Exp 2013; (77): e3779.

16. Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ: 25 years of image
analysis. Nat Methods 2012; 9(7): 671-5.

17. Greenspan P, Mayer EP, Fowler SD. Nile red: a selective fluorescent stain for
intracellular lipid droplets. J Cell Biol 1985; 100(3): 965-73.

18. Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al. The
mutational constraint spectrum quantified from variation in 141,456 humans.
Nature 2020; 581(7809): 434-43.

19. Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Aguilera M, Meyer R, et
al. VarSome: the human genomic variant search engine. Bioinformatics 2019;
35(11): 1978-80.

Experimed, 15 (1): 41–48   46

https://orcid.org/0000-0001-6026-8218
mailto:bgoncu@bezmialem.edu.tr
mailto:bgoncu@bezmialem.edu.tr
https://orcid.org/0000-0003-1964-6306
https://orcid.org/0000-0003-1770-1762
https://orcid.org/0000-0003-4512-8764


A Missense Mutation in TRAPPC12 | Goncu et al., 2025

20. Pollard KS, Hubisz MJ, Rosenbloom KR, Siepel A. Detection of nonneutral
substitution rates on mammalian phylogenies. Genome Res 2010; 20(1): 110-21.

21. Rabouille C, Haase G. Editorial: Golgi pathology in neurodegenerative diseases.
Front Neurosci 2015; 9: 489.

22. La Cognata V, Morello G, Cavallaro S. Omics Data and Their Integrative analysis
to support stratified medicine in neurodegenerative diseases. Int J Mol Sci 2021;
22(9): 4820.

23. Sacher M, Shahrzad N, Kamel H, Milev MP. TRAPPopathies: An emerging set of
disorders linked to variations in the genes encoding transport protein particle
(TRAPP)-associated proteins. Traffic 2019; 20(1): 5-26.

24. Galindo A, Planelles-Herrero VJ, Degliesposti G, Munro S. Cryo-EM structure of
metazoan TRAPPIII, the multi-subunit complex that activates the GTPase Rab1.
EMBO J 2021; 40(12): e107608.

25. Li F, Yi L, Zhao L, Itzen A, Goody RS, Wu YW. The role of the hypervariable C-
terminal domain in Rab GTPases membrane targeting. Proc Natl Acad Sci U S
A 2014; 111(7): 2572-7.

26. Gass JM, Head BB, Shields SM, Stevenson RE, Louie RJ. Hydrocephaly associated
with compound heterozygous alterations in TRAPPC12. Birth Defects Res 2020;
112(13): 1028-34.

Experimed, 15 (1): 41–48   47



A Missense Mutation in TRAPPC12 | Goncu et al., 2025

APPENDIX

Figure S 1. Detection of neutral lipids in human skin fibroblasts from the patient (Mt) and CCD1079Sk cells (Wt) using the Nile red staining. The green fluorescence
observed in the presence of Nile red indicates the presence of neutral lipid-containing vesicles. Nuclei was stained with DAPI (shown in blue). Scale bar=50μm.
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Abstract Objective: Asprosin (ASP) is a modern adipokine produced from white adipose tissue that is linked to
metabolic disorders such as obesity and diabetes. Acromegalic syndrome results from excessive pituitary
growth hormone (GH) secretion, leading to increased insulin-like growth factor-1 (IGF-1) production,
usually due to a pituitary adenoma. The serum ASP levels were higher in acromegaly patients (AC-PTs)
than in healthy controls. The aim of the study was to explore ASP levels in AC-PTs compared with healthy
controls, considering gender, diabetes status, treatment duration, and hypertension.
Materials and Methods: Fifty AC-PTs with different body mass index, sex, age, diabetes, and blood pressure
were enrolled in this study. IGF-1, GH, and fasting blood glucose (FBG) levels were measured alongside 30
healthy controls. In addition, enzyme-linked immunoassay (ELISA) was used to measure ASP.
Results: There was no significant difference in ASP levels between AC-PTs and healthy controls (p>0.05).
Moreover, the current study showed no statistically significant difference in ASP levels among the
subgroups categorized according to the patient’s gender, diabetes status, hypertension, and treatment
course.
Conclusion: ASP levels revealed no difference between Iraqi AC-PTs and control group; ASP is not affected
by hormonal changes that are typically associated with acromegaly.
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INTRODUCTION
Acromegaly is a slowly developing disorder resulting from
the raised secretion of insulin-like growth factor-I (IGF-I)
and growth hormone (GH). Acromegaly patients (AC-PTs) are
commonly induced by a growth hormone-secreting pituitary
adenoma, which causes the extra production of IGF-1 (1).
It may result in musculoskeletal, endocrine, and metabolic
comorbidities. The global annual incidence is up to 13 cases
per 100,000 people (2). Premature diagnosis and cure are
important to relieve the extra mortality linked with AC-PTs (3,
4). Correspondingly, AC-PTs are personified by unproportioned
growth of the organs, tissues, and skeleton (5, 6). In response
to GH, IGF-1 is produced by the liver (7). Excess spread of IGF-
I and GH levels in acromegaly includes harmful influences on
various physiological processes and tissues. Patients typically
share abnormal enlargements of soft tissue and bone, and
have dysregulated glucose metabolism, with an increased
risk of cardiovascular disease, which may influence mortality
chance (8). In adipose tissue, GH action (catabolic) induces
the decomposition of accumulated triglycerides into free
fatty acids (FFA). GH provokes insulin action via different
biomolecular pathways. Long-lasting GH secretion suppresses
the anti-lipolytic effect of insulin. It raises FFA changes in the
blood, thus enabling lipotoxicity and insulin resistance, which
can lead to certain pathophysiological complications (9).
AC-PTs have irregular glucolipid metabolism, which involves
diabetes and insulin resistance; it may be linked with
high GH levels, leading to adipose tissue dysfunction and
the imbalances of adipocytokine production (10). Multiple
research studies have investigated the serum levels of various
adipokine between AC-PT and the control group. In addition,
correlations between glucolipid metabolism indexes and
adipokine have been reported (11). IGF-1 has been a biomarker
of acromegaly since the turn of the millennium. The levels of
circulating IGF-I are considered as critical biochemical means
because of their prolonged half-life of 18–20 h (stability
throughout the day) (12). An elevated IGF-I level and an
incapability to lower GH levels <1 µg/L in an oral glucose
tolerance test (OGTT) are considered influential standards
for diagnosing acromegaly (13). IGF-I levels are influenced
by multiple physiological characteristics, such as body mass
index (BMI), sex, and age, and these should be considered
during data performance (14).

Asprosin (ASP), a modern peptide recently found to be
an influential regulatory adipokine, affects obesity in adult
humans and animals (15, 16). Remarkably, several studies
suggested that ASP as a modern fasting-induced glucogenic
protein adipokine was found exalted in persons (and in rodent
models) with metabolic disease (17-19). ASP is impacted by

fasting and targets the liver, stimulating hepatic glucose
release via the G protein cyclic adenosine monophosphate
protein kinase A (cAMP-PKA) pathway (20-22). The tardy study
conducted by Liu et al. (23) showed that ASP triggers agouti-
related protein (AgRP) neurons, improving olfaction and
facilitating appetite when attached to the central OLFR734
receptor. Recent investigations have detected that ASP levels
in serum have risen in persons with metabolic disorders, such
as type 2 diabetes, thyroid dysfunction, and obesity (24, 25).
Other studies have suggested that ASP triggers the pathway of
G-protein-linked receptor-cAMP-PKA, inducing phosphorylase
activity by fast breakdown and glycogen release in the liver
and increasing blood glucose (26). We know that glucose levels
negatively affect GH levels, and excessive GH will raise the
production of IGF-1 (27).

According to recent research, ASP plays a significant role
in metabolic regulation, particularly in controlling glucose
homeostasis and energy expenditure. This involvement
specifically induces glucose tolerance, insulin resistance, and
fasting-induced homeostasis (28). ASP is critical and essential
in metabolic disorders (29).

This study is the first to evaluate serum ASP concentrations
in individuals with acromegaly in Iraq. In addition, this study
focuses on different subgroups, such as sex, hypertension,
and diabetes mellitus (DM); thus, this work addresses a
significant gap in the literature. We hypothesized that serum
ASP levels are altered in AC-PT patients compared with
healthy controls, and these levels may be influenced by
factors such as gender, diabetes status, hypertension, and
treatment duration. The findings of this study contribute to
our understanding of metabolic dysregulation in acromegaly.
This study provides a novel understanding of the role of
ASP as a potential biomarker of acromegaly and links it to
metabolic dysregulation, such as diabetes and hypertension.
Thus, the present study aimed to examine serum ASP levels
in Iraqi AC-PT and their correlation with elevated GH levels.

MATERIALS AND METHODS

Samples

The study enrolled individuals diagnosed with acromegaly,
and healthy controls. To ensure a fair comparison, the control
participants were matched with the patients based on age,
gender, and BMI. Controls were selected to be within ±5 years
of age and of the same gender as individuals with acromegaly.

More than 350 AC-PTs have been registered in Mustansiriyah
University/National Diabetes Center (NDC) since 2003 from
various provinces of Iraq; they have been regularly checked by
endocrinologists clinically. Diagnosis depends on biochemical
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parameters such as elevated IGF-1 levels and the absence
of GH suppression after glucose management. Magnetic
resonance imaging (MRI) of the pituitary in AC-PTs identifies an
implied adenoma. The diagnosis and optimal administration
of acromegaly comorbidities are essential for providing the
best long-term outcomes for acromegaly (30). The samples
of AC-PT and healthy participants were collected from
September to December 2023; fifty AC-PT (female and male)
with pituitary adenoma were enrolled at the NDC in Baghdad,
Iraq, and considering parameters: sex, age, BMI, fasting blood
glucose (FBG), hypertension, basal GH (morning), and IGF-1
levels. The age range of the AC-PT and healthy participants
was 26–73 years. The patients were also administered a
lanreotide injection (90 or 120 mg) intramuscularly according
to their clinical status. Thus, patients were selected randomly
according to their prespecified appointment. The treatment
duration ranged from 1 to 10 years. Before the commencement
of this trial, all patients provided written and dated consent
for their participation. Furthermore, ethical approval for
this study was extradited from the ethics committee of
the National Diabetes Center at Mustansiriyah University in
September 2023, ensuring compliance with the principles
outlined in the 1964 Declaration of Helsinki and any
subsequent revisions or comparable ethical standards.

Hormonal and Biochemical Assessments

Eight milliliters (mL) of peripheral blood were collected
utilizing a one-use plastic needle and analyzed in a laboratory
gel tube. All samples were centrifuged at 3000 rpm for 7
min to collect blood serum for laboratory examinations. The
chronology of individual AC-PT and control subjects were
subjected to medical estimation and physical parameters
(weight, height). BMI was calculated using the following
formula: BMI = weight (kg)/height² (m²). GH and IGF-1 were
tested using a DiaSorin analyzer device (Elecsys hGH and IGF-1
kit-Germany), respectively. FBG levels were assayed with Gluc2
kit in a Cobas C11-1 analyzer (Roche Diagnostics, Germany).

Enzyme-Linked Immunosorbent Assay (ELISA) for
ASP Levels

The ASP levels of the control and patients’ serum groups
were determined using an ELISA kit (Catalog no: E-EL-H0515,
E-lab science, USA) following the manufacturer’s instructions.
We excluded any criteria linked to endocrinopathy and
autoimmune diseases. In contrast, the reagents and ELISA
plates were brought to room temperature before use. Serum
samples were diluted according to kit instructions, and
standards were prepared to create calibration curves. The
assay was initiated by coating the ELISA plates with ASP and

incubating them to allow binding. After that, a buffer was
used to block non-specific binding. Next, serum samples and
standards were added and incubated to allow ASP binding.
Detection was achieved by adding a detection antibody
and streptavidin- horseradish peroxidase conjugate then,
a substrate solution was added to develop a colorimetric
reaction. Finally, the intensity of the color was measured at
450 nm using a microplate reader. ASP levels were quantified
based on the standard curve.

Statistical Analyses

In this research, statistical data were explored utilizing the
Statistical Package for the Social Sciences (SPSS) version
26.0 (SPSS Inc, Chicago, IL, USA) software. The Shapiro-Wilk
test was used to determine parametric or non-parametric
analyses; all variables (except IGF-1) were determined to
have non-parametric distributions. Thus, the Mann–Whitney
U test was used to evaluate the significance level of the
differences between the AC-PTs. Results are presented as
median, minimum, and maximum. The Spearman test was
used for correlation. A result was considered statistically
significant when the p value was less than 0.05.

RESULTS
Fifty AC-PTs and 30 control subjects were included in this
study. Half of the patients had DM, whereas the remaining had
non-DM. The subjects were aged between 26 and 73 years, with
a mean of 50.33 ± 13.59 years. The gender distribution of AC-
PT was roughly distributed (Figure 1).

Figure 1. Gender distribution of acromegaly patients
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The current study investigated the levels of ASP in AC-PT
and healthy controls. Additionally, this study further explored
the variations in the concentrations of ASP, GH, IGF-1, and
FBG among different cohorts, categorized by gender, diabetic
status, treatment course, and tension status.

When ASP levels in patients and the control group were
compared, no significant differences between the patients
and the controls were noted (Table 1).

Table 1. Median, minimum, maximum, and p values of study parameters
between patients and control groups

Parameters Patients

Median (Min-Max)

Controls
Median (Min-Max)

p
value

ASP (ng/mL) 5.63 (2.88-11.67) 4.9 (3.7-6.77) 0.097

GH (ng/mL) 2.2 (0.21-54) - -

IGF-1 (ng/mL) 491 (105-1386) - -

p values calculated by Mann–Whitney U test

In this study, within AC-PT, the BMI showed no significant
differences between males and females, as shown in (Table 2)
and between DM and Non-DM, as shown in (Table 3).

Table 2. Median, minimum, maximum, and p values of the study parameters
for male and female patients with acromegaly

Metabolites Male
Median (Min-Max)

Female
Median (Min-Max)

p
value

ASP (ng/mL) 5.35 (2.88-11.29) 5.93 (3.34-11.67) 0.770

GH (ng/mL) 2 (0.31-20) 3 (0.21-54) 0.247

IGF-1 (ng/mL) 450 (117-1120) 530 (105-1386) 0.403

FBG (mg/mL) 104 (60-240) 118 (60-306) 0.209

BMI (kg/m²) 27.75 (24.1-41.5) 27.9 (19.7-38.7) 0.874

p values calculated by Mann–Whitney U test.

Table 3. Median, minimum, maximum, and p values of the study parameters
between patients with and without DM acromegaly

Metabolites DM Median
(Min-Max)

Non-DM
Median (Min-Max)

p
value

ASP (ng/mL) 5.35 (2.88-11.67) 6.04 (3.4-11.22) 0.938

GH (ng/mL) 2.6 (0.21-46.8) 2 (0.4-54) 0.884

IGF-1 (ng/mL) 480 (153-1386) 503 (105-1120) 0.923

FBG (mg/mL) 136 (60-306) 94 (60-136) 0.000*

BMI (kg/m²) 28.125 (19.7-41.5) 27.4 (24.1-39.8) 0.271

p values calculated by Mann–Whitney U test, * significant difference <0.05

The results obtained in the Mann-Whitney U test to evaluate
the level of significance between male and female AC-PT
showed that all the parameters had no significant values
(p>0.05) (Table 2). Between the DM and non-DM AC-PTs, FBG
showed a significant difference (p=0.000) while all other study

parameters showed no significant differences (p>0.05) (Table
3).

A sub-group of patients with acromegaly based on their
treatment duration with somatostatin analogous (Lanreotide)
was conducted. Of the 50 AC-PT, 28 patients have been under
treatment for >7 years and 22 patients have been under
treatment for <7 years. The results revealed no significant
differences in ASP, GH, and IGF-1 levels (Table 4).

Table 4. Median, minimum, maximum, and p values of the study parameters
between the treatment course groups of acromegaly patients

Metabolites <7 years
Median (Min-Max)

>7 years
Median (Min-Max)

p value

ASP (ng/mL) 5.81 (3.4-10.31) 5.35 (2.88-11.67) 0.377

GH (ng/mL) 3.8 (0.4-54) 1.4 (0.21-13.4) 0.014*

IGF-1 (ng/mL) 521 (105-1386) 480 (117-966) 0.491

p values calculated by Mann–Whitney U test, * significant difference
<0.050

The blood pressure in AC-PTs was measured (28 with
hypertension and 22 with normal tension), and the results
indicated no significant differences in ASP and IGF-1 levels.
Nevertheless, there was a considerable difference in GH levels
(p=0.004) (Table 5).

Table 5. Median, minimum, maximum, and p values of patients with acromegaly
between blood pressure groups

Metabolites Hypertension

Median (Min-Max)

Normal tension
Median (Min-Max)

p
value

ASP (ng/mL) 6.01 (2.88-11.67) 5.2 (3.34-10.31) 0.197

GH (ng/mL) 1.7 (0.21-7.2) 4.2 (0.6-54) 0.004

IGF-1 (ng/mL) 506.5 (117-1386) 455 (105-1120) 0.953

Positive correlations between GH and IGF-1 (p=0.000, r=0.578),
FBG and BMI (p=0.016, r=0.359), weight and height (p=0.000,
r=0.537), and weight and BMI (p=0.000, r=0.787), and a negative
correlation between GH and weight (p=0.003, r=-0.434) were
observed. Other correlation results showed no relationship
between parameters. The correlation results are presented in
Table 6.

In this study, linear regression analysis was performed
to determine the relationship between ASP and various
independent variables like GH, IGF-1, and FBG. The test showed
a weak relationship between the independent variables and
serum ASP levels, as indicated by an r² value of 0.059,
meaning that only 5.9% of the variance in ASP levels could be
explained by the model. The overall regression did not show
a significant value (p=0.537). Between predictor variables,
FBG had the highest standardized coefficient (Beta=0.235),
followed by IGF-1 (Beta=0.081) and GH (Beta=-0.065); however,
none of these predictors showed a statistically significant
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Table 6. Correlations among all study parameters

GH IGF1 ASP FBG Weight Height BMIParameters

r p r p r p r p r p r p r p

GH (ng/mL) 1000 - 0.578** 0.000 −0.060 0.684 −0.183 0.208 −0.434** 0.003 −0.188 0.221 −0.030* 0.046

IGF1 (ng/mL) 0.578** 0.000 1000 - −0.048 0.740 −0.055 0.704 −0.013 0.929 −0.060 0.693 0.110 0.472

ASP (ng/mL) −0.060 0.684 −0.048 0.740 1.000 - 0.123 0.395 −0.104 0.490 0.034 0.824 −0.148 0.332

FBG (mg/mL) −0.183 0.208 −0.055 0.704 0.123 0.395 1.000 - 0.202 0.179 −0.057 0.708 0.359* 0.016

Weight (kg) −0.434** 0.003 −0.013 0.929 −0.104 0.490 0.202 0.179 1.000 - 0.537** 0.000 0.787** 0.000

Height (m) −0.188 0.221 −0.060 0.693 0.034 0.824 −0.057 0.708 0.537** 0.000 1.000 - −0.013 0.932

BMI (kg/m²) −0.030* 0.046 0.110 0.472 −0.148 0.332 0.359* 0.016 0.787** 0.000 −0.013 0.932 1.000 -

r is Spearman’s rho correlation coefficient. *Correlation was significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed).

association with serum ASP levels (p=0.170, p=0.663, and
p=0.727, respectively).

DISCUSSION
ASP is a favorable selector share in the beginning and
progress of processing endocrine or pathologic conditions,
such as cancer, type 2 DM (T2DM), cardiomyopathy, polycystic
ovarian syndrome, and obesity, and plays an important role in
balancing energy metabolism (31).

A recent study by Lei Zhang et al. found that ASP levels were
greater in adult T2DM patients than in healthy controls and
might serve as a risk factor associated with the pathogenesis
of T2DM; however, the researcher stated that it was not an
ideal biomarker for prediction of T2DM (32). Other studies
found that serum ASP levels were considerably higher in
obese children than in lean and normal-weight children (33,
34). In addition, in 88 coronary artery disease patients, serum
ASP were higher than that of healthy controls, suggesting a
possible relation of ASP to the pathogenesis of acromegaly
(35).

In 2020, Xiaoan Ke et al. revealed that ASP levels were lower
in AC-PTs than in a healthy control group. Thus, we suggested
the measurement of ASP levels in AC-PTs subgroups (gender,
diabetes, duration of treatment course, and hypertension)
(36).

The results showed no significant difference in ASP
levels between AC-PTs and healthy controls. In addition,
in the investigation involving 50 patients diagnosed with
acromegaly, the analyses of subgroups categorized by gender,
diabetes status, hypertension, and treatment course revealed
no statistically significant outcomes. In the correlation study,
no significant differences were found between ASP and any
other parameter. In this survey, AC-PTs showed a similar
gender distribution among acromegaly, analogous to that of
Dal et al., 2021 which revealed a minor gender difference in
the epidemiology of acromegaly.

Despite this, somatostatin (SST) drug (Lanreotide) binds
to pancreatic β-cells (on SSTRs), then inhibits canals of
voltage-gated calcium, leads to suppress the response of
premature insulin to glucose, herewith restricting the energy
transformation to adipose tissue, as we already know that ASP
adipokine is a circulating hormone mainly secreted by white
adipose tissue (37). The ASP in AC-PTs that course of treatment
less than 7 years showed no significant difference for that in
>7 years of SST treatment. This implies that the duration of
treatment with SST does not directly affect ASP secretion in
this research due to the regulation of ASP secretion, which
includes multiple factors (38).

This study showed no correlation between disease course,
FBG, GH, and IGF-1 levels, and serum ASP levels in AC-
PTs. Despite past studies, ASP production is concerned with
serum glucose. Nonetheless, Romere et al. presented that
serum ASP levels were directly reduced with elevated serum
glucose levels after feeding mice (16). After overnight fasting,
the FBG was superfast, indicating that FBG plays a role in
the systematization of ASP production. In addition, Wiecek et
al. found that women’s blood glucose levels were gradually
decreased within 30 min after aerobic training, whereas serum
ASP levels were gradually elevated, interpreted that reduced
blood glucose might prompt increased production of ASP (39).

Our results disagree with the finding of Xiaoan Ke et al. 2020
who found lower ASP levels in AC-PTs with elevated FBG than
in control individuals, although both were within the normal
range (36).

This disagreement might stem from several factors, including
differences in patient demographics, study designs, and
methods of measuring serum ASP. It has also been suggested
that the hormone ASP may not be affected by the hormonal
changes typically associated with acromegaly due to genetic
factors, lifestyle, or hormonal interplay mechanisms. A recent
study showed that ASP is considered as an important
influencer of the amelioration of metabolic disorders by
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exercise and is likely to become an indispensable regulation
target of exercise in forthcoming clinical practice and scientific
research (40).

Another potential methodological issue is the use of
measurement tools to evaluate serum ASP levels. Variability
in laboratory techniques, equipment calibration, or the timing
of sample collection can affect the accuracy and consistency
of data. Additionally, hormonal interactions in acromegaly are
complex, and ASP secretion may be modulated by multiple
factors, such as insulin resistance, inflammatory cytokines,
and adipokine, which were not investigated here.

Our findings might also replicate exclusive genetic or
environmental characteristics of the Iraqi population, such as
dietary designs or variations in GH treatment regimes, which
may reduce the observed effects of acromegaly on ASP levels.
These factors warrant further investigation to clarify the role
of ASP in diverse populations. These suggestions may aid in
clarifying ASP's role in metabolic disorders.

We studied ASP levels in diabetic and non-diabetic AC-
PTs and found no notable changes in ASP levels between
these groups. Because ASP possibly does not have a direct
function in the diabetes of AC-PTs, indicating that metabolic
conditions or hormonal changes linked with increased GH
and IGF-1 could overshadow ASP secretion in diabetes or
the pathophysiology of AC-PTs. This finding suggests that
systemized ASP production is very complex and affected
by the implicit factors of AC-PTs, not only diabetes (41).
Regarding the sex group, there were no significant differences
in ASP levels between males and females, possibly because
the hormonal environment of AC-PTs may be a further
homogenous metabolic process, where ASP secretion is
regulated analogously regardless of acromegaly sex (42).

According to blood pressure in AC-PT, our results revealed no
notable differences in ASP and IGF-1 levels, but there was a
considerable difference in GH levels (p=0.004). This result may
not be valuable because GH is normally released in pulses
throughout the day and night, with peaks occurring mostly at
night. As a result, it is challenging to interpret a single measure
of GH in the blood, and it is not usually clinically applicable
(43). The sample value may exhibit an increase when taken
during a pulse and a decrease when taken between pulses.

The results of linear regression analyses displayed that FBG,
GH, and IGF-1 collectively did not significantly predict serum
ASP levels. Although FBG has a slightly stronger relationship
with ASP than GH and IGF-1, none of these variables showed
a statistical significance (p>0.05). Additionally, the model
explains only 5.9% of the variance in serum ASP, indicating
poor predictive power. These findings suggested that factors

other than FBG, GH, and IGF-1 may play a more important role
in regulating serum ASP levels. Further research is warranted
to explore other potential determinants, such as adipokine,
insulin resistance markers, and inflammatory cytokines.

Although our results did not reveal a significant difference
in ASP levels, they provide valuable data to the literature.
Further investigation of ASP as a marker of acromegaly is
not necessary. Future research should focus on exploring
other potential biomarkers or pathways to better understand
the metabolic aspects of acromegaly and improve patient
management strategies.

The limitation of this study was the relatively small sample
size. However, acromegaly is a rare disease that limits
the number of available patients for research. Additionally,
the genetic and environmental specificity of the Iraqi
population could influence the observed results, limiting their
applicability to other populations. The potential influence of
unaccounted factors such as diet, treatment regimens, and
genetic variability may also affect these findings.

Conclusion
Levels of serum ASP have no difference between Iraqi AC-
PT and the normal control group; according to this, ASP
is not affected by the hormonal changes that are typically
associated with acromegaly due to genetic factors, lifestyle,
or patient behavior. Additionally, ASP can not be a helpful
biomarker as there is no significant difference between study
parameters in the DM and non-DM groups of AC-PTs. Moreover,
ASP levels are not affected by long-term exposure to high GH
levels and disease courses.
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Abstract Objective: To evaluate cognitive performance and neurophysiological changes after caffeine consumption
in individuals who regularly consume different amounts of caffeine.
Materials and Methods: Thirty-seven people aged 18-25 were divided into two groups according to their
caffeine consumption as less than 3 mg/kg/day (low consumption group; LC) and more than 3 mg/kg/
day (high-consumption group; HC). Electroencephalography (EEG) and Montreal Cognitive Assessment
test (MoCA) were performed in both groups (baseline records). One week later, caffeinated (Caff) and
decaffeinated (Decaff) coffee were randomly given to LC and HC. Thus, four groups were formed (LC+Caff,
LC+Decaff, HC+Caff and HC+Decaff). EEG was repeated one hour after coffee, and MoCA was performed
within 20 minutes.
Results: In baseline eyes-opened EEG, the power of beta2 and delta were higher in the LC group than in the
HC. After coffee consumption in the eyes-opened EEG, alpha1 and alpha2 power were significantly reduced
in the HC+Caff. Following coffee consumption, the MoCA score increased significantly in the HC+Decaff and
LC+Caff groups compared with the baseline.
Conclusion: Our study showed that low caffeine consumers had increased brain activity and cognitive
performance post consumption high amounts of caffeine. However, this effect was less in high caffeine
consumers. Therefore, caffeine habituation may alter the brain’s response to caffeine.
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INTRODUCTION
Caffeine, a psychoactive substance found in coffee, is
consumed daily by 80% of the global population, making it
a significant focus in cognitive and physiological research
(1, 2). The European Food Safety Authority reported that a
person can consume more than 200 mg or 3 mg/kg of
caffeine at a time and a maximum of 400 mg of caffeine can
be consumed in 24 hours (3). Caffeine’s cognitive-enhancing
effects are largely mediated through its antagonistic action
on adenosine A1 and A2A receptors in the brain, which
increases neurotransmitter release and improves attention
and alertness (4).

Cognition involves various mental processes, such as
memory, executive functions, and attention, which are
critical for adapting to new situations (5, 6). These
cognitive processes are underpinned by specific patterns
of brain activity, which can be effectively studied using
electroencephalography (EEG). EEG, a noninvasive technique
for measuring brain electrical activity, provides valuable
information about neurophysiological changes associated
with cognitive processes (7). When examining the EEG
frequency bands in more detail, alpha waves from EEG
frequency bands are associated with attention and working
memory; beta waves are most prominent during wakefulness
and the performance of mental functions; delta waves are
dominant during deep sleep; and theta waves occur in certain
sleep stages and during emotional stress (8). Understanding
how caffeine modulates these parameters can provide deeper
insights into its effects on cognition (9).

The Montreal Cognitive Assessment (MoCA) is a brief
cognitive assessment tool designed to identify mild cognitive
impairment and it evaluates various cognitive domains,
such as attention, executive function, memory, language,
visuospatial ability, numerical skills, and orientation (10).

Some studies have demonstrated significant improvements in
attention and memory with moderate caffeine intake, while
certain studies report insignificant effects, especially among
regular coffee consumers (9, 11). Additionally, EEG studies
evaluating the effects of caffeine on brain activity yielded
conflicting results, making it difficult to understand caffeine-
induced neurophysiological changes (12).

The study hypothesis is that people with habitual high
caffeine consumption exhibit higher cognitive performance
after consuming caffeinated coffee, whereas this effect is less
pronounced in those with habitual low caffeine consumption.
The aim of this study was to examine the neurophysiological
effects of caffeinated or decaffeinated coffee consumption
using EEG and its effects on cognitive functions with the MoCA

test in individuals with habitual consumption of low or high
caffeine.

MATERIALS AND METHODS

Study Design and Participants

This was a single blended randomized controlled study.
Approval was received from the Non-Interventional Clinical
Research Ethics Committee of Dokuz Eylul University, with
approval number 2020/28-26.

The sample size was calculated using GPower 3.1 software
with a power of 90% and an α value of 0.05. The minimum
required sample size was estimated to be 17 participants
per group, totaling 34 participants. For possible errors, the
sample size was increased by 10%, and 37 volunteers were
included in the study. Thirty-seven university students (22
females, 15 males) aged 18-25 years participated in the study.
Initially, participants were enlisted from a database containing
their reported caffeine consumption habits. The participants'
demographic characteristics, including age and gender, were
documented. We were unable to exclude participants based
on their smoking and alcohol consumption. However, to
minimize potential confounding effects, participants were
instructed to refrain from smoking for at least 12 hours and
from alcohol consumption for at least 24 hours before the
study.

The participants were then requested to fill out a survey
specifically prepared by us to assess their average daily
caffeine intake from tea, coffee, cocoa, and caffeinated
soft drinks. According to the survey, the participants were
categorized into two groups. The low consumption group
(LC) included individuals who consumed less than 3 mg/kg/
day of caffeine. The high consumption group (HC) included
those who consumed more than 3 mg/kg/day caffeine (3). On
the first day, EEG recordings were conducted for 5 min with
participants' eyes-opened and closed, followed by the MoCA
test. The data obtained on the first day were considered as
baseline measurements.

Seven days later, each main group was randomly and
blindly divided into two subgroups. One subgroup received
caffeinated coffee containing 200 mg caffeine (Caff), while
the other received decaffeinated coffee (Decaff). In this case,
the study was consisted of four groups: LC+Caff, LC+Decaff,
HC+Caff, and HC+Decaff. One hour after coffee consumption,
EEG recordings were taken with eyes-opened and closed for
5 minutes each. After quickly removing the EEG cap, the
MoCA test was performed within 20 min, and the study was
terminated.
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EEG recording was performed using an electrocap with 19
silver chloride electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3,
Cz, C4 T4, T5, P3, Pz, P4, T6, O1 and O2). The electrodes were
placed on the cap in accordance with the International 10-20
system and gel was used to increase the conductivity. EEG
data were recorded in the range of 0-30 Hz, recorded using
a Mitsar-EEG-201 system (Mitsar Co. Ltd. Saint Petersburg,
Russia). WinEEG program (Version 2.130.101 Mitsar Co. Ltd. St.
Petersburg, Russia) compatible with the system was used as
the recording program. EEG activity was recorded in the resting
and sitting position.

The MoCA test, which is scored out of 30 points, considers
a score of 21 or above to be normal (13). In the MoCA test
repeated 1 week later, modifications were made to certain
sections to minimize recall effects. Due to the complex
structure of the MoCA, which includes words, pictures, and
sequences, these adjustments were designed to reduce recall
bias while preserving the reliability of the test. For instance, in
the word recall task, words starting with different letters were
used, and in the number-letter matching task, the positions
of the numbers and letters were altered.

Statistical Analyses

Statistical analysis was conducted using the IBM SPSS 20.0
software package (IBM Corp., Armonk, NY, USA).

The MoCA test scores were compared using the paired samples
t-test. The WinEEG program was used for the analysis of
EEG data. EEG epochs with artifacts were determined in two
stages, automatic and manual, and they were excluded from

the evaluation. In the first step, epochs with amplitudes
exceeding 100 μV were marked and automatically excluded. In
the second stage, the remaining artifact epochs were reviewed
in more detail and manually excluded from the evaluation.
The spectral power was calculated using the fast fourier
transform (FFT) method. After calculating all 19 electrodes’
average spectrum power, the frequency was separated into
delta (0.5-3.9 Hz), theta (4.0-7.4 Hz), alpha1 (7.5-9.9 Hz), alpha2
(10.0-13.9 Hz), beta1 (14.0-19.9 Hz), and beta2 (20.0-30.0 Hz). In
the statistical evaluation, the power and frequency changes
between the two measurements of the waves obtained from
the EEG records of the four groups were compared using
repeated measures ANOVA (RM-ANOVA). Post hoc analyses
were conducted using the Bonferroni method. The baseline
EEG recordings of the LC and HC groups were compared
using multivariate ANOVA (MANOVA). Data obtained from EEG
recordings of caffeinated and decaffeinated coffee consumers
were analyzed using MANOVA. EEG results recorded with eyes
open and closed were evaluated separately. The findings were
assessed with a confidence level of 95%, and values for p<0.05
were considered statistically significant.

RESULTS
A total of 37 participants, including 22 females and 15 males,
were enrolled in the study, with a mean age of 22.24 ± 0.33
years. According to the survey, 17 participants (11 females)
in the LC group had a mean age of 21.88 ± 1.99, whereas 20
participants (11 females) were in the HC group with a mean
age of 22.5 ± 2.06.

Figure 1. Baseline eyes-closed EEG findings for the LC and HC groups, MANOVA.
*the power of alpha2 was significantly higher (p=0.026),
**the power of delta was significantly lower (p=0.014) in the HC group when compared with LC group.
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Figure 2. Baseline eyes-opened EEG findings for the LC and HC groups, MANOVA. *the power of alpha1 was significantly higher (p=0.016), **the power of beta2
was significantly higher (p=0.013), *** the power of delta was significantly higher (p=0.005) in the LC group when compared with HC group.

When divided into four groups, 9 participants (6 females)
were in the LC+Caff group with a mean age of 21.77 ± 1.92, 8
participants (5 females) in the LC+Decaff group with a mean
age of 22.00 ± 2.20, 10 participants (6 females) in the HC+Caff
group with a mean age of 22.50 ± 2.27 and 10 participants (5
females) in the HC+Decaff group with a mean age of 22.60 ±
1.95.

EEG Results

In the baseline eyes closed EEG condition, the power of
alpha2 was significantly higher in the HC group compared
with the LC group (F1,7=5.003; p=0.026), and the power of
delta was significantly lower (F1,7=6.31; p=0.014) (Figure 1). In
the baseline eyes-opened condition, the power of alpha1
(F1,7=5.885; p=0.016), beta2 (F1,7=6.248; p=0.013), and delta
(F1,7=8.014; p=0.005) was significantly higher in the LC group
than in the HC group (Figure 2).

In the eyes-closed EEG condition, the power of delta
(F1,3=19.504; p<0.0001) and theta (F1,3=6.976; p=0.009) was
significantly lower, while the power of beta2 (F1,3=10.459;
p=0.001) was significantly higher in the LC+Caff group after
consuming coffee compared with the LC+Decaff group (Figure
3). In the eyes-closed condition of the HC+Decaff group, it was
found that the power of alpha2 was significantly decreased
compared with the HC+Decaff group’s own baseline (F1,9=9.166;
p=0.014) (Figure 4). In the eyes-opened condition of the
HC+Caff group, the power of alpha1 was significantly decreased
compared with baseline (F1,9=9.630; p=0.013).

In the eyes-opened condition of the LC+Caff group, the power
of beta2 significantly increased compared with the LC+Caff
group’s own baseline (F1,8=5.687; p=0.044). In the eyes-opened
condition of the LC+Decaff group, it was found that the

Table 1. Difference in MoCA scores between baseline and after coffee

 Groups n Baseline

Mean ± SE

After coffee

Mean ± SE

LC+Caff 9 23.5 ± 1.43 26.1 ± 0.93*

LC+Decaff 8 22.5 ± 1.25 24.9 ± 1.11

HC+Caff 10 24.9 ± 1.23 25.5 ± 0.93

HC+Decaff 10 24.5 ± 0.83 26.5 ± 1.02**

*p=0.038, **p=0.002 compared with the baseline, paired samples t-test.
MoCA: Montreal Cognitive Assessment test; LC: Low caffeine consumption
group; HC: High caffeine consumption group; Caff: Caffeinated coffee;
Decaff: Decaffeinated coffee; SE: Standart error.

power of beta2 significantly decreased compared with the
LC+Decaff group’s own baseline (F1,7=12.557; p=0.009) (Figure 5).
In the eyes-opened after coffee intake, the power of alpha1
(F1,3=11.310; p=0.001) and alpha2 (F1,3=17.835; p<0.0001) were
significantly lower, and the power of delta (F1,3=9.985; p=0.002)
was higher in the HC+Caff group compared with the HC+Decaff
group (Figure 6). In the eyes closed condition after coffee
intake, the power of alpha1 (F1,3=6.443; p=0.012) and alpha2
(F1,3=4.653; p=0.032) were significantly lower in the HC+Caff
group compared with the HC+Decaff group.

MoCA Test Results

A significant increase was observed in MOCA test scores after
caffeine intake in LC+Caff (p=0.038) and HC+Decaff (p=0.002)
groups compared with the baseline (Table 1).

DISCUSSION
Many studies investigating the effect of caffeine on alpha
waves have indicated that caffeine reduces alpha power in
humans and rats (14, 15). In our study, alpha1 and alpha2
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Figure 3. Eyes closed EEG after coffee consumption findings for the LC+Caff and LC+Decaff groups, MANOVA. *the power of theta was significantly lower (p=0.009),
**the power of beta2 was significantly higher (p=0.001), ***the power of delta was significantly lower (p=0.000) in the LC+Caff group when compared with
LC+Decaff group.

Figure 4. The comparison between the baseline and after coffee consumption in eyes-closed EEG findings for the HC+Caff and HC+Decaff groups (RM-ANOVA).
*the power of alpha2 was significantly lower (p=0.014) in the HC+Decaff group when compared with baseline.

power were significantly lower in the HC+Caff group than in
the HC+Decaff group in both eyes closed and opened EEG. In
the eyes-opened EEG findings of the HC+Caff group, alpha1
power was significantly reduced after coffee consumption
compared to the HC+Caff group’s own baseline. However,
in the LC+Caff group with both eyes open and closed EEG
recordings, no significant decrease in alpha1 and alpha2
power were observed compared with the LC+Decaff group.
Unlike our study, Foxe et al. showed that caffeine consumption
(50 mg) significantly reduced alpha power in individuals
consuming less than 3 mg/kg caffeine per day (16). In another
study, caffeine consumption (200 mg) caused a significant

decrease in alpha1 and alpha2 power in both eyes-opened
and closed EEG recordings in subjects consuming 300 mg or
more of caffeine daily (17). Since individuals who consume
less coffee have a minimal regular intake of caffeine, their
responses to the acute effects of caffeine may be less
pronounced. These individuals may not have developed
caffeine tolerance to the same extent as those who consume
more coffee and thus may exhibit a typical neurophysiological
response to caffeine without significant changes in alpha
power. While both our study and previous research point
to caffeine’s potential impact on alpha power, the varying
results may reflect differences in participant characteristics,
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Figure 5. The comparison between the baseline and after coffee consumption in eyes-opened EEG findings for the LC+Caff and LC+Decaff groups (RM-ANOVA).
*the power of beta2 was significantly higher (p=0.044) in the LC+Caff group when compared with baseline, **the power of beta2 was significantly lower (p=0.009)
in the LC+Decaff group when compared with baseline.

Figure 6. Eye-opened EEG after coffee consumption findings for the HC+Caff and HC+Decaff groups, MANOVA. *the power of delta was significantly higher
(p=0.002), **the power of alpha1 was significantly lower (p=0.001), ***the power of alpha2 was significantly lower (p=0.000) in the HC+Caff group compared with
the HC+Decaff group.

caffeine consumption levels, and the development of caffeine
tolerance, all of which may modulate caffeine’s effect on brain
activity.

Research findings indicate that caffeine increases the power
of beta, which is associated with an increase in mental activity
(18). In a study conducted with women who consumed large
amounts of coffee (150 mL×6.4 cups/day), EEG was recorded
by giving different amounts of caffeine to the subjects. It was
found that the power of the beta wave was significantly higher
in groups that consumed highly caffeinated coffee (19). In our
study, it was observed that in the eyes-closed EEG record of
the LC+Caff group, the power of beta2 increased significantly

after the intake of caffeine compared with the LC+Caff group’s
own baseline. In addition, in the eyes-closed EEG record, the
power of beta2 was significantly higher in the LC+Caff group
than in the LC+Decaff. However, no significant increase in beta
power was observed in the HC+Caff group compared with the
HC+Decaff group. An increase in beta power was not observed
in the HC+Caff and HC+Decaff groups when compared with
their own baseline. High caffeine consumption may lead to
caffeine tolerance in individuals, which can attenuate the
effect of caffeine on beta power.

In the findings of our study, it was observed that in the
baseline recordings with both eyes-opened and closed, the
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delta power was higher in the LC group than in the HC
group. In the eyes-closed EEG data, the power of delta was
significantly lower in the LC+Caff group than in the LC+Decaff
group. Furthermore, no significant decrease in eyes-closed
delta power was observed in the HC+Caff group compared with
the HC+Decaff group. Siepmann et al. showed that delta power
was significantly lower in those consuming 200 mg/day of
caffeinated coffee (17). In another study, caffeine consumption
(200-400 mg/day) significantly reduced delta wave power in
EEG recordings, both with eyes open and closed (20). The
observed reduction in delta power in the LC+Caff group is
consistent with previous studies suggesting that caffeine has
a stimulating effect, which may lead to a decrease in the power
of slow-wave activity such as delta waves (21).

The lack of a significant change in delta power in the HC+Caff
group indicates that high caffeine exposure may limit this
effect.

Conversely, the different results of our study regarding eyes-
opened EEG findings, the power of delta was significantly
higher in the HC+Caff group than in the HC+Decaff group. This
result is in contrast to the anticipated reduction in delta power
associated with caffeine consumption. A possible explanation
could be the development of tolerance in habitual high-dose
caffeine consumers, leading to altered neurophysiological
responses. This divergence from the expected outcomes
highlights the need for further research to explore how
chronic caffeine consumption modifies brainwave activity and
its implications for cognitive function.

In our study, we observed a significant improvement in
cognitive performance in the LC+Caff group following coffee
intake, which suggests that individuals with lower habitual
caffeine consumption may benefit more from its cognitive-
enhancing effects. Haskell et al.'s study (22) included groups
with low and high caffeine intake (less than 50 mg/day and
more than 50 mg/day, respectively). Although no significant
differences were observed in cognitive performance. The
study highlighted the complexity of caffeine’s effects, which
might depend on the dosage, individual sensitivity, and
baseline caffeine consumption. However, it should be noted
that the low caffeine intake in Haskell’s study might not
have been sufficient to elicit noticeable changes in cognitive
performance, which could support the differing results in
our study. A separate study involving college students
who consumed caffeine chronically compared cognitive
performance between one half of the group, which consumed
4 mg/kg/day of caffeine, and the other half, which abstained
(23). In contrast to our findings, this study did not report
a notable distinction in cognitive performance between
chronic caffeine consumers and non-consumers. Zhang et al.

evaluated cognitive performance after administering 3, 6, or 9
mg/kg of caffeine and found that only the group consuming
3 mg/kg showed a significant improvement in cognition (24).
This suggests that lower caffeine doses may be particularly
effective for enhancing cognitive performance in individuals
with lower baseline caffeine intake, similar to the findings
of our study where significant cognitive improvement was
observed in the LC+Caff group.

These contrasting results may reflect differences in study
design or caffeine dosages. Notably, our results indicate
that regular high caffeine consumers (HC+Caff group) might
develop tolerance to caffeine’s cognitive benefits, supporting
the hypothesis that the effects of caffeine are more
pronounced in individuals with lower baseline consumption.
This tolerance mechanism could explain the absence of
significant cognitive enhancement in high-consumers, as
also claimed by previous literature (25). Further research is
required to explore the interplay between habitual caffeine
intake, tolerance development, and cognitive performance.

In our study, we observed a significant increase in
cognitive performance in the HC+Decaff group, which could
potentially be influenced by placebo-like effects. This
finding highlights a potential interplay between expectations,
caffeine consumption habits, and cognitive outcomes.

Wang et al. reported that individuals consuming 3 mg/kg
of caffeine demonstrated better cognitive performance than
those consuming 6 or 9 mg/kg (26). The researchers attributed
this discrepancy to potential side effects associated with
higher doses of caffeine, such as increased anxiety,
jitteriness, or overstimulation, which may counteract its
cognitive benefits. Interestingly, the placebo effect observed
in our HC+Decaff group could be explained by the strong
association between habitual caffeine consumption and
expected cognitive benefits. In high caffeine consumers, the
perception of receiving caffeine even in its absence may
have triggered a performance boost through psychological or
physiological mechanisms. These findings, when considered
along with Zhang et al. and Wang et al.’s results, suggest that
both the caffeine dose and individuals’ baseline consumption
levels are critical factors influencing cognitive performance
(24, 26). Furthermore, the reduced effectiveness of higher
caffeine doses in the aforementioned studies might reflect a
ceiling effect, where excessive caffeine begins to impair rather
than enhance cognitive function.

However, our findings did not support our hypothesis.
Nevertheless, the findings shed light on the possibility
of different mechanisms regarding how caffeine tolerance
and consumption influence consumers’ expected cognitive
outcomes. Future research could explore how the placebo
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effect interacts with different levels of habitual caffeine intake
and the extent to which subjective expectation influence
performance outcomes. These factors are particularly relevant
in understanding the nuanced and dose-dependent effects of
caffeine on cognition.

We had to perform this work during the timeline of Covid-19
pandemic. Although our sample size was sufficient, according
to the power analysis, we were unable to further increase the
sample size and enhance the study, as all university students
were attending online classes during this period. We could
not exclude participants based on smoking and alcohol use.
To minimize potential confounding effects, participants were
instructed to abstain from smoking for at least 12 hours and
from alcohol for at least 24 hours before the study. In the
future, we would like to further develop this study, further
increase the number of participants (excluding smoking and
alcohol use), and interpret the effects of caffeine on cognitive
functions in comparison with EEG and other imaging methods.

CONCLUSION
Our findings demonstrate the differential effects of caffeine
on cognitive performance and EEG activity based on habitual
daily caffeine consumption. Low caffeine consumers exhibited
improved cognitive performance and increased beta power,
whereas high caffeine consumers showed limited changes,
indicating the development of tolerance.

In our study, we found that individuals who regularly
consumed low amounts of caffeine showed increased brain
activity in EEG recordings and improved cognitive functions
after consuming high amounts of caffeine. Individuals who
regularly consumed high amounts of caffeine showed a
smaller increase in brain activity and cognitive functions
following caffeine administration compared with those who
routinely consumed low amounts of caffeine. Therefore,
cognitive performance, as assessed using the MoCA test in
our study, may vary among individuals with different caffeine
consumption habits, depending on their usual intake levels.

This is a pilot study investigating the effect of caffeine
consumption on neurophysiological findings. Our findings
will shed light on further studies with larger numbers of
participants and different imaging techniques (e.g. functional
magnetic resonance imaging) combined with EEG.
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Abstract Objective: Pediatric acute myeloid leukemia (AML) is a common form of pediatric leukemia and is characterized by
the accumulation of abnormal white blood cells, called blasts, in the bone marrow (BM). The aim of this study was
to understand the BM microenvironment by studying the biological and immunological properties of BM-derived
mesenchymal stromal cells (MSCs) and mononuclear cells (MNCs) to elucidate the potential role of phytohaemag-
glutinin in cell viability.
Materials and Methods: BM and peripheral blood samples were obtained from seven pediatric AML patients and
seven donors. BM-MSCs and MNCs were isolated and characterized. Population doubling (PD) values, adipogenic
and osteogenic differentiation capacity, cell viability, phytohemagglutinin (PHA) assay, and flow cytometry were
performed.
Results: Mononucleated cells from peripheral blood of AML patients and donors and T-cell activation markers
(CD3+CD69+, CD4+C25+, CD3+HLA-DR+) were measured by flow cytometry (𝜒2=2.184; p=0.823). BM-MSCs were co-cultured
with MNCs, and PD values for AML patients were similar to those of donors (z=1.074; p=0.394). It was statistically
significant when healthy MNC and healthy MNC PHA(+) groups were compared (p=0.015). When healthy MNC PHA(+)
and healthy MSC+AML MNC PHA(+) groups were compared, it was found to be statistically significant (p=0.014).
Conclusion: This interaction is also not unidirectional. This interaction serves as a marker for understanding the
immunological effects of AML.
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INTRODUCTION
The formation of aberrant myeloid progenitor cells
(myeloblasts) in the bone marrow (BM) is a characteristic
of acute myeloid leukemia (AML), an aggressive hematologic
malignancy that frequently invades extramedullary tissues
like the liver and spleen as well as the bloodstream (1, 2).
Although AML is very rare in children, it is associated with
a disproportionately high mortality rate (3). Isolated from
extramedullary tissues, mesenchymal stromal cells (MSCs)
can be used in tissue regeneration cell therapies, serving
as a reserve to replace damaged and senescent cells (4).
The multipotent and self-renewing nature of MSCs makes
them promising for use in cell treatment, tissue repair,
and regenerative medicine research (5). Within the bone
marrow (BM) niche, MSCs provide support for hematopoietic
progenitor and stem cells (HSPCs) (6). MSCs are extremely
rare in the BM and account for less than 0.01% of all
mononucleated cells (7).

MSCs remain quiet under normal circumstances. They are
thought to be attracted to injured sites to restore or repair
damaged tissues. They are thought to be activated and
to divide symmetrically or asymmetrically upon activation
by biological signals, such as those resulting from tissue
injuries. MSCs have been used in a growing number of clinical
indications because of their strong reparative potential,
particularly for bone deformities and cartilage loss (7).

By attaching itself to the T cell receptor (TCR)CD3 complex,
phytohaemagglutinin (PHA) imitates every intracellular
activation event caused by anti-CD3 antibodies. Red kidney
beans are a source of PHA, a lectin that attaches itself
to T cell membranes to promote metabolic processes and
cell proliferation (8). Four hours after cell activation, the
T, B, and natural killer cell surfaces show the earliest
activation marker, CD69, which is linked to the transcription
of tumor necrosis factor-alpha (TNF-α) and interleukin-2 (IL-2).
Increased expression of the IL-2 receptor's CD25 component
is observed 12 to 24 hours following cell activation. Sixty to
eighty hours later, T cells initiate to express HLA-DR (9).

The aim of this study was to understand the relationship
between MSCs and the BM microenvironment, as well as
the viability of the cells in pediatric AML by examining the
immunological characteristics of these cells derived from the
BM and to shed light on potential roles in the pathogenesis
of AML.

MATERIALS AND METHODS

Research Methodology and Ethics

Seven healthy donors who were matched with 7 newly
diagnosed pediatric AML patients were included in this
study. The Ankara Children's Health Diseases Hematology
Oncology Training and Research Hospital's clinical research
ethics committee approved the haematopoietic stem cell
transplantation (HSCT) protocol, and all participants provided
informed consent (10, 11) (ID:2014062). At the time of diagnosis,
MSCs were isolated from the BM and cultivated ex vivo for
testing.

BM Collection

BM samples from pediatric AML patients and donors were
extracted, frozen, and centrifuged under general anesthesia.
Plasma was collected and stored at −80⁰C.

Isolation, Freezing, and Thawing of Mononuclear
Cells (MNCs) Derived from BM

MNC samples were diluted with phosphate buffered
saline (PBS) (Biochrom, Germany) and Biocoll (1.077 g/
mL) separating solution (Biochrom, Germany) (1:1), frozen
in Dulbecco's Modified Eagle Medium with low glucose
(DMEM-LG) (Biochrom, Germany), thawed, centrifuged, and
reconstituted in DMEM-LG, FBS, and penicillin-streptomycin
(Biochrom, Germany). Cells were seeded in 75 cm² plastic
flasks, maintained in a humidified atmosphere with 5% CO₂ at
37⁰C, and then seeded in a Galaxy 170R incubator (Eppendorf
Company, Hamburg, Germany).

Cell Culture of BM-Derived MSCs

The cell culture medium was changed every 3 days, non-
adherent cells were removed after 72 h, and adherent cells
(Passage 2) were trypsinized at 37⁰C for 5 minutes after
70%-80% confluence.

Characterization and Differentiation Capacity of
MSCs

Flow cytometry was also used to examine MSC cell surface
markers. CD45-Alexa Fluor® 488 (BioLegend, cat. no. 304019),
CD34-FITC (BioLegend, cat. no. 343604), CD90-PE (BioLegend,
cat. no. 328110), CD73-APC (BioLegend, cat. no. 344006), and
CD105-PE/Cy7 (BioLegend, cat. no. 323218) were used to stain
the cells. The cells were then examined using the Navios-
Beckman Coulter flow cytometer and Navios Software v1.2.
Positive and negative antibody staining was also performed
(BD Biosciences, Piscataway, NJ, USA). Flow cytometry was used
to surface phenotype MSCs.
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The differentiation potential of MSCs into adipogenic
and osteogenic lineages was assessed in vitro using
osteogenic and adipogenic supplemental supplements
(Stemcell Technologies, Vancouver, Canada). On day 21, the
differentiation of MSCs into these cells was confirmed using
alizarin red and oil red O staining.

Proliferative MSC Assay

The proliferative capacity of MSCs was assessed using
trypsinization, cell growth detection, and hematoxylin and
eosin staining. The number of PDs from passage P1 to P2 was
calculated using log₁₀(N)/log₁₀(2) indicating harvested/sown
cells (12, 13).

Coculture and PHA Activation Tests

MNCs from peripheral blood samples were plated on T-25
flasks in DMEM supplemented with FBS and penicillin-
streptomycin for 72 hours to activate lymphocytes, with a
density of 3x10⁵ cells/cm² with a density of 10 mL PHA/1x10⁶
cells in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin at 37⁰C in a humidified environment with 5%
CO₂ for 72 hours in order to activate the lymphocytes. PHA-
activated MNCs-MSCs were co-cultured with allogeneic human
MSCs in a study, comparing control, newly isolated MNCs, PHA-
activated MNCs-MSCs, and PHA non-activated MNCs-MSCs, for
immunological tests. 30,000 MNCs were added to each well
at a 10:1 ratio, and the cells were centrifuged and cleaned
after four days. The quantity and viability of the cells were
determined.

Flow Cytometry Analysis

CD45-Alexa Fluor® 488 (BioLegend, cat. no. 304019), CD34-
FITC (BioLegend, cat. no. 343604), CD90-PE (BioLegend, cat. no.
328110), CD73-APC (BioLegend, cat. no. 344006), and CD105-
PE/Cy7 (BioLegend, cat. no. 323218) cell surface markers were
analysed for the MSCs. CD3, CD4, CD25, CD69, and HLA-DR were
analyzed by flow cytometry (Beckman Coulter, Brea, CA, USA),
and MNCs were extracted using Kaluza version 1.2 software.

Statistical Analyses

Statistical significance was assessed using Student’s t-
test and the Mann–Whitney U test p<0.05 was considered
statistically significant. IBM SPSS Statistics for Windows,
Version 21.0 (IBM Corp., Armonk, NY, USA) was used for
statistical analysis.

Table 1. Demographic features of pediatric AML patients and donors

Pediatric AML (n=7) Healthy Donor (n=7)

Age, median (range) 13 (2-17) Age, median (range) 10 (3-51)

Gender Gender

Male 3 Male 5

Female 4 Female 2

AML
immunophenotyping

Total number of
healthy MNC donors

1

AML 5 Median age 31

M2 0 Gender

M4 1 Male 0

MDS 1 Female 1

Abbreviations: AML: Acute myeloid leukemia; MDS: Myelodysplastic
syndrome; MNC: Mononuclear cells; n=number

Table 2. BM-derived MSC expression of CD Markers

Marker Donor 1 Donor 2 Donor 3

CD90 100 99.4 99.5

CD73 90.4 88.2 93.4

CD105 95.6 89.8 90.1

CD34 0.1 0.2 0.1

CD45 0.2 0.3 0.1

Abbreviations: BM: Bone marrow; MSC: Mesenchymal stromal cells. Data
are presented as percentages.

RESULTS

Demographic Features of AML Patients and Donors

In this study, the demographic features of AML and donors are
presented in Table 1. The median age ranged from 2-17 years
in the AML group and 3–51 years in the healthy group. The AML
group had 4 females and 3 males, whereas the healthy group
had 5 females and 2 males (Table 1).

Proliferation and Characterization of AML-MSCs and
HD-MSCs

BM-MSCs were plated, treated with trypsin-EDTA, harvested,
and measured by haemogram. Population doubling (PD)
values of AML patients and healthy donors were calculated
using the log₁₀(N)/log₁₀(2) formula. AML patients had similar
PD2 values to healthy donors (z=1.074; p=0.394). The median
values for PD1 and PD2 were similar between the groups
(Figure 1). After passage 2 of the BM-MSCs, trypan blue dye
was used to examine the percentages of cellular viability. Both
types of MSCs were used in the tests. The immunophenotyping
study revealed that both types of MSCs had been carried for
CD34-, CD3-, CD4-, HLA-DR-, CD90+, CD73+, CD44+, CD49e+ and HLA
ABC+. Differentiation tests were used to verify the ability of
both the study and control groups of MSCs to differentiate into
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Figure 1. Cell morphology images of MSCs. a: BM-MSCs of AML patient; b: BM-MSCs of donors (Olympus CKX41-40X). Logaritmic population doubling (PD) values
of BM-MSCs derived from AML patients and donors. The proliferation capacity of AML-MSCs compared with HD-MSCs. Calculated cumulative PD (PDs) from P1 to
P2 of MSCs isolated from HDs and from AML patients. Statistical significance is p<0.05.

adipogenic and osteogenic tissues (Figure 2). The expression
levels of CD markers were analyzed in BM-derived MSCs (Table
2).

Cell-viability

The statistical values of the healthy donors were significantly
higher than those of the AML patients (z=2.246; p=0.026). The
median value; 65.70 (min=55.60; max=80.80) was determined
for AML patients, while 89.05 (min=61.80; max=90.50) for
healthy donors. For the other wells compared, there was
no significant difference in the percentage of cell viability
(p>0.05). The median value for AML patients was 73.50
(min=56.40; max=92.50), and the median value for healthy
donors was 78.85 (min=76.60; max=85.40) (z=0.321; p=0.818). The
percentage cellular viability values obtained from the wells
in AML patients were not statistically significant (𝜒2=2.184;
p=0.823). The percent cellular viability values obtained from
all wells were similar to those obtained from healthy subjects
(𝜒2=10.714; p=0.057) (Table 3).

Immunological Assays
Clonal division occurs in lymphocytes following mitogenic
activation. The study examined the kinetics of lymphocyte
stimulation with PHA and the impact of pediatric and normal
bone marrow MSCs on activated lymphocytes using flow
cytometry. We examined various lymphocyte subpopulations,
particularly T cells phenotypically identified as CD3+CD69+,
CD3+HLADR+, and CD4+CD25+, under various culture conditions.

MSCs of AML patients and healthy donors presented
with the same morphological features, proliferation rates
(z=1.074; p=0.394), and differentiation capacities. We analyzed
T lymphocytes phenotypically defined as CD3+CD69+,
CD3+HLADR+, and CD4+CD25+ in culture conditions by flow
cytometry (Table 2 and Table 3). We observed differences
between the different sets of co-cultures. We defined and
compared different stages of lymphocyte activation in AML
patients and healthy donors. The MNCs of healthy donors
with PHA stimulation were found to be consistent with the
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Figure 2. (a) Adipogenic differentiation of the MSCs of AML patients (stain: oil red o) (b) Osteogenic differentiation of the MSCs of AML patients (Olympus
CKX41-40X)(Stain: Alizarin Red).

Figure 3. Flow-cytometric analysis of MNCs from induced with and without phytohaemagglutinin of AML group. Induced (a)Non-induced PHA-MNCs isolated
from AML and, (b)induced by PHA-MNCs isolated from AML. The positive cells are indicated in the rectangular region.
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Figure 4. Flow-cytometric analysis of MNCs from induced with and without phytohaemagglutinin of pediatric control group. (a) Non-induced by PHA-MNCs
isolated from control and, (b) Induced by PHA-MNCs isolated from control. The positive cells are indicated in the rectangular region.

literature regarding the expression of T-cell surface markers.
However, the expression pattern of MNCs of AML patients
indicated that they do not exhibit an effective immune
response to PHA. The CD3+CD69+, CD3+HLA-DR+, and CD4+CD25+

MNCs of all groups of AML patients were similar before and
after co-culture (Table 4).The mean percentage of CD3+CD69+

cells (p=0.015) were higher in D1 than in C2. After co-culture,
the mean percentage of CD3+CD69+ cells was higher in F1
compared with D1 (Table 4) (Figure 3-5).

DISCUSSION
Pediatric leukemia, a major leukemia, has seen a 70%
survival rate in recent years because of improved care, risk
stratification, and intensive chemotherapy. MSCs are essential
for tissue homeostasis and can differentiate into different cell
types. They are found in many tissues like BM, adipose tissue,
cord blood, and placenta (14-18).

This study characterized MSCs in children with AML, focusing
on hematopoiesis in the BM microenvironment. Results
showed morphological similarity between AML patients and
healthy individuals, which is consistent with literature findings
after standard cell culture applications. A previous study
found no morphological difference in bone marrow-derived
MSCs between patients with ALL and healthy individuals
(12). The suitability of the variables in the study for
normal distribution was assessed using the Shapiro-Wilk
test. Because the variables did not show normal distribution
and the number of subjects was small, median (minimum-
maximum) values were used in the display of descriptive
statistics. As additional information, mean ± standard
deviation values were provided (Table 1).

Adipose tissue (AT)-derived cells, including BM and AT,
exhibit diverse morphologies, including elongated, triangular,
and discoidal flat shapes. After three passages, these cells
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Figure 5. Flow-cytometric analysis of MNCs from induced with and without phytohaemagglutinin of healthy MNC group. (a) Non-induced PHA-MNCs isolated
from healthy MNC donor and, (b) induced by PHA-MNCs isolated from healthy MNC donor. The positive cells are indicated in the rectangular region.

exhibit fibroblast-like morphology, abundant cytoplasm, and
large nuclei, forming parallel models without morphological
differences (19, 20). In 2013, Conforti et al. found that ALL (ALL-
MSC=8.89 ± 0.87, p<0.001) had significantly lower proliferation
capacity compared with healthy donors, as indicated by the
Student's t-test, comparing PD values from passage 1 to
passage 5 (HD-MSC=12.12 ± 1.09) (12). Compared with BM-
derived MSCs, AT-derived MSCs showed higher proliferative
capacity and higher numbers per passage in cumulative PD
studies, with CPD values of 13.7 ± 0.5 and 17.2 ± 0.3, respectively
(19). In our study, the Mann–Whitney U test was used to
compare the values obtained from AML patients and donors in
each well and to compare PD2 values for the cell proliferation
assay (z=1.074; p=0.394) (Figure 1). According to cell viability
analysis, when BM-MSC+Healthy PHA(+) MNCs were cocultured
with healthy MSCs, it was found to be statistically significant
(z=2.246; p=0.026) (Table 3).

PHA is a member of the lectin family and crosslinks with
different cell membrane glycoproteins. PHA is also an inducing
agent in polyclonal stimulation of lymphocytes (21). PHA
mimics T lymphocyte signaling, but PKC activation persists
despite crosslinking with TCR, CD2, and CD3. Calcium levels
increase, but IL-2 from T cells is needed for antigen-presenting
cell proliferation, and induced T lymphocytes require
helper signaling from antigen-presenting cells (22-27). TNF-α
transcription and gene expression are regulated by PHA, with
CD69 being an early activation marker. After 4 h, transcription
increases in T, B, and NK cells, resulting in increased affinity
for IL-2 in the plasma membrane. ALL patients and healthy
donors exhibited similar anti-inflammatory effects on MSCs,
with HLA-DR expression beginning on the T cell surface after
40-60 h. In vitro inhibition of polyclonal-induced allogeneic
peripheral blood mononuclear cells (PBMCs) in ALL-MSCs and
healthy donor MSCs showed equal effects. Anti-inflammatory
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Table 3. Comparison of cell viability between the healthy donor and AML groups

Pediatric AML group Healthy Group z p value

Median
(min-max)

Mean ± SD Median
(min-max)

Mean ± SD

Control 70.95

(53.30-94.30)

70.98 ± 14.01 70.95

(56.30-79.00)

69.40 ± 8.80 0.161 0.937

BM-MSC+Healthy PHA(+) MNC 65.70

(55.60-80.80)

68.05 ± 10.04 89.05

(61.80-90.50)

84.60 ± 11.27 2.246 0.026

BM-MSC+AML PHA(+) MNC 73.50

(56.40- 92.50)

73.73 ± 13.16 78.85

(76.60-85.40)

76.40 ± 3.31 0.321 0.818

BM-MSC+Newly isolated MNC 73.10

(56.50-87.50)

72.20 ± 13.57 73.70

(51.30-84.40)

72.52 ± 12.49 0.320 0.818

BM-MSC+Healthy PHA(-) MNC 76.30

(64.70-81.80)

74.35 ± 7.23 73.60

(56.50-84.30)

72.45 ± 9.09 0.320 0.818

BM-MSC+AML PHA(+) MNC 78.55

(60.00-86.90)

76.38 ± 9.21 73.95

(63.60-86.90)

73.68 ± 8.51 0.643 0.589

𝜒2; p value 2.184; 0.823 10.714; 0.057

Abbreviations: Min:minimum; max:maximum; SD: Standard deviation; AML: Acute myeloid leukemia; BM: Bone marrow; MNC: Mononuclear cells;
MSC:Mesenchymal stromal cells; PHA:Phytohemagglutinin; MNC: Mononuclear cells.

Table 4. Immunological assay determining activation markers of lymphocytes obtained from peripheral blood of AML and healthy groups

Activation markers Control 1 Before co-culture After co-culture

AML Group C1 B1 B2 E1 E2 E3 E4

CD3+CD69+ 2.155 ± 1.619 5.46 ± 5.857 1.837 ± 2.186 3.77 ± 3.841 1.926 ± 2.238 17.228 ± 14.494 6.426 ± 9.47

CD3+HLA-DR+ 19.455 ± 26.382 12.453 ± 18.669 5.44 ± 6.689 7.628 ± 10.304 3.302 ± 2.998 31.268 ± 19.212 4.434 ± 2.896

CD4+CD25+ 4.525 ± 4.377 13.18 ± 14.776 10.023 ± 12.972 13.002 ± 7.987 9.35 ± 2.569 20.718 ± 12.179 6.382 ± 1.444

Healthy Group Control 2 Before co-culture After co-culture

C2 D1 D2 F1 F2 F3 F4

CD3+CD69+ 0.42 ± 0.339 26.7 ± 6.985 16.233 ± 27.485 0 19.775 ± 19.127 17.895 ± 2.977 10.445 ± 8.04

CD3+HLA-DR+ 2.455 ± 2.581 33.98 ± 23.516 9.353 ± 10.052 0 19.775 ± 19.127 34.525 ± 19.057 14.435 ± 6.951

CD4+CD25+ 0.885 ± 0.587 26.26 ± 16.782 12.423 ± 16.954 32.5 ± 3.536 33.335 ± 47.143 22.745 ± 16.454 26.665 ± 9.426

AML Group

(p values)

C1&B C1&B2 B1&E1 B1&E2 B1&E3 B1&E4 B2&E1 B2&E2 B2&E3 B2&E4

CD3+CD69+ 0.511 0.874 0.634 0.255 0.238 1.00* 0.463 0.958 0.127 0.571*

CD3+HLA-DR+ 0.745 0.413 1.00* 0.3 0.225 0.358 0.571* 0.546 0.071 0.771

CD4+CD25+ 0.498 0.619 0.983 0.572 0.461 0.321 0.696 0.91 0.284 0.535

Healthy Group

(p values)

C2&D1 C2&D2 D1&F1 D1&F2 D1&F3 D1&F4 D2&F1 D2&F2 D2&F3 D2&F4

CD3+CD69+ 0.015 0.496 0.014 0.585 0.204 0.094 0.486 0.887 0.941 0.8

CD3+HLA-DR+ 0.171 0.432 0.148 0.533 0.98 0.355 0.3 0.468 0.138 0.585

CD4+CD25+ 0.136 0.429 0.656 0.816 0.832 0.978 0.214 0.508 0.549 0.371

Abbreviations: C1 (control 1): AML MNC; B1: AML MNC PHA (+); B2: AML MNC PHA (-); E1: AML MSC+AML MNC PHA (+); E2: AML MSC+AML MNC PHA (-); E3:MSC+
Healthy MNC PHA (+); E4: AML MSC+ Healthy MNC PHA (-). C2 (control 2): Healthy MNC; D1: Healthy MNC PHA (+); D2: Healthy MNC PHA (-); F1: Healthy MSC+ AML
MNC PHA (+); F2: Healthy MSC+ AML MNC PHA (-); F3: Healthy MSC+ Healthy MNC PHA (+); F4: Healthy MSC+ Healthy MNC PHA (-). Note: Data was presented mean
± standard deviation. Statistical significance was p<0.05. * Statistical analysis was performed using the Mann–Whitney U test.

cytokines and growth factors increased in both groups (12,
28). Studies have shown that MSC suppress T-lymphocyte
proliferation when co-cultured with mixed lymphocytes.

The suppression effects of MSCs are dose-dependent and
independent of the MHC complex. Autologous and allogeneic
MSCs suppress alloresponsiveness to T cells, but allogeneic
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MSCs are not compliant to induce T cell proliferation when
transfected with co-stimulatory molecules or IFN-γ. TNF, a
cytokine produced by T cells, is highly receptive to allogeneic
PBMCs, indicating their ability to respond to these cells (29).

The Mann–Whitney U test was used to examine whether
CD3+CD69+, CD3+HLA-DR+, and CD4+CD25+ values obtained in
PHA and non-PHA groups of AML patients differed. A
comparison between the healthy MNC and healthy MNC
PHA(+) groups revealed statistical significance (p=0.015). There
was a statistically significant difference between the healthy
MSC+AML MNC PHA(+) and healthy MNC PHA(+) groups
(p=0.014). It has been shown that healthy MNCs activated
with PHA create an inflammatory microenvironment for MSC,
which transform their immunosuppressive properties into
pro-inflammatory effects. These MSC-PHA co-cultures have
cytotoxic effects against AML in vitro. This study aimed
to elucidate the potential therapeutic implications of PHA-
activated healthy mononuclear cells along with MSC for
the treatment of acute myeloid leukemia. Healthy MNCs
improve treatment responses against AML by enhancing anti-
leukemia reactivity. hMNCs can be activated ex vivo using
pharmacological agents that target the toll-like receptor (TLR)
pathways and/or combine TLR agonists with proinflammatory
cytokines. hMNCs activated by this approach elicit a more
potent anti-leukemia immune response (30). PHA-induced
healthy MNCs (hMNCs) are a promising approach for the
treatment of AML patients. However, understanding the
interplay between hMNCs and AML cells is crucial for their
clinical application. The findings showed that PHA-induced
healthy MNCs could effectively improve the transformation of
unhealthy MNCs to healthy MNCs from AML patients, which
was not observed in the PBMCs of healthy individuals (31).

The proliferative capacity of BM-MSCs from older individuals
has been found to be faulty, with lower proliferation and
survival compared with young healthy MSCs. Co-cultured with
PHA-induced MNCs, these cells suppress B cell development
and acquisition (32, 33). MSCs inhibit B cell proliferation,
activation, differentiation, and Ig production, blocking B
lymphocyte stimulation in the G0/G1 phase, linked to
human BM-MSC and p38 mitogen-activated protein kinase
(MAPK) and extracellular signal-regulated kinase (ERK) 1/2
phosphorylation (18). The plastic surface of bone marrow from
AML patients and donors shows fibroblast-like cells similar in
morphology and adhesion to it. The study found no significant
differences in PD2 values between the two cell groups. MSCs
differentiated into adipocytes and osteocytes, demonstrating
their potential for AML treatment. Flow cytometric analysis
revealed no significant differences in CD3+CD69+, CD3+HLA-
DR+, and CD4+CD25+ T-cell activation markers between MNC

cell cultures from AML patients and healthy donors. AML
donor and AML patients' MSCs were obtained, revealing
significant differences in interaction between the two groups.
No significant difference was found between AML patients or
donors. Co-culture of MSCs from AML patients and healthy
individuals is expected. The functionalities of MSCs vary
with donor age, making it crucial for physicians to define
detailed immunological markers considering donor age to
understand the effects of MNCs on MSCs in the bone marrow
microenvironment.

CONCLUSION
Oncogenic mutations are responsible for the development of
AML, a stem cell disease. Despite normal functionality, cell-
cell interaction in bone marrow tissue influences disease
prognosis, and further immunological analyses are required
for a better understanding.
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Abstract Objective: Alzheimer’s disease (AD) is a neurodegenerative disorder that causes dementia and accounts
for 50-75% of all cases. Since cerebrospinal fluid sampling (CSF) is an invasive procedure, there is a need
for non- or less invasive alternatives to identify new biomarkers that reflect the underlying AD pathology.
Materials and Methods: Blood samples were obtained from 86 AD patients (33 mild, 29 moderate, and
24 severe AD) and 30 controls. Serum total tau, neurofilament light polypeptide (NFL), neurogranin,
chitinase-3-like protein 1 (YKL-40), and fatty acid-binding protein 3 (FABP-3) were measured using enzyme-
linked immunosorbent assay (ELISA).
Results: Serum total tau and NFL levels were higher in AD patients compared to controls, whereas
neurogranin, YKL-40, and FABP-3 levels remained unchanged. In the receiver operating characteristic (ROC)
curve analysis, the sensitivity and specificity for total tau alone (cut-off point: 71.5 pg/mL) were 79.1%
and 76.7% (Area under the curve (AUC): 0.865; p<0.001), while the sensitivity and specificity for NFL alone
(cut-off point: 1.835 pg/mL) were 66.3% and 66.7% (AUC: 0.693; p=0.002). When total tau and NFL were
concomitantly evaluated, the AUC was 0.848 (p<0.001).
Conclusion: Alongside the established core AD biomarkers, serum total tau and NFL are promising
biomarkers for AD, reflecting additional pathological changes during the disease.
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INTRODUCTION
Dementia is a global health problem and one of the
leading causes of death. Alzheimer’s disease (AD) is a
neurodegenerative disorder that causes dementia, accounting
for 50-75% of all cases. With increasing average lifespan and an
aging population, AD is expected to become one of the most
serious health challenges in the future. Progressive memory
loss and other cognitive impairments are the main clinical
characteristics of AD. On the other hand, extracellular deposits
of β-amyloid (Aβ) plaques and intracellular neurofibrillary
tangles, composed of clusters of hyperphosphorylated tau
protein, are the primary pathological hallmarks of AD (1).
Other pathological changes include microglial activation,
neuronal degeneration, neuroinflammation, altered protein
clearance, lipid metabolism disturbances, disrupted synaptic
function, and impaired blood-brain barrier (BBB) integrity (2).
Previously, cerebrospinal fluid (CSF) was the most preferred
sample for studying AD biomarkers. However, CSF sampling
is an invasive lumbar puncture procedure that carries a
risk of infection and headaches. Alternatively, less invasive
biological samples include peripheral blood and urine.
Recently, new candidate biomarkers in blood samples that
reflect the underlying AD pathology have been investigated
for early diagnosis. Among these markers, neurofilament
light polypeptide (NFL) is the most abundant component
of myelinated axons and serves as a marker of axonal
degeneration (2). Neurogranin is a postsynaptic protein that
plays a crucial role in synaptic activity and plasticity, reflecting
synaptic degeneration (2). Chitinase-3-like protein 1 (YKL-40)
is synthesized by activated macrophages and microglia
and serves as a marker of neuroinflammation. Fatty acid-
binding protein 3 (FABP-3) is essential for membrane fluidity,
synapse formation, and lipid transport, and it indicates lipid
metabolism disorders (2).

Recent studies have clarified that AD neuropathology is
associated with metabolic syndrome (MetS) and insulin
resistance (IR). Moreover, AD has been classified as “Type
3 Diabetes” (3, 4). Components of MetS and IR, including
hyperglycemia, dyslipidemia, and central obesity, adversely
affect the pathogenesis of AD through various mechanisms,
such as neuroinflammation, brain IR, oxidative stress with
increased lipid peroxidation, and synaptic and axonal
dysfunction (3, 4).

In the present study, we measured serum total tau, NFL,
neurogranin, YKL-40, and FABP-3 levels in patients with
mild, moderate, and severe AD, as well as in cognitively
healthy controls, to assess whether these biomarkers provide
relevant information for AD diagnosis. Additionally, we aimed
to evaluate their potential for early diagnosis and disease

monitoring. The second objective of this study was to
investigate the relationship between these biomarkers and
blood glucose and lipid profiles in AD patients.

MATERIALS AND METHODS

Study Population and Sample Collection

Eighty-six AD patients from the Department of Neurology
at Bakirkoy Mazhar Osman Mental Health and Neurological
Diseases Training and Research Hospital, along with 30
cognitively normal individuals, were included in this case–
control study. The characteristics of patients with AD and
controls are presented in Table 1. Age and gender distributions
were comparable between the patient and control groups.

Each patient underwent a comprehensive clinical evaluation,
including medical history, physical and neurological
examination, laboratory screening tests, brain magnetic
resonance imaging (MRI), and positron emission tomography
(PET). All participants completed cognitive assessments,
including the Mini-Mental State Examination (MMSE) and the
Clinical Dementia Rating Scale-Sum of Boxes (CDR-SB). An
MMSE score below 24 and a CDR-SB score above 4 indicated
AD severity. Patients with mild cognitive impairment (MCI)
were not included in the study. AD diagnosis was made
according to the NINCDS-ADRDA criteria (5). The exclusion
criteria included a history of neuropsychiatric disorders other
than AD, metabolic disorders, cerebral infarction, subdural
hematomas, hydrocephalus, intracranial tumors, infections,
alcohol abuse, or substance abuse. This study was approved
by the Local Ethics Committee at Istanbul Faculty of Medicine
(18.01.2023-1582983). Written informed consent was obtained
from all participants or their close relatives. Fasting venous
blood samples were collected, centrifuged at 2500 rpm for
15 min within 20 to 60 min of collection, aliquoted, and
stored at −80°C until use. Glucose and lipid profile parameters
were measured using an autoanalyzer (Roche Cobas C6000,
Switzerland).

Determining Serum Total Tau, NFL, Neurogranin,
YKL-40, and FABP-3 Levels

Serum total tau, NFL, neurogranin, YKL-40, and FABP-3 levels
were measured using enzyme-linked immunosorbent assay
(ELISA) test kits (TAU, Elabscience E-EL-H0948, Houston,
Texas; NFL, Elabscience E-EL-H0741, Houston, Texas, USA;
Neurogranin, Mybiosource MBS167225, San Diego, CA, USA;
YKL-40, Invitrogen BMS2322, Waltham, MA, USA; and FABP-3,
Invitrogen BMS2263, Waltham, MA, USA). All measurements
were performed in duplicate within the same run. The inter-
run coefficients of variation (CV) for the studied parameters

Experimed, 15 (1): 77–85   78



Serum Tau, NFL, Neurogranin, YKL-40, FABP-3, Alzheimer’s Disease | Ceylan et al., 2025

Table 1. Characteristics of patients with Alzheimer’s disease (AD) and controls

AD (n= 86) Control (n= 30) p value

Age 71.73 (48-91) 72.63 (62-87) 0.377

Gender

Male, n (%) 37 (43) 15 (50) 0.518

Female, n (%) 49 (57) 15 (50) -

Disease onset
<65 years, n (%)
>65 years, n (%)

28 (32.5)
58 (67.5)

- -

Family history, n (%) 39 (45) - -

Clinical dementia staging scale
Mild, n (%)
Moderate, n (%)
Severe, n (%)

33 (38.4)
29 (33.7)
24 (27.9)

- -

MMSE, median (range) 13.76 (0-24) - -

CDR-SB, median (range) 11.31 (4-18) - -

Glucose, (mg/dL) median (range) 120.29 (78 - 267) 100.34 (68 - 140) 0.014a

Total cholesterol, (mg/dL) median (range) 206.10 (96.2 - 292.8) 174 (101.3 - 243.2) 0.001a

Triglyceride, (mg/dL) median (range) 151.04 (48.3 - 437) 114.65 (50.7 −255.1) 0.028a

LDL-cholesterol, (mg/dL) median (range) 126.96 (35 - 190) 103.36 (46 - 172) 0.003a

HDL-cholesterol, (mg/dL) median (range) 50.63 (32.3 - 141.6) 54.52 (26.5 - 86.6) 0.248a

Total tau, (pg/mL) median (range) 208.97 (20.2 - 679.62) 48.33 (6.98 - 117.42) < 0.001a

NFL, (pg/mL) median (range) 3.67 (0.11 - 13.23) 1.66 (0.32 - 7.08) < 0.001a

Neurogranin, (ng/mL) median (range) 232.83 (58.01- 688.34) 216.17 (70 - 635.96) 0.612a

YKL-40, (pg/mL) median (range) 56441.1 (21094.22 - 93599.2) 64927.34 (19262.78 - 173242.26) 0.213a

FABP-3, (pg/mL) median (range) 2552.41 (1065.63 - 6182.5) 2459.9 (717.75 - 6285.03) 0.608a

Mann–Whitney U test, a Analysis of covariance and Bonferroni post hoc correction tests
Abbreviations: AD: Alzheimer’s disease; MMSE: Mini-Mental State Examination; CDR-SB: Clinical dementia rating scale-sum of boxes; NFL: Neurofilament light
polypeptide; YKL-40: chitinase-3-like protein 1; FABP-3: Fatty acid binding protein-3.

were as follows: total tau: 4.8%; NFL: 4.9%; neurogranin: <10%;
YKL-40: 7.2% and FABP-3: 6.2%.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics
22.0 (IBM Corp., SPSS Inc., Chicago, IL, USA) and GraphPad Prism
10 (GraphPad Software, La Jolla, CA, USA). Data distribution
and homogeneity were assessed using the Kolmogorov-
Smirnov and Levene tests. Since obtained data were non-
homogeneous and non-normally distributed, Kruskal-Wallis
and Mann–Whitney U tests were applied. Serum total tau, NFL,
neurogranin, YKL-40, and FABP-3 levels of the mild, moderate,
severe AD patients and control groups were compared with
the Analysis of covariance (ANCOVA) test. Age, which is thought
to affect biochemical parameters, was used as covariate.
Bonferroni correction was used as a post hoc test. Gender
distribution between the study and control groups was
analyzed using the chi-square test. The correlation between
continuous variables was assessed using Spearman’s rank
correlation analysis. Receiver operating characteristic (ROC)

curve analysis was performed to evaluate the ability of
candidate biomarkers to discriminate between Alzheimer’s
patients and control groups. For biomarkers with an area
under the curve (AUC)>0.6 in ROC analysis, sensitivity and
specificity were calculated. Statistical significance was set
at p<0.05. The study population was determined as 116 with
G-power program by taking impact size 0.36 , α=0.05, power (1-
β)=0.95 at a confidence level of 95%.

RESULTS
The characteristics of patients with AD and controls are
presented in Table 1. AD patients had higher serum glucose,
total cholesterol, triglyceride, and low density lipoprotein
(LDL) levels compared to controls. As expected, significant
correlations were observed between glucose and lipid profile
parameters including positive correlations between glucose
and triglyceride, total cholesterol and triglyceride, and total
cholesterol and LDL. Conversely, a negative correlation was
found between glucose and high density lipoprotein (HDL)
(data not shown). MMSE scores gradually decreased, while
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CDR-SB scores increased across mild, moderate, and severe
AD (data not shown).

Serum total tau and NFL levels were significantly higher in AD
patients compared to controls (p<0.001), whereas neurogranin,
YKL-40, and FABP-3 levels remained unchanged (Figure 1A, B,
C, D, E). Total tau levels were elevated in all AD subgroups
compared to controls (Figure 1A).

Serum NFL levels were significantly higher in moderate and
severe AD patients compared to controls (p<0.001), whereas
no significant change was observed in mild AD. Additionally,
NFL levels were significantly increased in severe AD compared
to mild AD and in moderate AD compared to mild AD (p<0.001,
p=0.001, respectively) (Figure 1B).

Figure 1. Serum total tau (A), NFL (B), neurogranin (C), YKL-40 (D), and FABP-3 (E) in controls and mild AD, moderate AD, and severe AD. Analysis of covariance
and Bonferroni post hoc correction tests. Abbreviations: AD: Alzheimer’s disease; NFL: Neurofilament light polypeptide; YKL-40: Chitinase-3-like protein 1; FABP-3:
Fatty acid binding protein-3.
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In addition, to assess the diagnostic potential of total tau and
NFL as biomarkers for AD, ROC curves were generated. With a
cut-off point of 71.5 pg/mL for total tau, sensitivity was 79.1%
and specificity was 76.7% (AUC: 0.865, p<0.001). For the NFL,
with a cut-off point of 1.835 pg/mL, sensitivity was 66.3% and
specificity was 66.7% (AUC: 0.693, p=0.002). When total tau and
NFL were concomitantly evaluated (total tau*NFL), the AUC was
0.848 (p<0.001; Figure 2).

Serum NFL levels were negatively correlated with the MMSE
score (p<0.001; Figure 3A). Both total tau and NFL levels
showed a positive correlation with CDR-SB (p=0.017 and
p<0.001, respectively; Figure 3B, C). A positive correlation was
also observed between total tau and NFL levels (p=0.002;
Figure 3D). FABP-3 levels were significantly correlated with
age (p=0.006; Figure 3E). Additionally, both NFL and total tau

Figure 2. ROC curves for total tau, NFL and total tau * NFL for
the discrimination between AD patients and controls. Abbreviations:
ROC: Receiver operating characteristics; AUC: Area under the curve; AD:
Alzheimer’s disease; NFL: Neurofilament light polypeptide.

Figure 3. Correlation between NFL – MMSE (A); total tau – CDR-SB (B); NFL – CDR-SB (C); NFL – total tau (D); FABP-3 – age (E). Abbreviations: NFL: Neurofilament
light polypeptide; MMSE: Mini-Mental State Examination; CDR-SB Clinical dementia rating scale-sum of boxes; FABP-3: Fatty acid binding protein-3.
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showed a strong relationship with lipid profile parameters
(Table 2).

Table 2. Correlations between serum total tau, NFL levels with total cholesterol,
triglyceride, LDL-cholesterol and glucose levels

Total tau r (p value) NFL r (p value)

Total cholesterol 0.299 (0.001) 0.247 (0.008)

Triglyceride 0.210 (0.024) 0.196 (0.035)

LDL-cholesterol 0.287 (0.002) 0.199 (0.032)

Glucose 0.127 (0.175) 0.127 (0.174)

Spearman correlation test was used for analyses. Abbreviations: NFL:
Neurofilament light polypeptide; LDL: Low density lipoprotein.

DISCUSSION
In the present study, we aimed to evaluate the relationship
between the serum total tau, NFL, neurogranin, YKL-40, and
FABP-3 concentrations and cognitive impairment, as well as
the diagnostic performance of these potential biomarkers for
the early detection of AD.

AD is a neurodegenerative disease and a significant public
health concern with an increasing incidence. Laboratory
medicine plays a crucial role in the effective monitoring of
AD. The primary goal is to improve patients’ quality of life
while reducing economic costs. Notably, most biomarkers are
assessed in CSF, which is the preferred biological sample for
reflecting neuropathological alterations. However, obtaining
CSF is a challenging procedure because of its invasive nature
and the requirement for highly skilled personnel. In contrast,
blood collection is far less invasive than lumbar puncture and
is routinely performed. Therefore, using serum or plasma for
biomarker assessment offers several advantages.

Among the main characteristics of AD are tau and
Aβ pathologies (1,6). Tau protein plays a crucial role
in maintaining the structural integrity of the neuronal
cytoskeleton and regulating axonal transport. Abnormal
posttranslational phosphorylation of tau protein disrupts its
binding to microtubules, leading to the formation of insoluble
double-stranded neurofilaments and intraneuronal tangles,
ultimately resulting in neuronal death. Both phosphorylated
and total tau are secreted into the CSF and peripheral blood.
Several studies have demonstrated a correlation between
peripheral blood total tau levels and brain total tau levels,
as assessed by PET scan (7, 8). In our study, serum total
tau concentrations were significantly elevated in AD patients.
Moreover, there was a gradual increase in serum total tau
levels from the mild to severe AD. Our findings align with
studies that report increasing total tau levels in Alzheimer’s
patients (9, 10) yet differ from other studies that found
no clear relationship between serum total tau and AD (11,

12). Since peripheral blood total tau levels reflect axonal
degeneration and neuronal death, they may also serve as
an indicator of cognitive decline (13). Therefore, serum total
tau measurement could be valuable not only for the early
diagnosis of AD but also for monitoring the dynamic process
of neurodegeneration as the disease progresses. We observed
that with the determined cut-off value, 79.1% sensitivity, 76.7%
specificity, and 0.865 AUC value, together with established core
AD markers, serum total tau could be a valuable parameter in
discriminating between healthy individuals and Alzheimer’s
patients. Our findings agree with many studies on the same
subject (9, 10).

In the spectrum of AD pathologies, neurofilaments are
molecules that reflect axonal degeneration and provide
prognostic information. Neurofilaments are critical for the
growth and stability of axons. NFL is the smallest unit
among neurofilaments, consisting of light, medium, and heavy
chains, as well as α-internexin and peripherin. In various
neurodegenerative, vascular, traumatic, and inflammatory
diseases, NFL is secreted in high amounts into the CSF and
plasma. Although plasma NFL levels are 50 times lower than
in CSF, it has been shown that CSF and plasma concentrations
are well correlated (14). In our study, NFL levels were
elevated in the AD group compared to the control group.
When evaluated according to the CDR, there were significant
increases from the mild to the severe stage. However, no
significant difference was detected between the control group
and the mild AD group. Accordingly, NFL seems to be a suitable
parameter for follow-up rather than for the early diagnosis
of the disease and may be associated with the progression
of cognitive decline. Similar to our findings, various studies
have reported increased NFL levels in AD, linked to brain
hypometabolism, brain atrophy, and cognitive decline (14, 15).
In addition, it is seen from the results that both tau and
NFL were correlated with clinical dementia score, reflecting
cognitive decline. When total tau and NFL were concomitantly
evaluated (total tau*NFL), the accuracy of disease diagnosis
increased, with an AUC value of 0.848. A similar correlation
was found by Mattsson et al. (14).

It is well known that the degree of cognitive dysfunction
is closely related to the number of synapses, and synapse
loss in AD is the strongest pathological finding correlated
with cognitive decline (16). Therefore, we decided to measure
serum neurogranin levels as a marker reflecting synaptic
degeneration; however, no significant change was detected.
Previous studies have reported elevated CSF neurogranin
levels in patients with AD and mild cognitive impairment
compared to controls (17). Additionally, it has been shown that
the neurogranin 48-76 peptide is dominant in CSF and brain

Experimed, 15 (1): 77–85   82



Serum Tau, NFL, Neurogranin, YKL-40, FABP-3, Alzheimer’s Disease | Ceylan et al., 2025

tissue but is not found in plasma (17). Because neurogranin
is enzymatically cleaved, it is expected that neurogranin
fragments in brain tissue, CSF, and peripheral blood will vary
in length. Another reason for the differing results may be the
different sample matrices used in our study.

Neuroinflammation is a prominent feature of AD pathology,
and many studies have demonstrated a reduced risk and
slower progression of AD following long-term treatment with
nonsteroidal anti-inflammatory drugs (18). YKL-40 is a marker
of microglial differentiation and activation and is considered
an indicator of inflammation (17). Increased CSF levels of
YKL-40 have been found in various infectious and non-
infectious disorders of the CNS. Additionally, while elevated
CSF YKL-40 levels have been reported in AD, conflicting data
also exist (19). In our study, although YKL-40 levels showed
an increasing pattern, particularly in patients with severe AD,
this increase was not statistically significant. This pattern may
suggest that the inflammatory process and pro-inflammatory
signals are more pronounced in patients with severe AD.
Excessive inflammation and microglial activation contribute
to the exacerbation of neurodegeneration, impairment of
synaptic plasticity, and cognitive decline (20). However, in our
study, no correlation was found between YKL-40 levels and
clinical dementia score. The most significant limitation of
using YKL-40 as a marker appears to be its lack of specificity.
Comorbidities such as inflammatory and oncologic diseases,
which are highly prevalent among older adults, may lead to
increased YKL-40 concentrations. Therefore, when evaluating
YKL-40 as a marker, it is essential to take a thorough medical
history, considering comorbidities and medications, to avoid
misinterpretation.

FABP-3 is a marker reflecting neuronal membrane damage
related to lipid metabolism, and its usability for the
diagnosis of AD is currently being investigated. FABP-3 was
initially isolated from heart muscle and has a widespread
tissue distribution. Clinically, FABP-3 may be used as a
supplementary serum marker in myocardial infarction. Many
studies have suggested that CSF levels of FABP-3 may have
diagnostic significance in the early stages of AD (21). It has
been reported that high CSF FABP-3 levels positively correlate
with brain Aβ burden and are associated with brain atrophy in
individuals with Aβ pathology (19). In contrast, Vidal-Pinerio et
al. (22) showed that CSF FABP-3 levels predicted brain atrophy
in cognitively healthy elderly individuals, independent of
amyloidopathy and tauopathy biomarkers. Based on these
findings, it is thought that all measured FABP-3 levels originate
from the brain rather than from the serum. However, in our
study, we did not observe any difference in serum FABP-3
levels between groups. This may be due to the use of

serum instead of CSF or the presence of additional diseases,
such as cardiovascular disease, in the control group. Our
results also revealed a significant correlation between age
and FABP-3 concentrations. It is possible that, with aging, the
disintegration of lipids and fatty acids in the brain increases,
leading to higher serum FABP-3 levels (23).

Recently, many studies have shown that disorders such as
diabetes mellitus, obesity, and hypercholesterolemia play
an important role in the development of AD (24). Indeed,
in our study, serum glucose, total cholesterol, and LDL
levels were found to be higher in AD patients. The brain’s
glucose requirement is met by insulin-independent glucose
transporters (GLUT-1, GLUT-3) (25). Increased blood glucose
levels lead to causes of abnormally high glucose transfer
to neurons, triggering gluconeurotoxicity (26). Glucose exerts
neurotoxic effects through various mechanisms, including the
polyol pathway, the formation of advanced glycation end
products (AGE), and the activation of MAP kinases (27). Studies
have reported that high AGE levels induce Aβ accumulation
and are associated with cognitive decline in AD (28).

On the other hand, even subtle changes in lipid metabolism
can have profound effects on cognitive function. The
human brain produces approximately 30% of the body’s
cholesterol, which plays a crucial role in regulating the
membrane fluidity of neurons and astrocytes. Cholesterol is
also essential for the formation of myelin, which provides
insulation around axons and increases the speed of signal
transmission throughout the nervous system. Demyelination
is used as a biomarker for dementia pathology. Moreover,
cholesterol is a key component of lipid rafts, which are
involved in signal transmission, cell-to-cell adhesion, and
cell division. Therefore, alterations in cholesterol metabolism
may contribute to various diseases, including AD. Another
link between cholesterol and AD is 24-hydroxycholesterol, an
oxidation product of cholesterol that occurs exclusively in
the brain. This oxysterol can cross the blood-brain barrier,
and its increased plasma levels in AD likely reflect neuronal
death and disrupted membrane cholesterol turnover (29).
Additionally, high LDL levels induce vascular changes similar
to atherosclerotic inflammatory lesions and impair blood-
brain barrier permeability (30). Tau and Aβ pathologies have
been observed in patients with metabolic syndrome (3, 4).
Since AD shares many biochemical features with insulin
resistance and metabolic syndrome, the elevated serum
glucose, total cholesterol, and LDL cholesterol levels observed
in AD patients in our study are not surprising. Moreover, the
strong correlations between both serum total tau and NFL
with lipid profile parameters further support the hypothesis
that dyslipidemia is likely a predisposing factor for AD.
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CONCLUSION
This study demonstrated increased serum total tau and NFL
levels in AD. For the first time, we evaluated the concomitantly
use of serum total tau and NFL as biomarkers for the early
diagnosis of AD and assessed whether the created ROC curves
enhanced the predictive power of these parameters.

Our findings showed that serum total tau alone had
the highest sensitivity and specificity. Moreover, when NFL
and total tau were concomitantly used, both sensitivity
and specificity were higher compared to their individual
values. This suggests that, alongside the established core
AD biomarkers, serum total tau and NFL are promising
biomarkers that reflect additional pathological changes in the
progression of AD. Additionally, the significant correlations
between both total tau and NFL with lipid profile parameters
in AD support a possible relationship between AD and
metabolic syndrome. Although lifestyle changes such as
dietary modifications and increased physical activity cannot
fully prevent AD, they may positively influence disease
progression by reducing modifiable risk factors.
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Abstract Objective: This study investigated the effects of individualized corrective exercises on posture based on
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Materials and Methods: The study included 47 ballet students (39 females, 8 males) aged 11–19 years.
Participants underwent one photogrammetric assessment at the beginning of the study and another after
completing an 8-week personalized corrective exercise program. Servidor de Apontadores Portugueses
Online (SAPO) postural assessment software was used for postural evaluation.
Results: In the anterior view, when pre- and post-intervention measurements were compared to reference
values, statistically significant improvements were observed in the horizontal alignment of the head,
acromions, and anterior superior iliac spines, tibial tuberosities (p<0.05). Significant improvement was
noted in the horizontal asymmetry of the scapula relative to the T3 vertebra. Lateral views and vertical
alignment of the head improved significantly. To the best of our knowledge, no studies have assessed the
effects of corrective exercises on posture using SAPO software.
Conclusion: This study quantitatively showed that individualized corrective exercise programs by physio-
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INTRODUCTION
The American Academy of Orthopaedic Surgeons defines
posture as a state of balance in standing, sitting, and lying
positions, where muscles and bones have sufficient capacity
to protect other body structures from injury (1).

From a biomechanical and physiological perspective, good
posture minimizes stress on ligaments, muscles, tendons,
and bones (2, 3). Proper posture facilitates bodily functions
and reduces the energy expenditure of muscles required to
maintain an upright position. In contrast, improper, forced,
asymmetric, prolonged, and sustained postures result in
excessive loads on tissues, surpassing the tolerable stress
threshold, leading to strain or injury, and causing imbalance
(4, 5). Improper posture is frequently observed in dancers,
particularly ballet performers, and may increase the risk of
injuries.

There is no universally accepted standard approach to
posture assessment. The use of photography for measuring
joint positions was first introduced by Wilson and Strasch
in 1964. Compared to radiographic imaging, photography
is more practical, non-invasive, and cost-effective, making
its clinical and research applications highly valuable (6).
Photogrammetric posture analysis provides objective data
with high reliability and practical clinical utility. Therefore, its
use has been recommended in clinical settings and scientific
literature (7).

Various software programs have been developed for postural
assessment. Servidor de Apontadores Portugueses Online
(SAPO) postural assessment software was used in the
present study. Although several studies in the literature have
employed different methods for postural analysis, no previous
research has objectively evaluated the effects of corrective
exercises on posture using an advanced postural analysis
technique.

The present study aimed to assess the effectiveness
of personalized corrective exercises prescribed by
physiotherapists through objective data collection.

MATERIALS AND METHODS
A total of 47 ballet students, including 8 males (17%) and
39 females (83%), aged between 11 and 19 years were
enrolled. The study was initiated after the approval of the
clinical research ethics committee of Istanbul University,
Istanbul Faculty of Medicine (2019/782). For volunteers from
participants' families, the consent form was obtained.

Participants underwent two photographic measurement
sessions: one at the beginning of the study and another
after completion of their personalized corrective exercise

program for eight weeks. The photographs were captured
at Mimar Sinan Fine Arts University, State Conservatory,
Ballet Department. During the sessions, participants wore
clothing that did not obstruct the visibility of the designated
anatomical landmarks. Male students wore briefs, while
female students wore ballet leotards or sports tops.

For posture assessment, 32 anatomical landmarks were
marked with round, colored, and easily identifiable markers
before imaging. Anatomical reference points were used as
specified in the SAPO protocol. These included 32 points: the
midpoint of the tragus, acromion, midpoint of the horizontal
midline of the knee joint, the midpoint of the patella, tibial
tuberosity, greater trochanter, anterior superior iliac spine
(ASIS), C7 spinous process, inferior angle of the scapula, T12
spinous process, posterior superior iliac spine, the midpoint
of the medial line of the leg, region between the malleolus
and calcaneal tendon, midpoint between the second and third
metatarsals of the calcaneus, lateral malleolus, and medial
malleolus (Figure 1).

Program Development

The most critical factor in designing a corrective exercise
program is individualization, in which the exercise
prescriptions should be tailored to each person’s specific
needs. The exercises must be appropriately designed and
correctly taught. Initially, the exercises should be performed
under the supervision of a physiotherapist. The program
should be flexible and progressive. It should be organized in
a way that is functional according to the person’s lifestyle,
occupation, recreational activities, and sports participation,
considering the results of the evaluation. The sustainability of
the program is essential.

The primary goal of corrective exercise training is to eliminate
muscle imbalances. If the program begins before optimal
muscle balance is achieved, the exercises may further
exacerbate imbalances.

In summary, the four fundamental objectives in the sequence
should be:

1. Muscle balance

2. Stability

3. Functional strength

4. Functional power

Selecting the most beneficial exercises for the individual,
modifying them when necessary, and properly adjusting the
load, repetitions, and rest intervals enhance the effectiveness
of the program (8).
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The exercise program was individually designed based
on the initial postural assessment measurements of each
participant. In the development of the program, lateral trunk
muscle flexibility was evaluated using side reach tests, core
strength was assessed through pre-core exercises, and the

functional capacity of the hip abductors was examined using
modified side plank tests. The exercises were prescribed to
be performed in a symmetrical and correct posture, ensuring
postural balance.

Figure 1. Postural assessment according to photogrammetric measurement method.
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The program was designed with beginner-level core strength,
stability, functional strength, and mobility exercises. Strength
exercises were performed using body weight and resistance
bands. After four weeks, the difficulty of exercises using
resistance bands was increased by transitioning to a higher-
resistance band. The exercises were performed three times
per week for eight weeks.

Statistical Analyses

Data analysis was conducted using SPSS v21 software, with
statistical significance set at p<0.05. Pre- and post-exercise
data were analyzed using the paired sample t-test.

RESULTS
Demographic data of 47 ballet students who participated
in the study are given in the Table 1 (Table 1). A total of
47 ballet students, including 8 males (17%) and 39 females
(83%). Pre and post-test results are shown in the Table 2.
Postural assessments conducted before and after the exercise
program revealed significant improvements across anterior,
lateral, and posterior views. In the second measurements
taken following the intervention, most parameters showed a
notable shift toward the reference value of 0. This indicates a
reduction in postural asymmetry and an overall improvement
in body alignment. In the anterior view, changes in the
horizontal alignment of the head, acromions, ASIS, the
angle between bilateral acromions and ASIS, and the tibial
tuberosity angles were all statistically significant (p<0.05).
These results suggest that the body’s frontal symmetry
improved, approaching the ideal postural alignment. In
both right and left lateral views, significant improvements
were observed in head alignment, trunk verticality, pelvic
positioning, hip and knee angles (p<0.05). While the ankle
angle did not show a statistically significant change in some
comparisons (p>0.05), other parameters indicated a clear
postural correction. This suggests that the ankle may respond
differently or more slowly to the applied exercise program.
In the posterior view, the scapular alignment relative to the
T3 vertebra showed a statistically significant improvement
toward symmetry (p<0.05). Additionally, changes in both right
and left rear foot angles were also found to be significant
(p<0.05), further supporting the positive impact of the exercise
regimen. Overall, the findings demonstrate that the exercise
program led to improvements in postural alignment by
moving measured values closer to their ideal reference points.
This indicates a beneficial effect on body symmetry and
postural control.

Table 1. Demographic data

Mean ± SD Min Max

Age (years) 13.72 ± 2.23 11 19

Height (cm) 152.55 ± 13.20 129.5 178

Weight (kg) 39.73 ± 11.05 24.3 62.5

BMI 16.72 ± 2.13 13.37 22.17

SD: Standard Deviation; BMI: Body Mass Index 

DISCUSSION
The present study objectively and quantitatively
demonstrated, for the first time, the effectiveness of
individualized corrective exercise programs designed by
physiotherapists in improving posture. This study will serve
as a foundation for future research on the effectiveness of
corrective exercises.

With advancements in technology, posture assessment
through photographic analysis has become possible. Although
there are studies evaluating posture using technological tools,
research focusing on the assessment of whole-body posture
remains limited. Studies that simultaneously evaluate all
body segments are essential for accurately defining an ideal
posture model.

Research examining whole-body posture in healthy
individuals is necessary to establish reference values for
normal posture. Quantifiable data play a critical role in
physical therapy (9). In a study conducted by Robertson
et al., symmetrical postural alignment was defined as
the standard posture (8). Robertson et al. used reference
values recommended by physiotherapy and rehabilitation
departments (8). However, some researchers have debated
this topic, suggesting that an individual’s ideal posture does
not necessarily have to conform to the “normal” posture.
These researchers emphasize that future studies involving
a larger sample of individuals without musculoskeletal
disorders and evaluating all body segments could contribute
to the ongoing discussion on standardizing reference values
for normal posture (10). In the present study, the SAPO
postural assessment software was used to evaluate posture
through photographic analysis. From the anterior view, the
horizontal alignment of the head and acromions and the
angle between the two acromions and two ASIS were analyzed.
From the posterior view, the reference angle for scapular
horizontal asymmetry relative to T3 was set at “0” (11, 12).

There is no universally accepted standard approach for
posture assessment (13), and the methods used vary (13).
In a study by Roggio et al., which assessed the posture of
200 healthy adult men and women using photogrammetric
analysis, a significant difference in shoulder adduction angles
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Table 2. Pre- and post-test results

Angles and Distances Measurement First Measurement Second t p value

ANTERIOR VIEW

Head Horizontal Alignment (°) 2.30 ± 1.45 0.81 ± 0.66 7.26 *0.001

Horizontal Alignment of Acromions (°) 1.60 ± 0.98 0.72 ± 0.67 7.87 *0.001

Horizontal Alignment of (ASIS) (°) 1.80 ± 1.04 0.80 ± 0.69 6.42 *0.001

Angle Between the Two Acromions and Two ASIS (°) 2.00 ± 1.25 0.87 ± 0.74 7.84 *0.001

Right Upper Extremity Anteversion Angle (°) −2.56 ± 2.76 −2.045 ± 2.25 −2.27 *0.027

Left Upper Extremity Anteversion Angle (°) −3.13 ± 3.04 −2.52 ± 2.27 −1.78 0.081

Tibial Tuberosity Horizontal Angle (°) 2.11 ± 1.19 1.11 ± 0.88 5.06 *0.001

Right Q Angle (°) 15.37 ± 6.15 14.46 ± 4.19 0.95 0.347

Left Q Angle (°) 12.42 ± 5.58 12.66 ± 3.21 −0.29 0.768

LATERAL VIEW (RIGHT)

Head Horizontal Alignment (Side View) (°) 59.59 ± 5.34 57.91 ± 3.48 2.38 *0.021

Head Vertical Alignment (°) 10.76 ± 5.48 6.91 ± 4.38 5.27 *0.001

Trunk Vertical Alignment (°) −1.48 ± 0.41 −0.76 ± 0.27 −2.53 *0.015

Hip Angle (°) −10.78 ± 0.83 −8.21 ± 0.86 −3.56 *0.001

Body Vertical Alignment (°) 3.12 ± 0.97 2.38 ± 1.03 5.19 *0.001

Pelvis Horizontal Alignment (°) −13.60 ± 0.51 −5.33 ± 0.49 −13.38 *0.001

Knee Angle (°) −8.73 ± 0.68 −5.94 ± 0.61 −4.90 *0.001

Ankle Angle (°) 75.27 ± 45.26 87.48 ± 5.41 −1.81 0.075

LATERAL VIEW (LEFT)

Head Horizontal Alignment (Side View) (°) 58.30 ± 18.89 58.18 ± 3.36 0.048 0.962

Head Vertical Alignment (°) 11.86 ± 5.70 7.97 ± 5.49 6.44 *0.001

Trunk Vertical Alignment (°) −0.68 ± 0.48 −0.65 ± 0.26 −0.72 *0.943

Hip Angle (°) −10.78 ± 0.83 −8.21 ± 0.86 −3.56 *0.001

Body Vertical Alignment (°) 3.12 ± 0.97 2.38 ± 1.03 5.19 *0.001

Pelvis Horizontal Alignment (°) −13.60 ± 0.51 −5.33 ± 0.49 −13.36 *0.001

Knee Angle (°) −8.73 ± 0.68 −5.94 ± 0.61 −4.90 *0.001

Ankle Angle (°) 80.59 ± 8.24 89.42 ± 2.28 −1.55 0.127

POSTERIOR VIEW

Scapular Horizontal Asymmetry Relative to T3 (cm) 17.78 ± 11.89 8.54 ± 7.45 6.83 *0.000

Right Posterior Foot Angle (°) 0.83 ± 3.80 4.18 ± 10.5 −2.13 *0.038

Left Posterior Foot Angle (°) 4.18 ± 1.59 0.65 ± 0.57 2.31 *0.025

Values are presented as mean ± standard deviation. Comparisons were performed using the paired sample t-test. *: p < 0.05 was considered statistically
significant in all analyses.

was observed between males and females (14). Elpeze et al.
investigated the effects of corrective exercises on balance
and kyphosis in adolescents diagnosed with kyphosis and
concluded that a corrective exercise program resulted in
a reduction in kyphotic curvature and improvements in
balance (15). Similarly, Kouchi et al. reported that an 8-week
corrective dance exercise program in adolescent girls led to
a decrease in thoracic hyper-kyphosis and an improvement
in scapular positioning (16). Another study examining the
impact of corrective and stabilization exercise programs on
fundamental movement patterns in dance students reported

that these programs led to improvements in basic movement
skills, balance, and motor control (17).

In a study involving dancers aged 18–24 years, exercise
interventions targeting forward head posture and rounded
shoulders resulted in significant postural improvements (18).
A systematic review investigated the effects of exercise
on postural alignment and categorized studies based on
conditions such as forward head and shoulder dysfunction,
hyper-kyphosis, and scoliosis. The review concluded that
interventions designed to stretch tight muscles and
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strengthen weak muscles could effectively improve postural
dysfunction (19).

In most studies, posture assessment has been limited to
single-segment evaluations, such as the position of the
head relative to the shoulders in the sagittal plane (20).
The average angular values of each segment have typically
been determined using different methods (21). Due to
methodological differences among studies and the isolated
evaluation of individual segments, comparisons between
results have become challenging.

In the present study, post-exercise measurements of
parameters with reference values defined by the SAPO
software showed a statistically significant improvement
toward the reference values. Furthermore, for parameters
without predefined reference values, intra-group comparisons
revealed statistically significant differences.

In the photogrammetric method used for posture assessment
in this study, the accurate localization of anatomical
landmarks depends on the examiner’s anatomical knowledge
and is subject to potential error. Despite the use of the
anatomical landmark feature in the SAPO software, markings
on the photographs still have a margin of error, which
can introduce measurement errors. Moreover, a lack of
familiarity with the software may complicate the assessment
process. To minimize the likelihood of error, all pre- and
post-exercise measurements in the present study, including
determination of anatomical landmarks by palpation, marking
on photographs, and posture assessment using the software,
were conducted by a single physiotherapist with expertise in
this area.

Minimizing error is crucial for obtaining objective data in
posture assessment, which has clinical significance, as it
allows for the evaluation of load distribution across the
musculoskeletal system. Our primary goal during corrective
exercises was to identify and correct imbalances in load
distribution through targeted interventions.

Although previous studies have used the SAPO software
for posture assessment, no study has evaluated the effects
of corrective exercises on posture using photogrammetric
measurement with SAPO.

In conclusion, the data obtained in the present study indicate
that individualized corrective exercise programs designed by
physiotherapists have positive effects on posture, potentially
leading to reduced injury rates and improved performance.
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