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Editorial
Effects of Selenium and Other Micronutrient Intake on
Human Health

Shuang-Qing Zhang

National Institute for Nutrition and Health, Chinese Center for Disease Control and Prevention, 27 Nanwei Road,
Beijing 100050, China; zhangsq@ninh.chinacdc.cn; Tel.: +86-10-66237226

Since its discovery in 1817, selenium had long been considered toxic, until 1957, when
the element was demonstrated to protect vitamin E-deficient rats against liver necrosis and
recognized as an essential micronutrient. So far, a total of 25 human selenoprotein genes
have been reported since the first mammalian selenoprotein (glutathione peroxidase 1) was
identified in 1973. By virtue of selenoproteins, selenium plays physiological roles in the
maintenance of homeostasis, regulation of transcription factors and apoptosis, control of
the cellular redox state, development of the central nervous system, and immune and re-
productive functions. Recently, selenium has obtained special attention in human diseases,
such as cancers, diabetes mellitus, neurodegenerative dysfunctions, and aging [1]. Due to
the narrow safe dose range of selenium intake and significantly different bioavailability of
various selenium species, both selenium deficiency and selenium excess result in adverse
effects [2]. A sufficient amount of proteins and amino acids, especially of serine, influences
selenium status and selenoprotein biosynthesis [3]. This Special Issue of Nutrients explores
the impact of selenium and the intake of other micronutrients on human health, providing
a comprehensive understanding of selenium and other micronutrients in aspects of cells,
animals, and humans.

Bai et al. found that the total selenium intake was the major factor in the blood sele-
nium concentration in American adults besides gender, race, education status, income, body
mass index, smoking, and alcohol status (Contribution 1). Animal studies have disclosed
that selenium reinforces erythrocytes by decreasing osmotic fragility, that chromium harms
erythrocytes by forming reactive oxygen species, and that manganese is highly related
to erythrocytes via the modulation of iron metabolism. By analyzing American adults
from the National Health and Nutrition Examination Survey 2015-2020, Costal et al. firstly
found that selenium and manganese were positively associated with human erythrocytes,
and that chromium was negatively correlated with human erythrocytes (Contribution 2).
Sodium selenite and its nanoparticles showed contrasting effects on the skeletal muscle
development of adolescent rats via the insulin signaling pathway, consistent with adipose
tissue, indicating the potential therapeutic effects of selenite on muscle growth, including
muscular dystrophies, cachexia, or sarcopenia (Contribution 3). The synergistic effect of
selenium with coenzyme Q was found in mice with metabolic dysfunction-associated
steatohepatitis from the reduction in oxidative stress and lipid peroxidation, as well as the
suppression of ferroptosis, demonstrating the therapeutic potential of combined selenium
and coenzyme Q for steatohepatitis and liver injury (Contribution 4). Selol (a mixture of se-
lenitriglicerides) significantly increased the antioxidant enzyme activity in healthy mice and
influenced the morphology of tumor cells in prostate tumor-bearing mice (Contribution 5).
In their systematic review and meta-analysis, Costescu et al. found that Crohn’s disease
patients had significantly lower serum magnesium levels and exhibited a lower magnesium
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intake; therefore, magnesium supplementation showed potential in alleviating Crohn’s
disease by enhancing remission rates and sleep quality (Contribution 6). The cross-sectional
study conducted in Romania implied the preventive potential of vitamin D against respi-
ratory infections among preschool children, and supported the establishment of a public
health strategy to recommend vitamin D supplementation for children without adequate
exposure to sunlight (Contribution 7). Zhao et al. summarized the renal-protective effects
and mechanisms of micronutrients from botanicals with medicine—food homology, and
proposed botanical ingredients for the prevention and management of kidney diseases
(Contribution 8). In summary, these studies shed light on the beneficial or detrimental
effects of selenium and other micronutrients on human health, and provide reliable and
convincing evidence for their research and development in future.

In my opinion, regarding selenium, special emphasis should be placed on the definite
elucidation of the biological functions of poorly understood selenoproteins and the wide
expansion of the well-defined biofunctions of selenoproteins. More novel selenium com-
pounds and selenoproteins should be synthesized for human diseases such as cancers and
neurological disorders.

Conflicts of Interest: The author declares no conflicts of interest.
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Identification of Factors on Blood Selenium Levels in the US
Adults: A Cross-Sectional Study
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Abstract: Selenium (Se) is an essential trace element for humans and its low or high concentration
in vivo is associated with the high risk of many diseases. It is important to identify influential factors
of Se status. The present study aimed to explore the association between several factors (Se intake,
gender, age, race, education, body mass index (BMI), income, smoking and alcohol status) and
blood Se concentration using the National Health and Nutrition Examination Survey 2017-2020 data.
Demographic characteristics, physical examination, health interviews and diets were compared
among quartiles of blood Se concentration using the Rao-Scott x? test. Se levels were compared
between the different groups of factors studied, measuring the strength of their association. A total
of 6205 participants were finally included. The normal reference ranges of blood Se concentration
were 142.3 (2.5th percentile) and 240.8 ug/L (97.5th percentile), respectively. The mean values of
dietary Se intake, total Se intake and blood Se concentration of the participants were 111.5 ug/day,
122.7 pug/day and 188.7 ug/L, respectively, indicating they were in the normal range. Total Se intake
was the most important contributor of blood Se concentration. Gender, race, education status, income,
BMI, smoking and alcohol status were associated with blood Se concentration.

Keywords: Se intake; blood Se; factors; American adults; National Health and Nutrition Examination
Survey

1. Introduction

Selenium (Se) as a crucial trace mineral for humans exerts substantial biological
functions, such as the endoplasmic reticulum homeostasis, immune response, regulation of
transcription factors and apoptosis, control of the cellular redox state and development of
the central nervous system through selenoproteins [1]. Humans obtain Se mainly through
foods and supplements, whereby the Se contents depend on the varied soil Se contents.
Approximately 80% of the population in the world are deficient in Se (less than 55 pg/day)
due to insufficient Se consumption [2].

Unfortunately, owing to a narrow safe range of Se, low or high Se status is found to be
associated with the increased high risk of many diseases. Low Se levels increase the risk of
Keshan disease, cretinism, immune dysfunction and cognitive impairment, whereas high
Se levels elevate the occurrence of cancer, type 2 diabetes mellitus, neurological diseases
such as amyotrophic lateral sclerosis, and endocrine diseases [3]. In addition, excessive Se
intake or selenosis leads to some acute reactions, including garlic odor and metallic taste in
mouth, hair or nail loss, nausea, diarrhea, skin rashes and irritability [4]. Because blood
Se concentration is recognized as the reflection of Se intake [5], it is important to identify
influential factors of Se status for the maintenance of a safe blood Se range to decrease
those risks.

To our knowledge, there are few studies to simultaneously evaluate the effects of
several factors (Se intake, gender, age, race, education, body mass index (BMI), income,
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smoking and alcohol status) on blood Se. Based on the controllability and practical signifi-
cance of most of these factors, i.e., some factors are influenced by self-development and
lifestyles of participants, we hypothesize that blood Se levels in the US adult population
are normal and that there is an association between blood Se and diet, gender, age, race,
socioeconomic status, BMI and lifestyle. Therefore, the present study aimed to explore the
association between those factors and blood Se concentration among American adults.

2. Materials and Methods
2.1. Study Design and Participants

The national cross-sectional National Health and Nutrition Examination Survey
(NHANES) conducted by the US Centers for Disease Control and Prevention National
Center for Health Statistics (NCHS) used a complex multistage sampling method to ob-
tain representative samples with a combination of interviews and examinations for the
assessment of the health and nutritional status of children and adults in the USA. All the
participants provided informed consent. Initially, questionnaires including demographic,
health-related history and cigarette use were carried out among the participants aged
18 years or older via household interview by trained interviewers. After the at-home
interview, the participants meeting all the inclusion criteria were invited to continue par-
ticipation in the survey by coming to a mobile examination center (MEC) two to four
weeks later. At the MEC, the first dietary recall interview was collected in-person followed
by the alcohol data collection, and the second interview was collected by telephone 3 to
10 days later. During the MEC, body measure data and blood samples were collected for
further testing.

The National Health and Nutrition Examination Survey (NHANES) suspended field
operations due to the coronavirus disease 2019 pandemic, resulting in an incomplete
cycle for the NHANES 2019-2020; therefore, the data of the NHANES 2019-2020 must
be combined with NHANES 2017-2018 for analysis. The present study was based on the
NHANES 2017-March 2020 with a total of 15,560 individuals, and following exclusion
criteria as shown in Figure 1, 6205 participants were finally included. The NHANES was
carried out in accordance with the principles of the Declaration of Helsinki and its ethics
was approved by the Institutional Review Committee of the NCHS. Due to the present
study being based on the secondary analysis, it did not need additional ethics approval.

Participants of “NHANES 2017-March
2020 Pre-pandemic” (n = 15,560)

Excluded
participants aged < 18 or > 80 years (n = 6549)
participants who are pregnant at exam (r = 87)
participants with incomplete 24h recall data (n =2411)
participants with incomplete laboratory data and unavailable
covariant data (7 = 308)

[ Study participants (» = 6205) ]

Figure 1. The selection process of study participants.

Gender, age and race were self-reported demographic information. Among these,
race was categorized into Mexican American, other Hispanic, Non-Hispanic White, Non-
Hispanic Black and other race. Education was defined by the question “What is the highest
grade or level of school completed or the highest degree received?” and categorized into
three levels: <high school, high school and >high school. The ratio of family income to
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poverty (PIR, <1.3 (low), 1.3-4.0 (medium), >4.0 (high)) [6] was a measure of household
income and calculated by dividing total annual family (or individual) income by the poverty
guidelines specific to the survey year. The lower PIR, the poorer participants [6]. The BMI
data were calculated as weight in kilograms divided by height in meters squared and
classified <18.5 (underweight), 18.5-25.0 (normal weight), 25.0-30.0 (overweight), >30.0
(obese). Smoking status was assessed via the question “Do you now smoke cigarettes?”
and grouped as every day, somedays and never. Alcohol information was based on the
self-report of the participants to the question “Ever have 4/5 or more drinks every day?”
(yes/no).

2.2. Dietary and Supplemental Se Intakes, and Blood Se Concentration

Dietary data were acquired via two 24 h recalls. Total Se intake consisted of dietary and
supplemental Se intakes obtained by averaging two respective 24 h recall data. Inadequate
and excessive Se intakes were defined as less than the recommended dietary allowance
(RDA) of 55 ug Se/day and more than the tolerable upper intake level of 400 ug Se/day for
adults, respectively [7]. Blood Se concentration was detected by triple quadrupole induc-
tively coupled plasma mass spectrometry. According to the previous study [4], the normal
ranges of blood Se concentration were defined as the 2.5th and 97.5th percentiles for the
overall US population. More experimental method details were described in the NHANES
web at https:/ /www.cdc.gov/nchs/nhanes/index.htm (accessed on 1 November 2021).

2.3. Statistical Analysis

Blood Se concentration was divided into quartiles based on the weighted population
distribution. Demographic characteristics, physical examination, health interviews and
diets were compared among quartiles of blood Se concentration using the Rao-Scott x>
test. The LSD (least significant difference) test was used to compare the differences in
Se intake and Se level between different groups of factors. Weighted linear regression
was conducted to evaluate the association between several factors (Se intake, gender, age,
race, education, BMI, PIR, smoking and alcohol status) and blood Se concentration. A
p < 0.05 was considered statistically significant. Statistical analyses were conducted by SAS
9.4 version (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Population Characteristics for Blood Se Concentration

Table 1 shows characteristics of the population categorized by quartiles of blood
Se concentration. The percentage values of males and females were 48.7% and 51.3%,
respectively. The age of the participants varied from 18 to 79 years old. More than half
the participants had a degree of more than high school level. Additionally, the percentage
values of the participants with hypertension, diabetes and stroke history were 31.0%, 11.0%
and 3.5%, respectively. The weighted mean values of dietary Se intake, total Se intake and
blood Se concentration of participants were 111.5 ug/day, 122.7 ug/day and 188.7 ug/L,
respectively. The numbers of the participants with inadequate and excessive Se intakes were
602 and 17, respectively. The normal reference ranges of blood Se concentration were 142.3
(2.5th percentile) and 240.8 pug/L (97.5th percentile), respectively. There were 155 (only 2%)
persons with blood Se deficiency and 155 (also only 2%) participants with Se toxicity. The
percentage of participants taking Se supplements was 18.7% (1162 participants). For gender,
race and education, statistically significant differences were observed among quartiles of
blood Se concentration. There was no significant difference for age, BMI, PIR, smoking
status, alcohol status, dietary Se intake, total Se intake, hypertension history, diabetes
history and stroke history between quartiles of blood Se concentration.
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Table 1. Study population characteristics categorized by blood Se concentration in the NHANES
2017-2020.

Overall n Blood Se Concentration (ug/L)

Q1 Q2 Q3 Q4

Weighted % (95% CD  (65.15-16030)  (169.35-183.99)  (183.95-200.76)  (200.77-526.40)  P~Value
Characteristic n
Weighted% (95% CI)
6205 1551 1552 1551 1551
213(183,243)  24.4(22.8,259)  27.1(24.4,29.7) 272 (24.4,30.0)
Gender <0.05
Male 2988 655 728 768 837
48.7 (46.3, 51.0) 192(15.6,22.7)  229(20.2,257)  265(225,305)  31.4(27.7,35.1)
Female 3217 896 824 783 714
51.3 (49.0, 53.6) 23.4 (20.0, 26.8) 25.7 (23.2,28.2) 27.6 (24.9, 30.3) 23.3 (20.0, 26.5)
Age 0.14
18-39 2134 531 553 538 512
38.9 (36.0, 41.8) 19.9 (15.7,24.2) 27.2 (23.7,30.8) 26.7 (23.5,29.8) 26.2 (23.1,29.3)
40-59 2118 492 523 553 512
34.8 (32.4,37.1) 21.9 (17.8, 26.1) 21.5(19.2,23.9) 29.2 (25.7,32.6) 26.2 (23.1,29.3)
60-79 1953 528 476 460 489
263 (23.1,29.6) 226(19.3,259)  23.9(20.3,27.5)  24.9(20.8,29.0)  28.6(23.6,33.7)
Race <0.05
Mexican American 750 136 206 206 202
8.8 (6.1,11.5) 17.1(127,215)  272(22.1,32.3)  27.0(202,339)  28.7 (22.9, 34.4)
Other Hispanic 647 181 171 145 150
8.0(6.3,9.7) 27.4 (23.8,31.1) 25.3 (20.5,30.2) 26.5(19.9, 33.2) 20.7 (15.9, 25.5)
Non-Hispanic White 2121 481 512 587 541
61.8 (56.3, 67.4) 20.3 (16.3,24.4) 24.1(22.0,26.1) 28.0 (23.9, 32.0) 27.6 (23.7,31.5)
Non-Hispanic Black 1734 562 467 358 347
11.4 (8.3, 14.4) 27.4 (23.0, 31.8) 27.0 (23.8,30.1) 22.7 (19.4, 25.9) 23.0 (17.9, 28.0)
Other Race 953 191 196 255 311
10.0 (8.1,11.9) 19.5(15.3,23.7) 20.1 (15.0, 25.1) 26.8 (23.9, 29.8) 33.6 (28.0, 39.2)
Education <0.05
<High school 940 266 243 219 212
9.2 (8.0,10.4) 28.0(23.2,32.9) 25.1(20.4, 29.8) 24.1 (18.5,29.6) 229 (17.2,28.5)
High school 1391 388 361 311 331
26.8 (24.3,29.3) 24.3 (19.8, 28.8) 26.4 (22.4, 30.5) 23.0 (18.6, 27.4) 26.3 (21.8, 30.7)
>High school 3577 841 863 950 923
64.0 (61.0, 67.0) 19.4 (15.9,22.9) 23.3 (21.6, 25.0) 29.3 (26.4,32.2) 28.0 (24.5, 31.6)
PIR 0.22
<1.3 1585 485 385 380 335
19.7 (17.5, 21.8) 25.1(21.5,28.8) 21.9(19.2, 24.6) 28.6 (24.9,32.4) 24.3 (19.9, 28.7)
1.3-4.0 2378 548 589 591 650
39.4 (35.7,43.1) 20.1 (16.3, 23.9) 24.4 (21.8,27.0) 26.3 (23.0, 29.6) 29.2 (25.1,33.3)
>4.0 1520 332 379 414 395
40.9 (37.2,44.7) 20.1(15.9,24.3) 248(21.7,27.9)  281(232,33.0)  27.0(22.6,314)
BMI 0.64
<18.5 93 29 25 10 19
1.3(0.8,1.8) 30.0 (15.2, 44.8) 28.3 (11.2, 45.4) 20.1 (6.7, 33.5) 21.7 (6.6, 36.7)
18.5-25.0 1459 404 369 366 320
24.8 (22.5,27.0) 23.1(18.7,27.5) 25.1(21.9,28.2) 26.5(21.8,31.2) 25.3 (21.1, 29.6)
25.0-30.0 1863 410 461 463 529
31.4 (29.2,33.7) 19.5(15.8, 23.3) 24.7 (22.2,27.3) 26.1(20.5,31.7) 29.6 (25.0, 34.3)
>30.0 2742 686 688 693 675
425 (39.5, 45.5) 212(174,249)  23.6(21.6,257)  28.4(244,323)  26.8(23.2,30.4)
Smoking status 0.32
Every day 866 264 215 203 184
30.5 (27.6, 33.5) 24.9 (20.5,29.2) 26.6 (21.5, 31.8) 26.1(21.9,30.4) 22.3(16.8,27.9)
Somedays 260 73 71 57 59
10.1 (7.6, 12.6) 19.3 (10.4, 28.3) 32.2(19.0,45.4) 25.7 (16.0, 35.4) 22.7 (12.2,33.2)
Not at all 1384 328 334 343 379
59.3 (55.5, 63.2) 215(167,263)  23.7(194,280)  252(21.1,29.3)  29.6 (24.5,34.7)
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Table 1. Cont.

Overall n Blood Se Concentration (ug/L)
o (om0 01 Q2 Q3 Q4
Weighted % 5% €D (35.15-169.34)  (16935-183.99)  (183.95-20076)  (200.77-526.40)  P~Value
Alcohol use 0.68
Yes 840 241 192 218 189
14.3 (12.6, 16.0) 219(172,26.6)  21.9(17.9,259)  289(21.9,358)  27.3 (20.6,34.1)
No 4672 1128 1202 1165 1177
Dietary Se (ug/d) 0.52
6.70-73.84 1551 422 381 361 387
22.8 (20.8, 24.8) 20.5(17.3,23.7) 25.5(22.8,28.1) 27.7 (23.5,31.9) 26.4 (22.6,30.1)
73.85-101.29 1551 417 384 386 364
25.4 (23.8, 27.0) 24.9 (21.0, 28.7) 24.3 (21.0, 27.6) 25.8 (20.7, 30.9) 25.0 (19.2, 30.9)
101.30-135.74 1550 362 410 391 387
26.3 (24.5,28.0) 19.0 (14.1, 23.9) 245(21.6,27.3) 284 (245,322)  282(23.1,332)
135.75-780.20 1553 350 377 413 413
25.6 (24.1, 27.0) 21.0 (16.4, 25.6) 23.4(20.5,26.3) 26.4 (22.0, 30.8) 29.2 (24.4,34.0)
Total Se (nug/d) 0.27
6.70-77.69 1549 422 398 350 379
22.2(20.1,24.3) 21,6 (17.5,25.8) 26.3 (23.0, 29.6) 24.5(20.8,28.1) 27.6 (23.2,31.9)
77.70-107.64 1553 436 402 372 343
25.8 (24.1,27.5) 24.4 (20.6,28.2) 25.5(21.0,29.9) 26.6 (20.5, 32.8) 23.5(17.7,29.4)
107.65-147.89 1551 377 386 386 402
25.8 (24.1,27.5) 20.8 (15.0, 26.6) 24.5(20.5, 28.6) 27.5(22.9,32.0) 27.2(22.0,32.3)
147.90-830.20 1552 316 366 443 427
262 (24.3,28.0) 18.6(14.7,22.5)  21.5(189,242)  293(235,351)  30.6 (25.9, 35.3)
Hypertension history
Yes 2252 583 546 535 588 0.42
31.0 (28.5, 33.6) 21.6(18.6,246)  22.6(19.7,255)  265(23.1,30.0)  29.2 (25.1,33.4)
No 3947 966 1006 1015 960
68.9 (66.3, 71.5) 212(17.6,248)  25.2(22.6,27.8)  27.3(24.1,305)  26.3 (23.5,29.1)
Diabetes history
Yes 883 235 202 196 250 0.23
11.0(10.1, 11.9) 22.9 (18.8,26.9) 22.3(164,28.1)  234(189,280)  31.5(25.6,37.3)
No 5144 1276 1306 1310 1252
86.7 (85.5, 87.9) 21.1(18.0,243) 247 (22.7,267)  27.5(24.6,303)  26.7 (23.7,29.7)
Stroke history
Yes 272 92 61 59 60 0.38
3.5(2.8,4.3) 24.5 (16.6, 32.3) 19.3 (13.2, 25.3) 30.9 (25.6, 36.2) 25.3(16.3,34.4)
No 5630 1402 1404 1419 1405

96.4 (95.6,97.1)

21.4 (18.3,24.5)

24.5(22.8,26.1)

26.9 (24.3,29.6)

27.2(24.2,30.1)

p value was tested by Rao-Scott x? test. BMI: body mass index. PIR: poverty income ratio. Se: selenium.

3.2. Comparison of Se Intake and Se Level between Different Groups of Factors

Table 2 shows the Se intake and Se level between different groups of factors. Males had

higher Se intake and blood Se than females. The participants aged 40-59 years had higher
Se intake, but no difference in blood concentration was found among the three age groups.
As for race, Mexican American, Non-Hispanic Whites and other races had greater Se intakes
than Non-Hispanic Blacks and Non-Hispanic Whites, and Non-Hispanic Blacks had lower
Se levels compared to other races. Additionally, Non-Hispanic Whites had higher Se levels
than Non-Hispanic Blacks. The participants with more than high school level education
possessed higher Se intake and blood Se concentration than those with less than high school
and equal to high school education. Blood Se level was higher in overweight participants
than in underweight, normal and obese participants. The participants with the highest
income possessed the highest Se intake and those with the lowest income presented with
the lowest blood Se concentration. Smokers showed lower blood Se. Alcohol users had
higher Se intakes but lower blood Se concentrations.
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Table 2. Comparison of Se intake and Se level between different groups of factors in the NHANES

2017-2020.
Blood Se
Characteristic Se Intake (ug/d) Differences Concentration Differences
(ug/L)
Gender
Male 140.1 (137.6, 142.6) M > F (p <0.0001) 188.5 (187.5,189.4) M > F (p < 0.0001)
Female 101.1 (99.5, 102.8) 184.2 (183.3,185.1)
Age
18-39 119.1 (116.5,121.7) 185.5 (184.4, 186.5)
40-59 122.5(119.7,125.2) 40-59 > 60-79 (p < 0.05) 186.9 (185.8, 187.9)
60-79 118.0 (115.2, 120.8) 186.5 (185.1, 187.8)
Race

Mexican American

Other Hispanic

Non-Hispanic White

Non-Hispanic Black

125.3 (121.0, 129.6)

116.4 (111.5, 121.2)
122.1 (119.4, 124.8)

113.5 (110.7, 116.3)

Mexican American > Other
Hispanic (p < 0.05)

Mexican American >
Non-Hispanic Black (p < 0.05)
Other Hispanic < Non-Hispanic
White (p < 0.05)

Other Hispanic< Other Race
(p <0.05)
Non-Hispanic White>

189.0 (187.2, 190.8)

183.8 (181.9, 185.7)
188.1 (186.9, 189.3)

180.9 (179.7, 182.0)

Other Race > Non-Hispanic
White > Other Hispanic >
Non-Hispanic Black (p < 0.05)
Mexican American > Other
Hispanic (p < 0.05)

Other Race 124.9 (120.7, 129.0) Non-Hispante Black (» < 0.05) 191.5 (189.8,193.1)
Non-Hispanic Black < Other Race
(p < 0.05)
Education
<High school 1112 (107.6,1149)  “<High school” < “>High school”  183.8 (182.2, 185.4) <High S;?ﬁg(lﬂf >High
High school 116.1 (112.8, 119.4) “High school” < “>High school” 184.4 (183.0, 185.8) “High school” < “>High school”
>High school 124.4 (122.3, 126.5) 187.5 (186.6, 188.4)
BMI
Underweight 117.2 (104.5, 130.0) Overweight > Obese (p < 0.05) 181.4 (175.5,187.2) U“derwezghi 5 (g)verwelght
Normal weight 121.2 (117.9, 124.4) 1844 (183.1,185.6)  TNormal W‘(?;gfg;gverwmght

Overweight
Obese

121.7 (118.8, 124.7)
117.9 (115.6, 120.2)

188.8 (187.6, 190.1)
185.9 (184.9, 186.9)

Overweight > Obese (p < 0.05)

PIR
Low
Medium
High

111.4 (108.5, 114.2)
120.3 (117.8, 122.7)
128.2 (124.7, 131.6)

Low < Medium < High (p < 0.05)

182.7 (181.5, 184.0)
187.7 (186.6, 188.3)
188.4 (187.0, 189.7)

Low < Medium (p < 0.05)
Low < High (p < 0.05)

Smoking status
Every day
Somedays
Not at all

115.2 (111.2,119.2)
127.5 (119.0, 135.9)
125.6 (122.1,129.1)

Every day < Somedays (p < 0.05)
Every day < Not at all (p < 0.05)

182.1 (180.4, 183.7)
183.3 (180.3, 186.2)
187.8 (186.4, 189.3)

Every day < Not at all (p < 0.05)
Somedays< Not at all (p < 0.05)

Alcohol use
Yes
No

131.9 (127.4, 136.4)
119.6 (117.9, 121.4)

Yes > No (p < 0.0001)

183.9 (182.0, 185.7)
186.5 (185.7, 187.2)

Yes < No (p <0.05)

BMI: body mass index. PIR: poverty income ratio. Se: selenium.

3.3. Association between Factors and Blood Se Concentration

The association between all the factors and blood Se concentration is presented in

Table 2. Total Se intake was the most important determinant of blood Se concentration
(Table 3). Males tended to have higher blood Se concentration than females. The partic-
ipants with greater educational levels appeared to have higher blood Se concentrations.
The Non-Hispanic Blacks had lower blood Se concentration. Smokers had lower blood Se
concentrations than nonsmokers (Table 3).



Nutrients 2024, 16, 1734

Table 3. Weighted linear regression analyses of the association between several factors (Se intake,
gender, age, race, education, BMI, income, smoking and alcohol status) and blood Se concentration in

the NHANES 2017-2020.

Factors B (95% CI) p-Value
Dietary Se (ug/day) 0.03 (0.01, 0.04) <0.05
Total Se (nug/day) 0.05 (0.04, 0.07) <0.001
Female (vs. male) —2.66 (—5.26, —0.06) <0.05
Age (y) 0.03 (—0.06, 0.11) 0.52
Race (vs. other race)

Mexican American —1.14 (—5.64, 3.36) 0.61

Other Hispanic —6.59 (—11.2, —1.97) <0.05

Non-Hispanic White —1.98 (—5.16, 1.20) 0.21

Non-Hispanic Black —6.65 (—10.8,2.51) <0.05
Educational status (vs. <high school)

High school —0.51 (—3.93,2.91) 0.76

>High school 2.73 (—0.94, 6.40) 0.14
PIR (vs. low)

Medium 1.49 (—0.84, 3.83) 0.20

High 0.07 (—2.56, 2.70) 0.96
BMI (vs. underweight)

Normal weight 5.76 (—0.65, 12.17) 0.08

Overweight 8.52 (2.25, 14.79) <0.05

Obese 7.33 (1.17, 13.49) <0.05
Smoking status (vs. not at all)

Everyday —2.65(—6.12,0.81) 0.13

Somedays —3.44 (—9.54, 2.66) 0.26
Alcohol use (vs. yes) 1.59 (—0.97, 4.16) 0.21

BMI: body mass index. PIR: poverty income ratio. Se: selenium.

4. Discussion

In this study, the NHANES 2017-2020 data were used to explore several factors affect-
ing blood Se level. Males aged 40-59 years, some races (Mexican American, Non-Hispanic
White and other race) and highest educated population had higher Se consumption. Over-
weight participants, highest educated Non-Hispanic White and Non-Hispanic Black had
higher blood Se levels. Smokers and alcohol users showed lower Se levels.

The average total Se intake and blood Se concentration were 122.7 pg/day and
188.7 ug/L, respectively, which were lower than those (174 pg/day and 253 ug/L) in
the American seleniferous areas [8]. However, Se intake and blood Se concentration in
this study were higher than those reported in other countries worldwide [9,10], with Se
intake of approximately 95% of the participants above 55 ug/day, suggesting sufficient soil
Se content in the USA. The Se-rich foods include Brazil nuts, crab meat, shrimp, allium
vegetables, brown rice, whole wheat bread and skimmed milk. Se intake and blood Se vary
globally. In Finland, Se fertilization increased average dietary intake from 40.0 pug Se/day
to 80.0 ug Se/day [10]. In the low Se area of China, mean daily Se intake was 8.8 ng/day,
resulting in the very low serum Se (24 ug/L) in that population [9]. In the present study,
only 17 participants (only 0.3%) had excessive Se intake (>400 pg/day), nevertheless, con-
sidering that excessive Se intake led to acute side effects and chronic Se exposure increased
the risks of nervous system abnormalities, it was very vital to maintain a safe Se intake
range to reduce Se toxicity.

In the present study, there was a significantly positive association between dietary
Se/total Se intakes and blood Se concentration, especially, total Se was the most important
contributor for blood Se. Similarly, a previous study conducted in the American selenifer-
ous area also found a strong correlation between Se intake and blood Se concentration [8].
A dose-response analysis found a non-linear relationship between Se intake and plasma Se
concentration, and the predicted coefficients below and above such a cut-off of 70.0 pug/day
were 1.25 and 0.43, respectively [11]. The aforementioned different results might be at-
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tributed to the sample size and source, Se species in foods and supplements consumed by
the participants (organic Se mainly in foods and inorganic Se mainly in supplements), Se
bioavailability (organic Se > inorganic Se) and analysis methods [12]. Additionally, some
metals such as lead and mercury could interact with Se [13-15]; unfortunately, the intake
information for those metals were not available in the NHANES.

In the present study, males had higher blood Se than females, which was consistent
with the results of previous studies [6,16,17], partly due to the apparent sexual dimorphism
related to sex hormones [18]. The trans-selenation pathway was regulated by sex hormones,
suggesting selenomethionine metabolism and selenocysteine formation and the availability
for selenoprotein synthesis are not the same in both sexes [18]. Given the sex difference
in Se intake and blood Se concentration, establishing gender-based Se reference intakes
should be considered in future Se RDA revisions [3].

In our study, age was not significantly associated with blood Se concentration, which
coincided with the findings of other studies in the USA [8,19]. There was no significant
difference in blood Se concentration among the three age groups (18-39, 40-59, 60-79),
although the participants aged 40-59 years had higher Se intake than those aged 60-79.
However, the results of some previous studies were inconsistent, i.e., decreased blood
Se [20] with age and increased serum Se [21] with age, partly because of changed absorption
and excretion efficiency. Elevated Se concentration was demonstrated to improve cognitive
functions [6,22], which was beneficial to the amelioration of cognitive decline in the elderly.

In the USA, the mean blood Se concentration was higher in white subjects compared
to black subjects, which might be attributed to different geographical areas with varied
soil Se content, differences in food choices and genetic differences in Se pharmacokinet-
ics [17]. The participants with the education status of more than high school possessed
prominently higher blood Se concentration, which was in line with the findings of the
NHANES 2011-2014 [6,23], possibly because they cared more about dietary quality and
had access to Se-enriched foods to enhance Se intake. The participants with low income
had lower blood Se concentration than those with high income, which was similar to the
previous report [24]. Interestingly, in our study, Se intake was higher in the high-income
participants than those low-income participants. Moreover, participants with underweight
were found to have a lower blood Se level than overweight participants, partly due to
their lesser Se intake. Our study showed higher blood Se concentration in overweight
participants compared to that in obese participants, and the previous result found reduced
serum Se level in obese female patients [25]. There was an inverse association between
smoking and blood Se. Smokers, especially those smoking every day, had significantly
lower Se intake than non-smokers, which was in agreement with previous findings in the
USA [8]. Notably, drinkers with more Se intake showed lower blood Se concentration
compared to non-drinkers with less Se intake, which was caused by changes in hepatic
structure and function induced by alcohol [26]

The strengths of the present study included a large representative sample for the
reduction in sampling error, high-quality NHANES datasets and the weighted liner regres-
sion because of a complex survey design. The results could direct health-related policy
decisions in the field of health and disease in the future.

However, there were several limitations in the present study. Firstly, owing to
NHANES data based on a cross-sectional study, dietary Se data were self-reported with
two 24 h recalls with inevitable recall bias and it only reflected short-term Se intake not
long-term Se intake status. Therefore, a longitudinal study might be reasonable. Addi-
tionally, dietary data plus occupational exposure data more truly evaluated Se level in the
human body. Secondly, Se species in foods and supplements were not available in the
NHANES 2017-2020. Thirdly, alcohol information in the present study was not an optimal
reflection of alcohol consumption levels of the participants.

11
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5. Conclusions

The present results showed that the majority of US adults were in the safe range of
blood Se concentrations and few participants were at risk of selenosis. Taken together,
Se intake was the most primary determinant of blood Se. Gender, race, education status,
income, BMI, smoking and alcohol status were associated with blood Se concentration.
Considering the effects of Se status on certain chronic diseases shown in epidemiological
studies, this study can provide baseline information for future health-related research and
revision of guidance values.
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Abstract: Background: Selenium (Se), Manganese (Mn), and Chromium (Cr) are dietary minerals
ingested from specific grains, vegetables, and animal meats. Prior research showed that these miner-
als affect animal erythrocyte health but have unknown effects on human red blood cells (RBCs) and
hematology. This study evaluated the effects of these dietary minerals on RBC count, hematocrit, and
hemoglobin. Methods: We conducted a cross-sectional analysis of 23,844 American participants from
the 2015-2016 and 2017-2020 National Health and Nutrition Examination Survey. We evaluated sex,
age, ethnicity, education, income, and smoking status as covariates. Linear regression analyses were
conducted to evaluate the effect of Cr, Se, and Mn on RBC count, hematocrit, and hemoglobin levels.
We employed subpopulation-exclusion regressions further to explore the distinct effects of mineral
elevation and deficiency. Additional analyses were performed to examine the relationship between
Mn and RBC hemoglobin, RBC distribution width, transferrin receptor concentrations, transferrin
saturation, and serum iron levels to support the interpretation of our findings. Optimizable ensemble
machine learning models were used to corroborate regression results. Results: Adjusting for covari-
ates, Cr was inversely associated with RBC count (Exp(b) = 0.954), hemoglobin (Exp(b) = 0.868), and
hematocrit (Exp(b) = 0.668). Conversely, Se was positively associated with RBC count (Exp(b) = 1.003),
hemoglobin (Exp(b) = 1.012), and hematocrit (Exp(b) = 1.032). Mn was positively associated with
RBC count (Exp(b) = 1.020) but inversely associated with hemoglobin (Exp(b) = 0.945) and hematocrit
(Exp(b) = 0.891). Conclusions: Cr was harmful to RBC health in all subpopulations, whereas Se was
protective. Mn appears to contribute to the development of microcytic anemia, but only in subjects
with clinically elevated Mn levels. Thus, excessive consumption of foods and supplements rich in Cr
and Mn may harm human erythrocyte health and hematology.

Keywords: chromium; selenium; manganese; erythrocytes; hematocrit; hemoglobin

1. Introduction

Selenium (Se), manganese (Mn), and Chromium (Cr) are essential dietary miner-
als [1]. They act as important cofactors and bio-redox catalysts, but high concentrations
of Cr, Se, and Mn are implicated in developing hemolytic anemia, selenosis, and mangan-
ism, respectively.

Chromium is a mineral in fruits, vegetables, and animal meats [2,3]. In erythrocytes,
hexavalent chromium (Cr VI) is reduced and transported to the nuclear membrane, leading
to genomic instability [4,5]. Selenium is an essential nutrient found in animal meats and is
a residue in selenoproteins, which are responsible for reducing oxidized antioxidants such
as glutathione peroxidase [6]. At low concentrations, Se seems to protect against stroke
and cardiovascular disease. However, excessive Se can become incorporated into cysteine
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and methionine residues, leading to protein malformation [7-9]. Se daily consumption
guidelines have recently been under scrutiny and are being lowered worldwide because of
the risk of developing selenosis from excessive Se consumption [10]. Manganese is an es-
sential nutrient found in vegetables and grains [11]. It serves as a vital cofactor for enzymes
involved in carbohydrate and lipid metabolism [12], as well as for the enzyme manganese
superoxide dismutase 2 (SOD2), which is a scavenger of reactive oxygen species (ROS) lo-
cated in the mitochondria [13]. Exposure to excess Mn causes neurotoxicity and widespread
cytotoxicity, primarily attributed to excessive Mn absorption by the mitochondria, leading
to ROS accumulation and calcium uptake [14,15].

Animal studies provide evidence that Cr can hurt erythrocytes by forming ROS, but
limited research has been conducted on humans [16]. Conversely, animal studies have
shown that Se enhances and reinforces erythrocytes at low concentrations, decreasing
osmotic fragility [17]. The effects of Mn on human and animal erythrocytes are largely
unknown [18] but are worth investigating since Mn is known to modulate iron metabolism,
which is highly relevant to erythrocytes [18,19]. The scarcity of human studies on the
influence of these vital dietary minerals on red blood cells underscores a gap in our un-
derstanding of the relationship between nutrition and human biochemistry. This study,
therefore, aims to investigate the effects of dietary exposure to Cr, Se, and Mn on erythro-
cytes in a representative population-based sample.

2. Methodology

We performed a comprehensive analysis using data obtained from the National Health
and Nutrition Examination Survey (NHANES) conducted by the Center for Disease Con-
trol and Prevention (CDC) in 2015-2016 and 2017-2020 [20,21]. Our study focused on
23,844 American participants aged 18 years and older. All statistical tests, analyses, and
descriptions (other than optimizable ensemble analyses) were performed using IBM’s Sta-
tistical Package for Social Sciences (SPSS, version 29.0.1.0, Chicago, IL, USA). Optimizable
ensemble analyses were performed using MathWorks” MATLAB (version 24.2.0, Natick,
MA, USA).

Participants were interviewed at home to collect demographic, socioeconomic, and
smoking data through surveys conducted from 2015 to 2020. Additionally, laboratory data
collected from the CDC mobile examination center were analyzed, including hematological
parameters and blood concentrations of Cr (in nmol/L), Se (in umol/L), and Mn (in
nmol/L) levels. The data on Cr were only collected from participants aged 40 and above, a
limitation of the NHANES sample that cannot be overcome. The information included sex,
age, ethnicity (categorized as Mexican, Hispanic-non-Mexican, Non-Hispanic white, Non-
Hispanic black, Non-Hispanic Asian, Multiracial or other), level of education (classified
as less than 9th grade, 9-12th grade, high school graduate or GED, some college or AA
degree, college graduate or above, and unknown), income (ratio of family income to
poverty), and smoking (lifetime consumption of at least 100 cigarettes). Participants
present in all analyses provided complete survey information and underwent blood tests
to obtain Cr, Se, Mn, RBC, hematocrit, and hemoglobin levels. Participants with missing
information for one or more variables were only excluded from analyses that required
that parameter. Levels of normality for hematological parameters were obtained from the
Mayo Clinic [22] and were used to describe the population. Weights were recalculated
according to NHANES weighting procedures to ensure our analyses accurately represented
the American population [23]. When describing the population, the sampling weights were
normalized to have an average value of 1.00, as a standard practice previously employed
in NHANES-based analyses [24].

Characteristics of the studied population are displayed as absolute numbers and
percentages. The analysis tested for collinearity between the dietary minerals and hemat-
ocrit; hemoglobin, RBC, and residuals were analyzed for normality. We also performed
collinearity tests between Cr, Mn, and Se themselves. All analyses were conducted using
the entire study population.
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Additional regression analyses were performed on sub-populations to test specific
hypotheses. Regression analyses excluded participants with deficiencies in each trace
element to isolate the effects of elevated levels from those of deficiency. Similarly, regres-
sions were then performed excluding participants with elevated trace element levels to
further distinguish between the effects of elevation and deficiency. The analyses used linear
regressions with RBC count, hematocrit, and hemoglobin as dependent variables. Each
regression analysis investigated the relationship between one trace element (Cr, Se, or Mn)
and these hematological parameters.

Finally, to more precisely investigate how Mn impacted RBCs, we conducted further
regression analyses between Mn levels and RBC hemoglobin, transferrin receptor levels
(TfR), serum iron (Fe), and transferrin binding capacity. We also conducted a binary
logistic regression between Mn levels and the incidence of recent anemia treatment to better
understand the relationship between Mn levels and the incidence of anemia.

Additionally, simple linear regression models were used to explore the potential in-
fluence of sex, age, ethnicity, education, income, and smoking as confounding factors,
setting the significance level at p < 0.2. Subsequently, we performed multiple regression
analyses, accounting for confounding factors. Additionally, a term for the interaction be-
tween income and education was introduced because these confounders may be correlated
with dietary mineral intake patterns. To overcome some degree of heteroskedasticity, we
adopted heteroskedasticity-robust standard errors for calculating significance and effect
sizes, enhancing the reliability and accuracy of our findings. To ensure the accuracy of our
findings when considering non-linear relationships between mineral levels and hematolog-
ical outcomes, we conducted optimizable ensemble (OE) machine learning analyses. In
these analyses, we trained models to predict changes in hematological parameters using
all metals and covariates simultaneously, which provided the highest predictive validity
as measured by root mean squared error and R?. We did not consider sample weights
due to limitations in the capability of even modern OE technology. However, the lack of
weighting is not an issue because we used OE to evaluate the accuracy of our regression
findings based on our sample data rather than using the OE to make broader claims about
the effect of minerals on hematological parameters across the entire American population.

3. Results
3.1. Description of the Population

The NHANES sampling enrolled 23,844 individuals who provided information in the
2015-2016 or 2017-2020 surveys and a subset of 14,088 participants who also provided
blood samples to assess whole blood hematological parameters.

Table 1 shows the characteristics of the weighted sample based on sex. There was an
even distribution of sex, with participants averaging 48.27 + 17.33 years old. Additionally,
almost two-thirds of the participants were identified as non-Hispanic whites, which closely
mirrors the demographic composition of the United States. Furthermore, most participants
had completed at least a high school education and were non-smokers.

Table 1. Characteristics of the studied population according to sex [1 (%)].

Total Men Women p Value *
20-29 2701 (18.4) 1352 (19.1) 1349 (17.7)
30-39 2603 (17.7) 1283 (18.1) 1320 (17.3)
40-49 2458 (16.7) 1212 (17.1) 1246 (16.3)
Age (years) 50-59 2641 (18) 1273 (18.0) 1368 (17.9) <0.001

60-69 2263 (15.4) 1072 (15.2) 1191 (15.6)

70-79 1350 (9.2) 607 (8.6) 743 (9.7)

>80 684 (4.7) 273 (3.9) 411 (54)
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Table 1. Cont.

Total Men Women p Value *
Mexican 1244 (8.5) 631 (8.9) 613 (8.0)
Hispanic-non-Mexican 1072 (7.3) 515 (7.3) 557 (7.3)
.. Non-Hispanic white 9256 (63) 4466 (63.2) 4790 (62.8)
Ethnicity Non-Hispanic black 1681 (11.4) 751 (10.6) 930 (12.2) <0.001
Non-Hispanic Asian 870 (5.9) 401 (5.7) 469 (6.2)
Multiracial or other 577 (3.9) 308 (4.4) 269 (3.5)
<9th grade 657 (4.5) 323 (4.6) 334 (4.4)
9-12th grade 1123 (7.6) 597 (8.5) 526 (6.9)
Education High school graduate or GED 3678 (25) 1861 (26.3) 1817 (23.8) <0.001
Some college or AA degree 4566 (31.1) 2088 (29.5) 2478 (32.5)
College graduate or above 4666 (31.7) 2199 (31.1) 2467 (32.4)
Smoked >100 cigarettes Yes 6297 (42.8) 3571 (50.5) 2726 (35.8) 0.001
in lifetime No 8395 (57.1) 3496 (49.5) 4899 (64.2) <U-
* Chi-square test.
Table 2 shows that most participants had Cr deficiency, and none had clinically ele-
vated levels. Most participants had normal Mn levels and elevated Se levels. Regardless
of sex, most participants had average RBC counts, hemoglobin, and hematocrit levels.
However, men experienced higher rates of elevation in each hematological parameter,
while women showed higher rates of deficiency.
Table 2. Whole blood characteristics of the sample population [ (%)].
Normal Range Total n Deficient n Elevated n
Chromium 0.7-28 ng/L 9040 8377 (92.7) 0 (0.0)
Manganese 4-15 pg/L 11,915 68 (0.6) 792 (6.6)
Selenium 120-160 pg/L 11,915 17 (0.1) 10,688 (89.7)
RBC count (male) 4.35-5.65 million cells/mcl 6728 483 (7.2) 367 (5.5)
RBC count (female) 3.92-5.13 million cells/mcl 7320 389 (5.3) 388 (5.3)
Hemoglobin (male) 13.2-16.6 g/dL 6728 408 (6.1) 440 (6.5)
Hemoglobin (female) 11.6-15 g/dL 7320 476 (6.5) 461 (6.3)
Hematocrit (male) 38.3-48.6% 6768 294 (4.3) 590 (8.7)
Hematocrit (female) 35.5-44.9% 7320 538 (7.3) 389 (5.3)

3.2. Regression Analysis Between Minerals and Blood Parameters

Table 3 presents the results of both unadjusted and adjusted linear regression models
investigating the association between Cr, Mn, Se, and RBC count. Higher Cr levels were
associated with a lower RBC count in the unadjusted model. After accounting for confound-
ing variables and the interaction between income and education, the negative association
between Cr and RBC count remained, although it was slightly attenuated. For each unit
increase in Cr, the odds of having a higher RBC count decreased by approximately 4.6%,
and after adjusting for covariates, this decrease was reduced to 3.7%.

Conversely, exposure to Mn was found to have a small positive association with
RBC count. There was a 0.9% increase in the likelihood of a higher RBC count for each
unit increase in Mn. This positive association became even stronger after accounting for
confounding factors and the interaction between income and education, with the likelihood
of having a higher RBC count increasing by 2.0% per unit increase in Mn. Se levels were
positively associated with RBC count; for each unit increase in Se, the odds of the RBC
count increased by 0.3%. The control for confounding factors did not significantly affect
this association.

The analysis considered the potential interdependence between the dietary minerals
Cr, Mn, and Se by using regression models to address multicollinearity. The collinearity di-
agnostics showed minimal multicollinearity between the independent variables (VIF < 1.400
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and collinearity tolerance > 0.750). The highest collinearity was observed between income
(VIF = 1.306) and education (VIF = 1.331). Still, the VIF values were low, indicating that
multicollinearity was not significant enough to warrant excluding either variable as a

covariate, especially considering the use of robust standard errors.

Table 3. Effect of dietary minerals: Chromium, Manganese, and Selenium on RBC count.

(1.024-1.024)

n Unstandardized Beta Error Exp(B) (95%CI) p Value
0.954
. _ -5
Chromium level (ug/L) 9066 0.047 8.19 x 10 (0.954.0.954) <0.001
. . 0.963
* o -5
Adjusted chromium (ng/L) 7918 0.038 7.80 x 10 (0.962-0.963) <0.001
1.009
-5
Manganese level (ug/L) 10,686 0.009 1.14 x 10 (1.009-1.009) <0.001
1.020
. % -5
Adjusted manganese (ug/L) 9315 0.02 1.20 x 10 (1.020-1.020) <0.001
1.003
. -6
Selenium level (ug/L) 10,686 0.003 1.58 x 10 (1.003-1.003) <0.001
. . 1.003
* —6
Adjusted selenium (pg/L) 9315 0.003 1.47 x 10 (1.003-1.003) <0.001
Linear regression model with robust standard error. * Exp(B) 95%CI adjusted for age, sex, ethnicity, income,
education, smoking, and income x education.
Table 4 presents the association between dietary minerals and hematocrit from un-
adjusted and adjusted linear regression models. The analyses for Cr showed a significant
negative association with hematocrit, both in the unadjusted and adjusted analyses. In the
former, it was found that for each unit increase in Cr, the odds of having a higher hematocrit
decreased by approximately 33.2%. The negative association persisted after adjusting for
confounders and the interaction term between income and education. However, the effect
size was slightly attenuated, and it was observed that with each unit increase in Cr, the
odds of having a higher hematocrit decreased by approximately 32.4%.
Table 4. Effect of dietary minerals: Chromium, Manganese, and Selenium on hematocrit.
n Unstandardized Beta Error Exp(B) (95%CI) p Value
. 0.668
_ —4
Chromium level (ug/L) 9066 0.403 7.00 x 10 (0.667-0.669) <0.001
0.676
: ; " _ —4
Adjusted chromium (ug/L) 7918 0.392 8.00 x 10 (0.675-0.677) <0.001
0.891
_ —4
Manganese level (ug/L) 10,686 0.116 1.00 x 10 (0.891-0.891) <0.001
. 0.975
* o —4
Adjusted manganese (ug/L) 9315 0.026 1.00 x 10 (0.975-0.975) <0.001
1.032
. -5
Selenium level (ug/L) 10,686 0.032 1.29 x 10 (1.032-1.032) <0.001
Adjusted selenium (pg/L) * 9315 0.024 1.15 x 1072 1.024 <0.001

Linear regression model with robust standard error. * Exp(B) 95%CI adjusted for age, sex, ethnicity, income,
education, smoking, and income x education.

In the unadjusted analysis, exposure to Mn exhibited a strong negative association
with increased hematocrit, where higher Mn levels were linked to a 10.9% decrease in
the odds of having a higher hematocrit. Adjusting for confounding factors substantially
decreased the magnitude of this association, resulting in only a 2.5% decrease in hematocrit
odds with increased Mn levels. This adjustment suggests that socioeconomic factors, along
with other confounders, played an important role in modifying the relationship between
Mn and hematocrit.
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For each unit increase in Se, the odds of having a higher hematocrit increased by
approximately 3.2%. After adjusting for confounding factors and the interaction term
between income and education, the positive association remained statistically significant,
although the effect size was slightly reduced. Specifically, for each unit increase in Se, the
odds of having a higher hematocrit increased by about 2.4%.

Table 5 presents the outcomes from both unadjusted and adjusted linear regression
models investigating the association between Cr, Mn, Se, and hemoglobin. It shows a robust
inverse association between Cr and hemoglobin. Levels. It showed that for every unit
increase in Cr, hemoglobin decreased by around 13.2%. After accounting for confounding
factors and the interaction between income and education, the decrease in hemoglobin
remained nearly the same at 13.3%. This suggests that socioeconomic factors did not
significantly impact the relationship between Cr and hemoglobin. The association between
Mn and hemoglobin level was found to be inverse. In the unadjusted analysis, it was
observed that for each unit increase in Mn, hemoglobin decreased by about 5.5%. After
adjusting for confounding factors and the interaction term between income and education,
the association attenuated, and a unit increase in Mn was now associated with a 2.4%
decrease in hemoglobin.

Table 5. Effect of dietary minerals: Chromium, Manganese, and Selenium on hemoglobin.

n Unstandardized Beta Error Exp(B) (95%CI) p Value
Chromium level (ug/L) 9066 —0.141 3.00 x 10~* (0.8(())5.5%?869) <0.001
Adjusted chromium (ug/L) * 7918 —0.142 3.00 x 1074 (0.8((,)%??).7868) <0.001
Manganese level (ug/L) 10,686 —0.056 4.18 x 107° (0'925'9_4(1)?945) <0.001
Adjusted manganese (ug/L) * 9315 —0.024 4.20 x 107> (0.9?69—(7)%76) <0.001
Selenium level (nug/L) 10,686 0.012 4.70 x 1076 (1.0112'(115012) <0.001
Adjusted selenium (pg/L) * 9315 0.009 4.10 x 106 1.009 <0.001

(1.009-1.009)

Linear regression model with robust standard error. * Exp(B) 95%CI: adjusted for age, sex, ethnicity, income,
education, smoking, and income x education.

Table 5 also shows a positive association between Se and hemoglobin levels. Higher
Se levels were linked to slightly higher hemoglobin levels. After adjusting for confounding
factors and including the interaction term between income and education, the Exp(Beta)
decreased from 1.012 to 1.009. This indicates that for each unit increase in Se, hemoglobin,
which initially increased by 1.2%, now increased by 0.9%. This slight decrease in the
positive association suggests that other factors explained some of the variation, although
Se still had a small positive effect on hemoglobin levels.

3.3. Basic Interpretation of Regression Results

Excluding participants with Cr deficiencies reduced the effect sizes (11 — Exp(b) | ) on RBC
count, hematocrit, and hemoglobin outcomes. Still, the inverse relationship between Cr levels
and each blood parameter remained consistent and significant (Supplementary Tables S1-S3).
Considering that we observed no subjects with elevated Cr levels (Table 2), the reduced
effect after excluding Cr-deficient subjects suggests that the negative association is most
vital in subjects with normal Cr levels. There was, however, one unusual finding when
deficient subjects were excluded: Cr showed a slight positive association with hematocrit
when not accounting for covariates (Exp(b) = 1.007; p < 0.001). When covariates were
considered, this association changed and more closely resembled the results in Table 4
(Exp(b) = 0.970; p < 0.001).
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Both the models excluding Mn-deficient and those excluding elevated-Mn subjects
had similar effects on RBC count, as reported in Table 3 (Tables S1 and S4). The fact that
the association persisted despite removing deficient subjects suggests that increasing Mn
levels, even within the normal range, continue to elevate RBC count. Similarly, models
excluding Mn-deficient subjects did not show a significantly different effect on hematocrit
or hemoglobin compared to the results in Tables 4 and 5 (Tables S2 and S3). However, the
models that excluded subjects with elevated Mn levels showed significant positive associa-
tions between Mn and both hemoglobin and hematocrit (adjusted models: Exp(b) = 1.154,
p < 0.001; Exp(b) = 1.044, p < 0.001), while Tables 4 and 5 reported negative associations
between Mn and both hemoglobin and hematocrit (Tables S5 and S6). This finding suggests
that Mn elevation may decrease hemoglobin and hematocrit levels. We considered that the
simultaneous increase in RBC count alongside decreases in hemoglobin and hematocrit
(in Mn-elevated subjects) suggests a reduction in RBC volume and conducted a further
regression analysis between Mn and RBC volume, revealing a marked negative association
(Exp(b) = 0.645, p < 0.001). Additionally, we performed another regression to analyze
the effect of Mn on RBC distribution width, uncovering a significant positive association
(Exp(b) =1.125, p < 0.001).

Exploring the effects of Mn on TfR to explain how Mn could affect downstream
hemoglobin and hematocrit levels, we conducted a further regression analysis between
Mn and TR levels, which showed a positive association (Exp(b) = 1.252, p < 0.001). Then,
exploring the effect of Mn on iron metabolism as a mechanistic alternative, we conducted
regression analyses between Mn and serum iron (Exp(b) = 0.175, p < 0.001), transferrin
saturation, accounting for serum Fe as a covariate (Exp(b) = 0.452, p < 0.001), and RBC
hemoglobin (Exp(b) = 0.834, p < 0.001), all of which showed significant negative associations.
Finally, exploring the effect of Mn on the incidence of anemia, we found a significant posi-
tive association between Mn levels and being recently treated for anemia (Exp(b) = 1.095, p
< 0.001).

Both models excluding Se deficient subjects (Tables S1-53) and those excluding subjects
with elevated Se (Tables S4-56) showed similar effects on RBC count, hemoglobin, and
hematocrit as those reported in Tables 3-5, but all models excluding subjects with elevated
Se did have slightly higher effect sizes (Exp(b) range = 1.006-1.071) than those reported
in Tables 3-5 (Exp(b) range = 1.003-1.032). Regardless, the positive associations remained
significant even after excluding subjects with Se deficiency or elevation, indicating that
the effects of Se on these hematological parameters are not due to clinical Se deficiency
or elevation.

3.4. Optimizable Ensemble Machine Learning Analyses

The OE modeling analyzed the relationship between levels of each mineral and hema-
tological outcomes and allowed us to plot partial dependence. The models effectively
captured the nonlinear effects of minerals on hematological outcomes and showed mod-
erate predictive significance (RBC counts R? = 0.25; hemoglobin R2 = 0.45; hematocrit
R? = 0.44). All R? values and partial dependence plots are from the testing (rather than
training) data. Supplementary Figures S1-59 show the partial dependence of RBC count,
hemoglobin, and hematocrit on Cr, Mn, and Se. All partial dependence plots confirmed
the general trends identified through our linear regression analyses. Chromium consis-
tently showed negative associations with RBC count, hemoglobin, and hematocrit, which
agrees with the regression results above (Figures S1, 5S4 and S7). Interestingly, beyond
approximately 4 ug/L, further increases in Cr did not lead to additional decreases in
RBC count, hemoglobin, or hematocrit in the sampled population. Manganese exhibited
consistently positive associations with RBC count (Figure S2) and parabolic associations
with hemoglobin and hematocrit, centered at approximately 12 ug/L, which is at the upper
end of the normal range (4-15 ng/L) (Figures S5 and S8). These results agree with our
regression results, which indicated a positive association between Mn and RBC count, a
positive association with hemoglobin and hematocrit when subjects >15 pg/L Mn were
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excluded, and a negative association with hemoglobin and hematocrit when subjects >15
ng/L were included. Selenium consistently showed positive associations with RBC count,
hemoglobin, and hematocrit, aligning with the regression results above (Figures S3, S6 and
S9).

4. Discussion

The findings of negative associations between Cr and RBC, hematocrit, and hemoglobin
are aligned with previous literature, which has demonstrated causative inverse relation-
ships between blood Cr levels and hematocrit, hemoglobin, and RBC counts in animal
studies [25,26]. In vitro studies show that Cr III does not permeate significantly into human
erythrocytes, but Cr VI does [27]. After Cr VI enters erythrocytes, it binds to hemoglobin
and peptides such as glutathione, forming stable complexes that sequester the Cr in the
erythrocyte for an extended period [27]. Cr forming stable complexes with glutathione
decreases RBC’s antioxidant load. Furthermore, Cr VI is readily reduced to Cr V and
then Cr Il in erythrocytes [5]. This reduction pathway creates ROS byproducts. Cr being
sequestered in erythrocytes for long periods, which decreases antioxidant capacity and di-
rectly generates ROS (leading to extensive damage), helps explain the negative associations
between Cr and RBC count, hemoglobin, and hematocrit [5,28].

The Agency for Toxic Substances and Disease Registry has highlighted the potential
adverse impact of Cr exposure on erythrocyte health, identifying it as a contributor to
microcytic hypochromic anemia [29]. In accordance with this, our findings suggest that
Cr may significantly negatively affect RBC health. However, the generalizability of these
findings is limited because the analyzed population lacked blood Cr data for participants
younger than 40 years. Furthermore, our population lacked any participants with a clinical
excess in Cr, further limiting the generalizability of our findings. Thus, significant further
investigation is needed into the mechanisms and effects of Cr on human erythrocytes
and hematology.

The most plausible explanation for the positive associations we found between Se
and RBC, hemoglobin, and hematocrit lies in the role of selenoproteins, which reduce hy-
droperoxides and ROS that can damage RBC cell membranes, hemoglobin, and membrane
proteins [17,30,31]. Given that selenoproteins are needed to reduce hydroperoxide levels,
lower Se (and thus selenoprotein) levels lead to hydroperoxide accumulation, leading to
widespread damage (including RBCs and RBC progenitors). As the central role of Se is as a
cofactor in selenoproteins, their antioxidizing properties are likely the most critical factors
contributing to the positive association seen between Se and hemoglobin, hematocrit, and
RBC counts. This finding aligns with existing animal studies, underscoring the importance
of adequate Se concentrations for erythrocyte membrane health, hemoglobin levels, and
the differentiation of hematopoietic stem cells into erythrocytes [17,31].

The positive relationship between Mn levels and RBC count we observed is likely
due to the role of SOD2. SOD2 levels are inversely associated with ROS concentrations
in RBC precursors; therefore, higher blood Mn levels may increase SOD2 levels, reducing
oxidative stress on RBC progenitors and resulting in a more significant proportion of
progenitors differentiating into mature erythrocytes [12,32,33]. However, our finding of
negative associations between Mn and hemoglobin and hematocrit when subjects with
clinical Mn elevation were included (despite the positive association between Mn and RBC)
merited further mechanistic exploration. We first considered Mn'’s disruptive effect on
Iron Regulatory Protein (IRP) activity [34]. IRPs bind to TfR mRNA sequences and other
iron-responsive elements (IREs). Greater TfR mRNA stability afforded by IRP binding
leads to more extensive TfR production and greater Fe uptake downstream because of
TfR’s central role in erythrocytic Fe uptake [5]. This idea is further supported by previous
findings of a negative association between Mn and TfR levels [35]. Thus, we hypothesized
that Mn interference with IRP activity could decrease TfR levels and, therefore, decrease Fe
uptake, helping to explain the decreases in hemoglobin and hematocrit levels we associated
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with increased Mn levels. To test this, we conducted a regression analysis between Mn and
blood TfR levels and found a positive relationship, rejecting our hypothesis.

We then considered the alternative hypothesis that Mn’s effects on erythrocytes
were primarily mediated by competitive inhibition of the divalent metal transporter
(DMT1) [33,36]. DMTT1 has a higher affinity for Mn than Fe, and in vitro models have
shown that cellular incubation with Mn leads to decreased Fe uptake via DMT1 [33]. Fur-
thermore, erythrocytes with mutated DMT1s have been shown to exhibit signs of microcytic
anemia despite having adequate Fe levels in surrounding media, showing the importance
of DMTT1 to erythrocytic Fe uptake [33]. Mn-mediated competitive inhibition of DMT1 thus
presents a plausible mechanism through which Mn would lead to decreased intracellular
Fe levels and a subsequent decrease in hemoglobin and hematocrit.

Exploring these effects, we found a negative association between Mn and serum Fe
consistent with the literature [33]. Investigating whether Mn was altering Fe uptake (as
suggested by the DMT1 inhibition mechanism), we found negative associations between
Mn and RBC hemoglobin and RBC volume, and a positive association between Mn and
RBC distribution width. These findings (i.e., decreased RBC hemoglobin and volume
with concurrently increased distribution width) are characteristic of microcytic anemia
and are seen in patients with dysfunctional DMT1 [37-39]. To investigate the association
between Mn and anemia, we conducted a regression between Mn and the incidence
of recent anemia treatment (in the three weeks preceding data collection). We found
a significant positive association, suggesting once more that Mn may contribute to the
incidence of anemia. However, the generalizability of this finding is limited because it does
not account for differential disposition to seeking treatment or socioeconomic conditions
affecting treatment availability. Regardless, although Mn increases RBC count, it decreases
hemoglobin and hematocrit levels and appears to be a potentially significant contributor to
the onset of microcytic anemia because it inhibits DMT1-mediated Fe transport. Still, more
research is needed to describe this association and its mechanism further.

These findings indicate that socioeconomic factors—income and education—may
modify the impact of trace minerals, particularly Cr and Mn, on RBC count. While higher
chromium levels were consistently associated with lower RBC count, Mn had a stronger
positive association with RBC count. The positive association of Se with RBC count
remained stable, with minimal impact from confounders.

The results also indicate that levels of trace minerals are associated with variations in
hematocrit, and socioeconomic factors influence these relationships. Chromium and Mn
showed a consistent negative association with hematocrit (when elevated subjects were
included in Mn analyses), though the effect sizes were slightly reduced after adjusting for
confounding factors. In contrast, Se maintained a positive association with hematocrit, and
although the effect size decreased somewhat after adjustment, the relationship remained
significant. These findings underscore the need to consider socioeconomic factors when
evaluating the impact of dietary minerals on hematocrit levels.

After adjusting for confounding factors, the inverse and nearly unchanged association
between Cr and hemoglobin suggests that socioeconomic factors had minimal influence.
In contrast, the inverse association of Mn with hemoglobin (when elevated subjects were
included) was halved after adjustment, indicating that socioeconomic factors may partly
explain this relationship. The positive association of Se with hemoglobin decreased slightly,
retaining a small positive effect on hemoglobin levels.

Our study has some limitations, which should be taken into account in the interpreta-
tion of the results. The absence of participants with clinically elevated Cr levels precluded
analyzing the effects of overexposure. However, the NHANES provides a representative
sample of the US population, and the lack of individuals with elevated Cr levels in a sample
of over 23,000 reflects the real-world distribution of Cr exposure within the US. Although
this limitation prevented us from assessing the effects of elevated Cr levels, the analysis
remained robust for understanding its impact within low and normal ranges. Additionally,
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the sample included individuals with elevated levels of selenium and manganese, other
essential minerals.

The data on Cr were only collected from participants aged 40 and above due to
constraints in the NHANES lab sample. This limitation may restrict the generalizability
of our findings to younger populations. While chromium may be involved in metabolic
processes that could indirectly impact blood parameters, there is minimal direct evidence of
its effect on RBC count, hematocrit, and hemoglobin in individuals under 40 with diabetes
mellitus, cardiovascular diseases, and depression. Future research should include younger
populations to understand age-related differences in dietary behaviors and exposure to
chromium better.

The measurement of Cr had limited sensitivity, with some participants having levels
below the detection limit. This has been addressed in the analysis. These values were
set to the minimum detectable level and multiplied by /2, which required us to apply
heteroskedasticity-robust standard errors in the regression models.

Similarly, only a few participants were clinically deficient in Se and Mn, limiting
the extent to which our analyses could account for addressing the effect of deficiencies.
Despite these limitations, we conducted analyses that provided insight into the impact
of comparatively lower or higher dietary mineral levels on RBC count, hematocrit, and
hemoglobin. We also performed subgroup analyses, allowing us to examine the effects of
mineral deficiency and elevation. A final limitation is that our OE models are unweighted,
preventing them from being provably reliable predictors for these effects in the general
American population. This is not a problem, however, as they were used strictly to assess
the reliability of our regression models by evaluating the isolated nonlinear effects of
mineral levels on hematological outcomes in the sample population.

5. Conclusions

Our present findings suggest that excess Cr may adversely affect erythrocyte health,
but further research with younger subjects and subjects with clinical Cr elevations is needed.
The outcomes of our study also suggest that adequate Se levels may be an essential factor
in maintaining erythrocyte health. Furthermore, our findings indicate that Mn deficiency
may impede proper Fe metabolism. Moreover, we showed that Mn decreased RBC volume,
RBC hemoglobin, and whole blood hemoglobin while increasing RBC distribution width,
suggesting that it may be a significant contributing factor toward the development of
microcytic anemia. Further in vitro and in vivo research is needed to understand the
complete proteomic changes incurred to erythrocytes by exposure to these dietary minerals
and the subsequent downstream effects of those changes.
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Abstract: Background/Objectives: During adolescence, the critical growth period, the
antioxidant selenium (Se), either as sodium selenite or selenium nanoparticles (SeNPs), has
shown contrasting effects on adipose tissue (AT) in rats, due to its role in insulin signaling.
Since skeletal muscle (SKM) is also a key insulin-target tissue, this study aimed to assess
whether a similar effect occurs in this tissue. Methods: Three groups of male adolescent
rats (n = 18) were used: control (C), selenite supplemented (S), and SeNPs supplemented
(NS). Low doses of Se were administered via drinking water in both supplemented groups.
AT was utilized for transcriptomic analyses, while SKM was analyzed for oxidative balance,
insulin-induced anabolic effects, and proteolysis. Myokine levels in serum were also deter-
mined. Results: SeNPs administration decreased SKM mass and protein content, increased
serum creatinine, and decreased insulin levels, indicating impaired SKM development.
Both supplemented groups upregulated genes related to creatine metabolism and muscle
contraction. However, only the NS group showed upregulation of genes associated with
glycogenolysis and glycolysis. Despite unchanged GPx1 expression, NS rats presented
lower oxidation and insulin-pmTOR activation, and higher expression of proteins related
to proteolysis (pAMPK, SIRT1, ULK1, FOXO3a, and MaFbx) and a myokine profile compati-
ble to muscle atrophy, fatty acid oxidation, and impaired myoblast proliferation. Ultimately,
the selenite group impaired SKM catabolism mainly by increasing insulin-pmTOR acti-
vation. Conclusions: Once again, the form of Se administration exerts opposing effects
on metabolism tissues, suggests a potential therapeutic role for selenite in disorders that
compromise muscle growth, such as muscular dystrophies, cachexia, or sarcopenia.

Keywords: selenite; nanoparticles; skeletal muscle; glutathione peroxidase

1. Introduction

Adolescence is a critical life period of growth and endocrine changes, marked by rapid
physical, hormonal, and neurodevelopmental transformations that significantly influence
body weight and composition [1]. These shifts are clearly manifested in the development
of adipose tissue (AT) and skeletal muscle (SKM) mass. When this stage of growth and
endocrine maturation is disrupted, obesity and insulin resistance (IR) could appear [2];
conversely, anorexia nervosa may also develop [3]. Lately, the prevalence of these disorders
is dramatically increasing during adolescence [2,3]. Moreover, these pathologies share the
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common fact that insulin-target tissues—adipose tissue (AT), skeletal muscle (SKM), and
liver—are affected, compromising health during this critical developmental period [4,5].

Selenium (Se) is a vital trace element known for its antioxidant and anti-inflammatory
properties, which are largely mediated by selenoproteins like glutathione peroxidases
(GPx) [6]. Beyond its antioxidant role, Se is increasingly recognized as a key regulator of
the endocrine system, influencing hypothalamic—pituitary—peripheral feedback circuits, the
thyroid hormone axis, glucoregulatory and adrenal hormones, the gonads in both sexes,
the musculoskeletal system, and the skin [7]. The 25 identified selenoproteins intricately
regulate the endocrine system and intracellular signaling, including GPx1, GPx3, GPx4,
thioredoxin reductases (TXNRDs), Deiodinases (DIO 1-3), endoplasmic reticulum-resident
SELS or SELW, and the hepatokine SELP [8]. Selenium regulates cell growth, metabolism
and the endocrine function, since a proper oxidative balance is essential for the endocrine
signaling and for cell proliferation/differentiation [9].

Our research group has focused on the study of Se supplementation on white adipose
tissue (WAT) function, insulin secretion, and related molecular mechanisms in adoles-
cent male rats [10-12]. Our approach consisted of employing two different forms of Se
supplementation, soluble selenite or selenium nanoparticles (SeNPs), administered at the
same concentration.

Our studies have demonstrated the contrasting effects of selenite and Se NPs supple-
mentation on AT. In fact, selenite supplementation was shown to promote adipogenesis via
the insulin signaling pathway in WAT (Figure 1). Conversely, SeNP administration pre-
vented fat accumulation in WAT by decreasing insulin signaling and promoting FOXO3a-
mediated autophagy, a cellular recycling process, leading to reduced inflammation [10].
Notably, these effects were independent of GPx1 expression or activity. This selenoprotein
has the lowest Se hierarchy, being highly sensitive to Se status; therefore, it is usually used
to evaluate tissue Se levels [13]. The similar GPx1 values found in both groups confirm
that both treatments used the same dose of Se, and that alternative mechanisms are in-
volved [10]. In this regard, the possibility of an implication of the microbiota-liver-bile
salt axis as a novel mechanism underlying the divergent effects of selenite and SeNPs
on adipose tissue development was investigated. Selenite primarily affected the liver,
decreasing the farnesoid X receptor (FXR) activity, and leading to bile salt accumulation, to
an increased Firmicutes/Bacteroidetes ratio in the gut microbiota, and to a greater secretion
of GLP-1. In contrast, SeNPs primarily impacted the gut microbiota, shifting it towards a
more Gram-negative profile enriched in Akkermansia and Muribaculaceae, and decreasing
the Firmicutes/Bacteroidetes ratio [11]. This microbial profile was associated with lower
WAT mass, and SeNPs did not alter the pool of circulating bile salts. Transcriptomics of the
WAT have shed some light on the mechanisms underlying the differential effects of selenite
and SeNPs on gene expression in WAT [12]. SeNP supplementation led to a greater num-
ber of differentially expressed genes and impacted more cellular processes than selenite.
Specifically, SeNPs upregulated genes associated with the immune system, catabolism, the
mitochondrial function, and the oxidative balance. Gene ontology and KEGG pathway
enrichment analyses revealed increased catabolic activity and decreased growth signaling
in the SeNP group, contributing to a reduced WAT mass. Despite increased antioxidant
enzyme activity, SeNP-treated rats also showed elevated H,O, and malondialdehyde
levels, indicating a complex interplay with oxidative stress (OS) [12]. These findings sug-
gested a potential role for SeNPs in WAT reduction and immune response modulation
during adolescence.
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Figure 1. Contrasting effects of selenite and SeNPs on white adipose tissue: Exploring the implications
for skeletal muscle.

The transcriptomic analysis also revealed that, after Se treatments, a great number of
genes related specifically to SKM function were differentially affected. SKM development
is critical during adolescence [14] and is deeply related to the endocrine function and
metabolism. Apart from its well-known contractile function and representing the 50% of
the total human mass, this insulin-target tissue is the primary site for glucose disposal in
response to insulin and the major reservoir of amino acids in the body [15]. Moreover, it is a
secretory organ, synthesizing several myokines, which exert important paracrine, autocrine,
and endocrine functions necessary for maintaining the general metabolic homeostasis
[16,17]; interestingly, not all myokines are synthesized exclusively in this tissue. In addition,
SKM contents nearly half of the total Se from the body, acting as a reservoir when there
are deficiencies [18]. In the SKM, Se regulates various physiological functions; it has
antioxidant, anti-inflammatory and anti-apoptotic properties [19]. Furthermore, Se has
broader biological effects on SKM, being involved in energy balance and serving as a crucial
regulator of myogenesis [18]. These roles highlight Se as a promising target for future
therapies aimed at protecting and promoting SKM development.

Due to the fact that both WAT and SKM are tissues specially developed during
adolescence and insulin-target tissues; and that transcriptomic analysis in WAT revealed
that genes related to the SKM function were affected. In this work we will investigate
whether the supplementation with either selenite or SeNPs can also have contrasting effects
on the physiology of the SKM of adolescent rats, as happens in their WAT. Firstly, we will
analyze specific genes related to the muscle tissue function, differently affected in WAT.
Secondly, we will study different SKM parameters, such as mass, protein content, OS, the
insulin signaling process, protein homeostasis, and myokine secretion.

2. Materials and Methods
2.1. Animals

In the present study, 18 adolescent male Wistar rats from Animal Production and
Experimentation Centre of Vice-Rectorate for Scientific Research, of the University of Seville
were used. At 21 days of age, they were brought in and kept in pairs with environmental
enrichment for a one-week acclimation period. The experiment lasted three weeks, from
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postnatal day (PND) 28 to 47, corresponding to adolescence in Wistar rats [20]. The
animals were kept in a climate-controlled room (22-23 °C) and 12:12 h light/dark cycle
(light on 9:00 a.m.). All animal procedures were conducted in accordance with ethical
standards and received prior approval from the Ethics Committee of the University of
Seville (Approval Code: CEEA-US2019-4; Date: 27 February 2019) and the Andalusian
Regional Authority (Approval Code: 05-04-2019-065; Date: 9 April 2019). The study
complied with the guidelines set forth in European Union Directive 2010/63/EU and
Spanish legislation as detailed in Royal Decree 53/2013 (BOE 34/11370).

At PND 28, experimental animals (1 = 6/group; weight = 49.8 + 3.3 g) were randomly
distributed into the three following groups: control (C) (rats that received standard diet
and water ad libitum); Selenite (S) (rats that received standard diet and selenite supple-
mentation in water ad libitum); and SeNPs (NS) (standard diet and selenium nanoparticles
supplementation in water ad libitum). This number of experimental units was carefully
determined to minimize pain and distress, in accordance with the principles of replacement,
reduction, and refinement.

Three groups had ad libitum access to a standard pellet diet (LASQCdiet® Rod14-R,
Mirkische, Germani) which contained 0.2 ppm of Se provided as sodium selenite. The Se
supplemented groups (S and NS) received an extra 0.14 ppm of Se through their drinking
water throughout the experimental period. This supplementation was administered either
as anhydrous sodium selenite (Panreac, Barcelona, Spain) or as SeNPs (developed at the
Department of Organic and Medicinal Chemistry, Faculty of Pharmacy, University of
Seville, Spain) [10].

2.2. Morphological and Biochemical Parameters, Samples

Throughout the experimental period, daily records were kept of the rats” body weight
as well as their intake of liquids and solids. Se consumption was estimated by multiplying
the concentration of Se in food and water by the amount of food and water ingested daily.
All measurements were taken at 9:00 a.m. to avoid changes due to circadian rhythm.

After a 12 h fasting period at the end of the experimental period, adolescent rats were
weighed to record the final body weight and then subsequently anesthetized with an i.p.
injection of 28% w/v urethane (0.5 mL/100 g body weight). Blood samples were collected
through cardiac puncture and transferred into tubes for serum separation by centrifugation
at 1300x g for 15 min. A midline abdominal incision was performed to obtain tissues.
Retroperitoneal WAT and the gastrocnemius SKM from the right hindlimb were excised,
weighed, frozen in liquid nitrogen and stored at —80 °C until later biochemical analyses
were performed. The somatic index of SKM (SKMSI) was calculated as the ratio of muscle
weight to body weight.

Creatinine and insulin levels were measured in the serum of adolescent rats using an
automated analyzer (Technicon RA-1000, Bayer Diagnostics, Leverkusen, Germany).

The SKM homogenate was prepared in phosphate buffer (50 mM K;HPOy4, 50 mM
KH,POy4, 0.01 mM EDTA (Sigma-Aldrich, Madrid, Spain), pH 7.0) with a protease inhibitor
at a 1:10 ratio (Complete Protease Inhibitor Cocktail Tablets, ROCHE, Madrid, Spain), using
a Fisherbrand™ 850 homogenizer (Thermo Fisher Scientific Inc., Waltham, MA, USA) in an
ice bath. Total protein levels in the SKM homogenate were determined using the Lowry
method [21].

2.3. Transcriptomic Analysis

Total RNA was extracted from WAT samples from the corresponding experimental
group (C, S, and NS) using the RNeasy Lipid Tissue Mini Kit (QIAGEN, Barcelona, Spain),
following the manufacturer’s instructions [12]. RNA quality was analyzed by electrophore-
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sis on a 1% agarose gel, and the presence of intact 18 S and 28 S ribosomal bands, along
with a sufficient RNA quantity, was considered an indication of good RNA quality. All
RNA samples were stored at —80 °C.

Messenger RNA was isolated from total RNA using oligo(dT)-coupled magnetic
beads. Following fragmentation, first-strand cDNA synthesis was carried out using random
hexamer primers, followed by second-strand synthesis employing dTTP, and generating a
non-stranded cDNA library. The sequencing library was constructed through end repair,
A-tailing, adapter ligation, size selection, PCR amplification, and purification, using a
paired-end 150 bp protocol. Library quality control was performed using Qubit, real-time
PCR, and a bioanalyzer prior to sequencing on the Illumina NovaSeq platform (Novogene,
Cambridge, UK). Adapter sequences and low-quality reads were removed using the fastp
software (v0.24.1) [22,23].

Reads were aligned to the Rattus norvegicus reference genome using HISAT?2 (v2.0.5).
The assembly was performed with StringTie (v1.3.3b), applying a genome-guide strat-
egy. Read counts per gene were obtained using FeatureCounts (v1.5.0-p3), and expres-
sion values were reported in FPKM (Fragments Per Kilobase of transcript per Million
mapped reads).

These expression levels were statistically analyzed using DESeq2 (v1.20.0), which
identifies significantly and differentially expressed genes based on a negative binomial
model. p-values were adjusted using the Benjamini-Hochberg method, considering
genes with adjusted p < 0.05 as differentially expressed. The analysis was conducted
on two biological samples with 12 million high-quality paired end reads, showing high
intra-sample correlation (mean: 93.8%). Gene expression changes were evaluated us-
ing the log2 fold change. Genes with [log2(FC)| > 1.5 were considered significantly
differentially expressed.

2.4. Oxidative Balance Analysis in SKM

To determine the oxidative balance in SKM, endogenous enzymes antioxidant activity,
lipid and protein oxidation, levels of H;O,, and GPx1 and NOX4 expressions were assessed.
The activity of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) was measured following the methods previously described [12,24]. Lipid oxidation
in SKM was measured by quantifying malondialdehyde (MDA) levels (mol/mg protein)
using the method of Draper and Hadley [25], and protein oxidation was assessed using the
method of Reznick and Packer [26], which analyzes the carbonyl group levels in the sample
(nmol/mg protein) through a reaction with 2,4-dinitrophenylhydrazine. H,O; levels, as
an indication of reactive oxygen species in this tissue, were measured using the Hydrogen
Peroxide Colorimetric Detection Kit (Abnova, Taipei, Taiwan).

Finally, GPx1 and NOX4 proteins were analyzed by the Western blot technique ac-
cording to the protocols used in our laboratory [24]. Specific primary antibodies were used
at the following dilutions: GPx1:1:1000 (sc-133160; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); and NOX4:1:1000 (sc-518092; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
As secondary antibody Goat Anti-Mouse IgG (H + L) Horseradish Peroxidase Conjugate
(catalog number 170-6516, BioRad, Hercules, CA, USA) was used in a 1:2500 dilution; as
loading control, monoclonal mouse anti GAPDH (sc-32233, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was used in a 1:1000 dilution.

2.5. Myokines

The serum levels of the myokines interleukin 6 (IL-6), myostatin, interleukin 15 (IL-15),
fractalkine (CX3CL1), fibroblast growth factor 21 (FGF21), irisin, brain-derived neurotrophic
factor (BDNF), follistatin-like protein 1 (FSTL-1) and fatty acid binding protein 3 (FABP-3),
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were quantified using the MILLIPLEX® Rat Myokine Panel (Millipore Corp., St. Charles,
MO, USA), utilizing xXMAP technology (Luminex Corp., Austin, TX, USA) [27]. This
multiplex immunoassay allows the simultaneous detection and quantification of multiple
analytes in a single small-volume sample.

The samples, reagents, and standards were prepared according to Luminex XMAP pro-
tocol, using 25 pL of serum. Serum samples were incubated with magnetic beads pre-coated
with analyte-specific capture antibodies. Following a series of washing steps to remove
unbound material, biotinylated detection antibodies and streptavidin-phycoerythrin were
added to generate a fluorescent signal. The intensity of the fluorescence was measured
using a LABScan 100 analyzer (Luminex Corporation, Austin, TX, USA) with xPONENT
software (v3.0) for data acquisition. Serum myokine levels were determined by comparing
the mean fluorescence intensity of each duplicate sample against the corresponding assay’s
standard calibration curve.

2.6. Statistical Analysis

The results related to morphology, nutrition, serum and SKM samples were presented
as mean values with their corresponding standard error (:=SEM). Statistical evaluations
were performed using GraphPad Prism software (version 8.0.2; San Diego, CA, USA).
Each experimental group consisted of six samples. A p value < 0.05 was considered
statistically significant and assessed using one-way analysis of variance (ANOVA). When
ANOVA indicated significant differences, post hoc analyses were conducted using the
Tukey-Kramer test.

3. Results

Selenite or SeNPs treatments doubled Se intake (p < 0.001) in the S and NS rat groups,
demonstrating that both supplementations were similar (Table 1). However, the muscle
organosomatic index and total protein levels were significantly lower in SeNP-treated rats
compared to the C group (p < 0.01 and p < 0.001, respectively) and the S group (p < 0.001 vs.
C; p <0.05 vs. CSe), although body weight gain was similar in all groups. These results
suggested that SeNPs treatment provoked muscle degradation, as indicated by elevated
creatinine levels in these rats compared with the rest of the groups (p < 0.001). In these
SeNPs treated rats, it is also observed that there is a decrease in insulin levels compared
to the C and S group (p < 0.05 and p < 0.01, respectively). By contrast, S group had higher
insulin serum levels than C group (p < 0.05).

Table 1. Nutritional and Morphological Parameters in Adolescent Rats Following Treatment with

Selenite or SeNPs.
C s NS
Increased body weight (g/d) 6.01 +0.1 6.07 £ 0.2 598 £ 0.2
Total Se intake (ug/d) 3.48 + 0.08 6.81 +0.14 6.59 + 0.09
CCC CCC
SKMSI (%) 0.67 £ 0.016 0.70 + 0.022 0.58 & 0.013
cc, SSS
SKM protein (mg/g WT) 67.1+2 637 + 15 56.C5ccjzsl.3
Creatinine (mg/dL) 0.45 + 0.005 0.43 £ 0.006 0~4c9cci 805-206
Insulin (mU/L) 0.019 + 0.001 0.028 jCE 0.004 0-013C ﬂ;SO-O()l

The results were expressed as means + SEMs and analyzed using a multifactorial one-way ANOVA followed
by Tukey’s test. The number of animals used in each group is # = 6. Experimental groups: C, control group; S,
selenite group; NS, SeNP group. Significance: vs. C; ¢ p < 0.05; cc p <0.01; ccc p < 0.001; vs. S; s p < 0.05; ss p < 0.01;
sss p < 0.001. SKMSI: Skeletal muscle somatic index.
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Table 2 shows the list of differently expressed genes in adipocytes related specifically
or preferably to SKM. Some of these genes can be expressed also in the cardiac muscle,
but not in the smooth tissue, so the expression level of these genes cannot be assigned
to the smooth muscle of the blood vessels of the adipose tissue. Thus, when analyzing
the gene expression profile in adolescent S rats, five genes were identified as significantly
upregulated compared to C rats. These genes were involved in creatine metabolism (Ckm)
and muscle contraction (Actal, Myhl, Myh7 and Mylpf) and presented changes in their
expression levels ranging from 2.3- to 6.7-fold change (log, FC). The gene Ckm exhibited the
highest upregulation.

Table 2. List of statistically significant differentially regulated genes (Log, fold change) related
specifically to SKM after Selenite and SeNPs treatments in adipocytes.

Status Gene_Symbol Related Function Log:FC
_ Ckm Creatine metabolism 6.7
°
8 ‘E Actal Muscle contraction 4.9
15
=0
,f] g Myh1 Muscle contraction fast fibers 4.8
=2
Q =
i~ Myh7 Muscle contraction slow fibers 3.7
=3
Y Mylpf Muscle contraction fast fibers 2.3
_ Ckm Creatine metabolism 10.9
A g Actal Muscle contraction 9.1
& 5 Myhl Muscle contraction fast fibers 9.7
:ﬁ] a Myh7 Muscle contraction slow fibers 8.5
= > Mylpf Muscle contraction fast fibers 6.9
o & .
= % Pgam?2 Glycolysis 2.7
~
% R Casql Ca?* channel transport 2.5
2 Eno3 Glycolysis 1.9
Pygm Glycogen metabolism 1.8
@ Myhl Muscle contraction fast fibers -4.8
8 o % Myh7 Muscle contraction slow fibers 4.8
B '8 ® Mylpf Muscle contraction fast fibers 4.7
2]
z & z Actal Muscle contraction 4.1
% .fl = Ckm Creatine metabolism 4.2
Y .
a 3 Pgam?2 Glycolysis 2.6
& Casql Ca?" channel transport -1.6

Compared to the control, SeNPs treatment resulted in the significant upregulation
of nine genes. These genes were involved not only in creatine metabolism (Ckm) and
muscle contraction (Actal, Myhl, Myh7 and Mylpf) but also in the glycolysis pathway
(Pgam2, Eno3), glycogen metabolism (Pygm), and Ca®* transport (Casql). All of them
exhibited expression level changes ranging from 1.8 to 10.9 log, fold change (log,FC).
SeNPs treatment presented the highest log, FC values among the groups’ comparison. Ckm
showed the highest upregulation.

However, the comparison between selenite and SeNPs treatments resulted in the
downregulation of seven genes related to SKM function. In this comparison, genes involved
in muscle contraction (Actal, Myhl, Myh7 and Mylpf) exhibited the greatest repression,
very closely followed by those associated with creatine metabolism (Ckm1), and then by
those related to glycolysis (Pgam2) and calcium transport (Casq1).

Relative to oxidative balance in SKM (Figure 2), selenite treatment increases SOD
(p < 0.05), GPx1 (p <0.05) activities, and GPx1 (p < 0.05) and NOX4 (p < 0.01) protein
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expressions, without affecting lipid or protein oxidation. SeNPs also showed an increase in
GPx1 (p < 0.05) activity, GPx1 (p < 0.05), and NOX4 (p < 0.01) expressions. Nevertheless,
SeNPs decreased SOD and CAT activities (p < 0.001 vs. C and S), MDA (p < 0.001 vs. C
and S), PC (p <0.01 vs. C, p < 0.001 vs. S), and HyO, (p < 0.05 vs. C, p <0.01 vs. S) levels

in SKM.
A SOD activity (U/mg protein) B CAT activity (U/mg protein)
15 20
c
15
10 T
Ccc, sss
T 10 cce, sss
5
5
0 0
C S NS C S NS
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6 c c
160 _ -
5
4 - 120
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Figure 2. Oxidative balance in skeletal muscle of adolescent rats after treatment with selenite or SeNPs.
(A) Superoxide dismutase (SOD) activity; (B) catalase (CAT) activity; (C) glutathione peroxidase (GPx)
activity; (D) malondialdehyde levels (MDA), showing lipid peroxidation; (E) protein carbonyl group
(PC), showing protein oxidation; (F) hydrogen peroxide (HyO,) concentration, a reactive oxygen
species (ROS); (G) NADPH oxidase 4 (NOX4) expression; (H) glutathione peroxidase 1 expression;
and (I) Western blot expression images with GAPDH as load control. The results were expressed as
means + SEMs and analyzed using a multifactorial one-way ANOVA followed by Tukey’s test. The
number of animals used in each group is n = 6. Experimental groups: C, control group; S, selenite
group; NS, SeNP group. Significance: vs. C, c p < 0.05, cc p < 0.01, ccc p < 0.001; vs. S, ss p < 0.01,
sss p < 0.001.
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Both experimental groups, S and NS, increased IRS-1 expression in SKM (p < 0.01).
However, selenite significantly increased p-mTOR expression (p < 0.001 vs. C and NS), and
SeNPs treatment increased mTOR expression (p < 0.001 vs. C, p < 0.05 vs. S) and decreased
p-MTOR expression (p < 0.05 vs. C) (Figure 3).

Figure 3. (A) Expression of the proteins Insulin receptor substrate 1 (IRS-1); (B) mammalian target of
rapamycin (mTOR); (C) phospho-mTOR (Ser2448) (p-mTOR) after treatment with selenite or SeNPs
in SKM; and (D) Western blot expression images with GAPDH as a loading control. The results
were expressed as means + SEMs and analyzed using a multifactorial one-way ANOVA followed by
Tukey’s test. The number of animals used in each group is n = 6. Experimental groups: C, control
group; S, selenite group; NS, SeNP group. Significance: vs. C, ¢ p < 0.05, cc p < 0.01, ccc p < 0.001; vs.
S, sssp < 0.001.

Regarding protein degradation in SKM (Figure 4), selenite only increased the expres-
sion of p-AMPK (p < 0.05 vs. C); however, the ratio p-AMPK/AMPK was unaltered. By
contrast, SeNPs enhanced the expression of p-AMPK (p < 0.001 vs. C, p < 0.01 vs. S) and its
ratio (p < 0.001 vs. C), and the expression of SIRT-1 (p < 0.01 vs. C, p < 0.001 vs. S), FOXO3a
(p <0.001 vs. C and S), MaFbx (p < 0.001 vs. C and S) and ULK1 (p < 0.01 vs. C and S).
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Figure 4. (A) Expression of total AMPK; (B) p-AMPK; (C) the p-AMPK/AMPK ratio; (D) additional
expressions of SIRT-1; (E) FOXO3a; (F) MaFbx; and (G) ULK following treatment with selenite or
SeNPs; and (H) Western blot images show protein expression with GAPDH as a loading control.

The results were expressed as means £ SEMs and analyzed using a multifactorial one-way ANOVA

followed by Tukey’s test. The number of animals used in each group is n = 6. Experimental groups:

C, control group; S, selenite group; NS, SeNP group. Significance: vs. C, ¢ p < 0.05, cc p < 0.01,
ccep <0.001;vs. S,sp <0.05 ssp<0.01,s88 p < 03.%)01.



Nutrients 2025, 17, 1841

Relative to myokines secretion (Table 3), both treatments SNPs and selenite led to
an increase in I1-6 (p < 0.05), and a decrease in LIF (S: p < 0.001; NS: p < 0.01), Apelin
(p <0.001) and SPARC (p < 0.01) serum levels vs. control rats. S adolescent animals showed
an enhancement in FGF21 (p < 0.001), FSTL-1 (p < 0.01) and FABP3 (p < 0.01 vs. C; p < 0.001
vs. NS) levels. NS rats presented higher levels of serum IL-15 vs. C ones (p < 0.05), and
BDNF vs. C (p < 0.01) and vs. S (p < 0.05) animals.

Table 3. Serum myokines levels in adolescent rats after treatment with selenite or SeNPs.

Myokine .
(pg/mL) C S NP Secretory Tissue
L6 0.31 - 0.006 0.42 £0.03 0.42 £ 0.01 Muscle, AT, Liver,
c c and Immune system
MYOSTATIN 393.24+29 390 £ 4.4 401 £3.6 Muscle
LIF 72+0.3 4.5+ 04 54404 Muscle
ccc cc
IL-15 1.09 + 0.04 1.31 + 0.06 139 f 0.08 Muscle
FGF21 3.5+ 0.15 14.85+0.7 403+01 Muscle, AT and Liver
ccc sSs
IRISIN 205 £5 199 + 6 202 +£1 Muscle
BDNF 3527 £135 3797 £ 240 454§cis123 Muscle and Brain
FSTL-1 2571 £71 40905; 245 2696:8: 574 Muscle and AT
Apelin 1069 £ 1.6 92109 89.3+08 Muscle
ccc ccc
FABP3 9022 - 340 12,988 £ 846 6543 + 663 Muscle, K1dne?y,
cc sss Lung and Brain
Osteonectin (SPARC) 44402 3 '04;[ 06 3 '07;[ 01 Muscle and AT

The results were expressed as means + SEMs and analyzed using a multifactorial one-way ANOVA followed
by Tukey’s test. The number of animals used in each group is # = 6. Experimental groups: C, control group; S,
selenite group; NS, SeNP group. Significance: vs. C; ¢ p < 0.05; cc p <0.01; ccc p < 0.001; vs. S; s p < 0.05; ss p < 0.01;
sss p < 0.001.

4. Discussion

4.1. Se Supplementation Modulates Genes Related to Muscle Function in Adipocytes by
Upregqulating Creatinine Kinase and Muscle Contraction Genes—These Effects Are Higher in
SeNPs Treated Rats

Previously, we observed that in WAT either selenite or SeNPs supplementation had dif-
ferent effects on transcriptomic studies, mainly by SeNP’s upregulation of genes implicated
in the immune system, catabolism, the mitochondrial function, the oxidative balance, and
even in muscle tissue function. Despite the fact that adipocytes are not contractile cells, they
can express genes related to SKM contraction. This can happen because mesenchymal cells,
from which adipocytes, myocytes, osteocytes, and chondrocytes are derived, have high
cellular plasticity and the capacity to differentiate into different types of cells depending on
external factors, such as hormones [28,29]. The adipocyte gene expression related to SKM
contraction, such as actin or myosin, is a clear example of how adipocytes can adapt and
response to external signals [30].
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In this study, we have found that Se supplementation, regardless of its form of adminis-
tration (either selenite or SeNPs), enhanced the expression of the Ckm gene, which encodes
creatine phosphokinase (CPK), the predominant in skeletal muscle (SKM) in adipocytes.
This enzyme is essential for rapidly regenerating ATP, by transferring a phosphate group
from phosphocreatine (PCr) to ADP, being the energy source the PCr. It is extremely impor-
tant for explosive, high-intensity activities since ATP is generated in 10-15 s [31]. These
data indirectly indicate that Se provides a rapid energy supply in SKM, which is greater
when administered as SeNPs. Se supplementation in both forms also upregulates the genes
which encode the proteins related to SKM contraction: alpha-actin of SKM, a key structural
protein in muscle contraction (gen Actal); myosin heavy chain 1 of SKM, one of the myosin
isoforms responsible for muscle contraction in fast fibers (gen Myhl); myosin heavy chain
7 of SKM, one of the myosin isoforms responsible for muscle contraction in slow fibers
(gen Myh7); and myosin light chain specific to fast SKM, which regulates myosin activity in
muscle contraction (gen Mylpf) [32,33]. In all cases, the upregulation of these genes was
significantly greater after SeNPs-treatment. These results indicate that Se enhances SKM
contraction process, especially in the form of SeNPs.

Moreover, SeNPs also enhanced specific genes from SKM related to glycolysis (Pgam
and Eno3), to glycogen degradation (Pygm), and to calcium transport (Casq1). These genes
are involved in anaerobic glycolysis, which converts glucose into pyruvate, providing ATP
quickly, but leading to muscle fatigue due to lactate accumulation if oxygen is insufficient.
This process generates ATP in 30 s to 2 min [34]. In this context, Pgam encodes the enzyme
phosphoglycerate mutase (PGAM), which catalyzes the conversion of 3-phosphoglycerate
to 2-phosphoglycerate, and Eno3 encodes beta-enolase (ENO3), another glycolytic enzyme
that converts 2-phosphoglycerate to phosphoenolpyruvate, contributing to ATP generation
in SKM for muscle contraction. Finally, Pygm encodes glycogen phosphorylase, an enzyme
that breaks down glycogen into glucose-1-phosphate, providing fuel for glycolysis in SKM,
and therefore for PGAM and ENO3. These proteins together ensure a higher supply of ATP
for SKM contraction in SeNPs treated animals. Moreover, Casql encodes calsequestrin-1, a
calcium-binding protein in the sarcoplasmic reticulum, which regulates calcium release
for muscle contraction, contributing to a proper calcium excitation-contraction signaling.
Together, these genes indicate that during SeNPs treatment, energy is supplied by generat-
ing ATP via PCr system and through anaerobic glycolysis. It is known that fast fibers have
lower amount of mitochondria and usually activate PCr system and anaerobic glycolysis
to obtain ATP [35]. In this study, the upregulation of Myhl and Mylpf, which encode for
proteins responsible for muscle contraction in fast fibers, is in consonance with these results,
indicating that SeNPs promote fast muscle fibers contraction.

Finally, the most efficient pathway generating ATP per glucose molecule in the SKM is
the oxidative phosphorylation. It occurs in the mitochondria, uses oxygen, and is crucial for
endurance activities, lasting its effects from minutes to hours. It is the main energy source
of slow fibers, which also have a greater number of mitochondria than fast fibers [36]. Since
SeNPs treatment increases genes related to slow fibers contraction (Myh7) in adipocytes
approximately eightfold more than in C rats, this energy pathway should also be enhanced
in these animals.

During oxidative phosphorylation, reactive oxygen species (ROS) are produced nat-
urally as a byproduct of the electron transport chain. Although under physiological
conditions this generation is discrete, under stress conditions, when mitochondrial activity
is increased, these levels can reach excessive values, leading to OS and to cell damage. For
this reason, the endogenous antioxidant systems, superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx), which neutralize ROS to minimize oxidative
damage, should be balanced. Therefore, we will analyze the oxidative balance in SKM.
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4.2. SeNPs Decreases HyO, Generation in SKM, Coinciding with Lower SKM Mass

The main known function of Se is its antioxidant activity, since it is part of the catalytic
center of the antioxidant enzyme GPx. Along with CAT and SOD, GPx is one of the three
main antioxidant endogenous enzyme in the body to combat ROS, such as the superoxide
anion and hydrogen peroxide (H,O,); consequently, they are essential for maintaining
a correct oxidative balance. In SKM, oxidative balance plays a pivotal role in myogenic
proliferation and differentiation. For proper proliferation from satellite cells to myoblasts,
low HyO, concentrations are necessary. However, for differentiation from myoblasts
to myotube formation, certain levels of H,O, are required [37]. Moreover, it has been
described that specifically an upregulation of GPx activity during proliferation, combined
with appropriate H,O; levels, enhances myotube formation [38].

In terms of oxidative balance, selenite supplementation to adolescent rats slightly
increased SOD activity as well as GPx1 activity and expression, without affecting H,O,
concentration or lipid or protein oxidation in SKM. This final effect occurred because GPx1
specifically converts the HyO, generated by SOD into HyO and O,. Moreover, to prevent
a significant decrease in H,O, concentration, which is necessary for differentiation and
growth, the pro-oxidant enzyme NOX4 is upregulated, generating physiological levels of
H0;. In fact, a physiological adaptive relationship among NOX4, GPx1 and H,O; stability
in SKM has been described [39]. For this reason, in selenite supplemented rats, SKM mass
is physiologically developed. In previous papers, we have observed similar results in WAT
mass of these animals [10].

Nevertheless, SeNPs supplementation, at the same dose as selenite, reduced the
antioxidant activities of SOD and CAT. This decline in antioxidant activity was not as-
sociated with a higher oxidative profile, as lipid and protein oxidation remained below
control values in SKM, indicating a decrease in ROS levels. Moreover, although GPx1 and
NOX4 were enhanced, functioning together to maintain proper H,O, levels, H,O, SKM
deposits were significantly reduced. This suggests the presence of an independent mecha-
nism beyond GPx1 activity, which leads to this deep antioxidant effect. This mechanism
should be likely related to lower ROS formation; for this reason, CAT and SOD activities
were decreased.

Considering that mitochondria are highly abundant in SKM, especially in slow fibers,
due to the high energy demand of muscle contraction [36], and that they serve as the main
source of ROS in SKM [40], the transcriptional studies undertaken could provide further
insights into this phenomenon. It is known that CPK, which is strongly upregulated in
adipocytes treated with SeNPs, plays a crucial role not only in energy function but also
in preventing mitochondria ROS generation through an ADP-recycling mechanism [41].
This mechanism could partially explain the strong antioxidant effect of SeNPs in SKM
and the lower H,O, levels detected in SeNPs-treated rats, which may impair a correct
differentiation process, coinciding with a reduced SKM mass.

4.3. SeNPs Deeply Affect Proteosynthesis and Proteolysis Leading to Protein Loss

The regulation of SKM mass is mainly controlled by a fine balance between protein
synthesis (proteosynthesis) and protein degradation (proteolysis). In this context, after
selenite supplementation, the expression of IRS-1 in SKM was upregulated, similar to what
we observed previously in WAT [10], leading to the activation of the IRS-1/Akt/mTOR
pathway, the main regulator of proteosynthesis [42]. Since these rats also presented higher
insulin serum levels, the activation of this pathway was ensured. It is well described
that selenite acts as a secretagogue of insulin through various mechanisms [43], such as
increasing the incretin GLP-1 [11]. However, these animals presented normal protein
content in SKM, since, as it will be analyzed later, their myokine profile involves catabolic
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effects. Regarding proteolysis, despite the activation of IRS-1/Akt/mTOR pathway, which
inhibits proteolytic processes by suppressing FOXO3 (responsible for autophagy and the
ubiquitin—proteasome system) [44], selenite did not reduce any of the proteolytic routes
studied, as these remained unaffected.

By contrast, despite SeNPs miocytes presenting higher IRS-1 expression than those
treated with selenite, they did not activate the IRS-1/Akt/mTOR pathway. This could be
due to two main reasons. First, these animals have lower serum insulin levels compared
to physiological conditions. Second, H,O; acts as a second messenger in the insulin
pathway [39], and in this group of animals its levels are decreased. Since SeNPs reduced
H,0O, levels in SKM, insulin sensitivity is compromised. These data are in consonance with
the high activity found in fast fibers, since these fibers are less dependent on insulin and
glucose uptake from blood, unlike slow fibers [45]. Fast fibers rely on PCr system and
anaerobic glycolysis; in this context, in insulin-resistant individuals, a higher recruitment
of fast fibers has been described [46].

Moreover, like in WAT, catabolic pathways related to proteolysis are increased follow-
ing SeNPs exposure [10,12]. Both crucial cellular energy sensors, AMP-activated protein
kinase (AMPK) and NAD*-dependent deacetylase sirtuin-1 (SIRT1), which are activated
when energy is necessary, were enhanced [47]. In fact, these sensors activate different
catabolic routes to obtain energy, leading to proteolysis. These data align with the lower
protein content and reduced SKM mass found in the SeNPs-treated group.

AMPK enhances its activity when ATP levels are required, and in order to obtain
energy initiates different routes to avoid anabolism, for example, by inhibiting IRS-
1/Akt/mTOR pathway [48], and activates catabolic routes such as ubiquitin—proteasome
(UPS) route via MaFbx/atrogin-1 and the autophagic-lysosomal system by activating
unc-51-like kinase 1(ULK1), increasing proteolysis [49].

Moreover, SeNPs enhanced SIRT1 expression, this energy sensor is also activated when
energy is required and is intrinsically linked to cellular metabolism [50]. SIRT1 usually acts
in coordination with AMPK, but it also exhibits its own properties. For instance, in SKM,
SIRT1 promotes myogenic proliferation, while preventing differentiation by decreasing
MyoD expression [51]. Additionally, it downregulates insulin signaling and enhances fatty
acid oxidation and mitochondrial biogenesis by inducing PGC-1alfa and FOXO3a [52]. In
this context, by activating FOXO3a, SIRT1 induces MaFbx expression and proteolysis via
the UPS, and the autophagic-lysosomal system [53]. Finally, SIRT1, mainly by deacetylating
various proteins, contributes to cellular antioxidant responses. For example, it deacetylates
FOXO3 and PGC-1alfa, which contribute to induce the activity of antioxidant enzymes,
and to the reduction in ROS generation [54,55]. The enhancement of SIRT1 and FOXO3a
could be another point to take into consideration in the high antioxidant capacity observed
after SeNPs-treatment in SKM.

It is evident that SeNPs, by decreasing H,O, levels, affect myogenic differentiation
and IRS-1/Akt/mTOR activation, thereby avoiding proper protein synthesis and SKM
mass development. Moreover, SeNPs increase catabolic process in SKM through different
pathways (AMPK, SIRT1 and FOXO3a), which increase MaFbx and ULK1 expression, and
therefore the UPS and autophagy system. These results align with the highest creatinine
serum levels found in these animals.

Finally, SKM is a highly ductile organ, which has the capability to adapt to various
physiological conditions by changing its size, composition, and metabolic properties.
Therefore, to determine whether these catabolic changes have repercussions on the serum
myokine profile, the main myokines were analyzed.
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4.4. Different Myokine Secretion Pattern After Selenite or SeNPs Administration

Both treatments selenite and SeNPs alter the homeostasis of several myokines towards
a catabolic profile (increased 11-6 and decreased LIF, Apelin and SPARC) which collaborate,
among others, to muscle atrophy and fatty acid oxidation, impaired myoblast proliferation
and compromised SKM repair and remodeling [56]. However, both treatments presented a
different alternative mechanism to avoid muscle breakdown, being the strategy of the S
group more potent, as shown in the results relative to SKM protein content, SKM mass and
p-mTOR results (Figure 5).

SeNPs Selenite

Ti-6

LLE 1 TrGF21

4 Apelin TFSTL1

JEBARE 1 FABP3
_—

' Myokine serum

Myokine serum profile profile

compatible to SKM anabolism
and health protection

Myokine serum profile
compatible to SKM anabolism
and health protection

compatible to
SKM catabolism

Figure 5. The Venn diagram shows the contrasting effects of Selenite and SeNPs supplementation
on the levels of myokines. Whereas, some myokines such as IL-6, LIF, Apelin and SPARC showed
similar behavior in both treatments, others such as FGF21, FSTL-1 and FABP3 are much induced in
NS rats, and IL-15 together with BDNF are induced specifically in S rats. Other target organs for
these contrasting myokines are indicated. An 1 indicates an increase, an | indicates a decrease. A
double mark indicates a more significant change.

It is important to underline that some myokines, as shown in Table 3, are also secreted
by other tissues such as the liver and AT (insulin-target tissues), indicating that the en-
docrine crosstalk among the liver, SKM and AT is greater than expected [57,58]. Therefore,
selenite significantly enhanced FGF21 serum levels, which is related to higher muscle mass
and mitochondria biogenesis by increasing Akt/mTOR pathway [56]. In fact, it could be
established that selenite increases muscle protein synthesis, among others, by promoting
FGF21 synthesis. This myokine also has important endocrine actions, such as enhancing
insulin sensitivity [16], protecting against cardiac hypertrophy [59], and it also has impor-
tant beneficial roles in the liver, reducing fat accumulation, inflammation and fibrosis [60].
Selenite supplementation to adolescent rats also increased serum levels of myokines with
important endocrine functions, such as FSTL-1 and FABP-3. The first one contributes to
increasing glucose uptake and to enhancing 3-cell function by improving insulin sensitivity.
This is the case in our S rats, where IRS-1 and p-mTOR expressions are increased. FSTL-1
also attenuates liver fibrosis, increases endothelial function and revascularization, and
improves cardioprotection [16]. FABP-3 acts as a fatty acid carrier specialized in supplying
energy to the heart, critical for maintaining the homeostatic function of skeletal and cardiac
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muscles [61]. In fact, selenite supplementation has been found to be a useful strategy to
avoid SKM and cardiovascular damage [62].

SeNPs treatment developed another tactic to increase muscle mass; however, in terms
of SKM mass development, this was less efficient. This treatment increases IL-15 and
BNDF serum levels. IL-15 contributes to myoblast differentiation, increases fat metabolism
preventing fat depots, and enhances antioxidant capacity in SKM [16]. It also has important
endocrine functions, and decreases visceral fat by increasing fat metabolism, but also by en-
hancing energy expenditure and mitochondrial function [63], promoting lean body weight
regulation [64]. These effects of SeNPs in adolescent rats are consistent with those found in
previous studies, where SeNPs treatment influenced the gut microbiota, shifting it towards
a more Gram-negative profile enriched in Akkermansia and Muribaculaceae, both important
bacterial families linked to weight loss, while also decreasing the Firmicutes/Bacteroidetes
ratio, associated with a leaner body composition [11].

SeNPs also increased serum BNDF levels, which contribute to muscle regeneration
and, as IL-15, to fatty acid oxidation in SKM. This catabolic effect of SeNPs is in consonance
with the catabolic status found in the SKM of the rats used in this work. BDNF plays a
significant role in memory and plasticity by boosting hippocampal neurogenesis, clearly
indicating that SeNPs improve neural function. Finally, BDNF acts in the arcuate nucleus
and decreases appetite [64].

These results demonstrate that both Se supplementations modulate SKM and AT
morphology, metabolism, and function, clearly highlighting their crosstalk, which may
affect energy metabolism and muscle contractility.

5. Conclusions

This study demonstrates that Se supplementation, either in form of selenite or SeNPs,
differentially affects the expression of several specific genes, related to SMK, in adipocytes,
suggesting a stimulation of fibers. However, SeNPs present a stronger effect in ATP gen-
eration by PCr system and anaerobic glycolysis, mainly improving the function of fast
fibers; nevertheless, slow fibers also seem to be stimulated. Direct studies on SKM reveal
that selenite and SeNPs have different effects on SKM, reducing SeNPs SKM mass. This
detriment is mainly due to the fact that SeNPs have a potent antioxidant activity, which
decreases H,O, SKM levels, potentially impairing muscle differentiation and an appro-
priate function of the IRS-1/Akt/mTOR pathway. These factors clearly hinder the proper
growth and development of SKM mass. Moreover, SeNPs also activate catabolic routes
through AMPK and SIRT1 upregulation, which are in consonance with the transcriptomic
results related to higher muscle contraction founded. Finally, SeNPs alters the homeostasis
of several myokines towards a catabolic profile, but increases serum IL-15 and BNDF levels,
which contribute to muscle regeneration, and to fatty acid oxidation and neuronal plasticity,
respectively. These effects of SeNPs on SKM are parallel to those in WAT mass. However,
despite selenite treatment also altering some of the routes evaluated, its final effect was
physiological, not affecting SKM mass. Further studies are needed to confirm these find-
ings in humans and to clarify the long-term effects of Se supplementation. Selenite may
be useful therapeutically in muscle-wasting conditions, such as muscular dystrophies or
cachexia, while SeNPs, due to their stimulation of fast fibers and ATP production, could be
relevant for enhancing muscle performance.

Limitations of the study. One of the main limitations of the present study is that the
expression data for skeletal muscle-related genes were derived from transcriptomic analysis
of WAT, rather than directly from SKM. Although adipocytes are not contractile cells, they
can express genes related to SKM contraction. This can happen because mesenchymal stem
cells, from which adipocytes, myocytes, osteocytes, and chondrocytes are derived, have
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high cellular plasticity and the ability to differentiate into various cell types in response
to external factors, such as hormones. Moreover, it should be emphasized that all genes
selected in this study are predominantly or exclusively expressed in SKM. Despite the fact
that some of these genes can also be expressed in the cardiac muscle, none are expressed
in smooth muscle; therefore, their expression in WAT cannot be attributed to the smooth
muscle cells of blood vessels from WAT. The detection of these genes in WAT may instead
reflect inter-organ communication mechanisms. Finally, to confirm and elucidate these
findings, a comprehensive transcriptomic analysis using SKM is planned as the next step
in this research.
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Abstract: Background/Objectives: The pathogenesis of metabolic dysfunction-associated
steatohepatitis (MASH) is closely associated with increased oxidative stress and lipid per-
oxidation. Coenzyme Q (CoQ) and selenium (Se) are well-established antioxidants with
protective effects against oxidative damage. This study aimed to investigate the effects of
CoQ and Se in ameliorating MASH induced by a methionine choline-deficient (MCD) diet
in mice. Methods: C57BL /6] male mice were fed either a methionine choline-sufficient
(MCS) or MCD diet and treated with vehicle, CoQ (100 mg/kg), Se (158 pg/kg), or their
combination (CoQ + Se) for 4 weeks. Results: The MCD diet significantly increased hepatic
steatosis, inflammation, and fibrosis compared to MCS controls. Treatment with CoQ
and Se, particularly in combination, markedly reduced the MAFLD activity score, hepatic
inflammation, and fibrosis. Combined supplementation of CoQ and Se significantly de-
creased serum alanine aminotransferase and aspartate aminotransferase levels and hepatic
TG and cholesterol concentrations. CoQ and Se effectively mitigated hepatic oxidative
stress by enhancing catalase and superoxide dismutase activities, increasing glutathione
peroxidase (GPX) activity, and restoring the GSH/GSSG ratio. Lipid peroxidation markers,
such as malondialdehyde and 4-hydroxynonenal, were significantly reduced. Furthermore,
the expression of ferroptosis-related markers, including acyl-CoA synthetase long-chain
family member 4, arachidonate 12-lipoxygenase, and hepatic non-heme iron content, was
significantly downregulated, while GPX4 expression was upregulated by combined CoQ
and Se treatment. Conclusions: CoQ and Se synergistically alleviate MASH progression by
reducing oxidative stress and lipid peroxidation, which may contribute to the suppression
of ferroptosis. Combined CoQ and Se supplementation demonstrates therapeutic potential
for managing MASH and related liver injury.

Keywords: coenzyme Q; selenium; metabolic dysfunction-associated steatohepatitis

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is among the most
prevalent chronic liver conditions, affecting roughly 25% of the global population [1].
Metabolic dysfunction-associated steatohepatitis (MASH) is a more severe form of MASLD
characterized by hepatic steatosis, inflammation, and fibrosis. MASH can lead to poor clini-
cal outcomes, including cirrhosis and hepatocellular carcinoma and is an independent risk
factor for increased liver-related mortality [2]. Therefore, it is important to prevent the pro-
gression of MASH and alleviate the associated liver damage. MASLD and MASH are newly
established terms replacing nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH), respectively [3].
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The pathogenesis of MASH is multifactorial, with the widely accepted ‘multiple hit’
theory proposing that the disease is initiated by lipid accumulation in hepatocytes, which
induces insulin resistance and makes the liver susceptible to additional damaging fac-
tors [4]. Among these factors, oxidative stress and lipid peroxidation are central to MASH
progression. Lipid accumulation in hepatocytes elevates oxidative metabolism, leading
to excessive production of reactive oxygen species (ROS) that overwhelm the liver’s an-
tioxidant defenses. This oxidative stress causes significant damage to cellular components,
including DNA, proteins, and lipids, thereby aggravating hepatocyte dysfunction and
injury. Simultaneously, lipid peroxidation, driven by ROS, generates toxic byproducts such
as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), which exacerbate inflamma-
tion and promote hepatocellular death. These mechanisms activate immune responses
and fibrogenic pathways, driving the transition from simple steatosis to inflammation and
fibrosis [5]. Moreover, recent evidence highlights the role of ferroptosis—a type of cell
death characterized by iron-dependent lipid peroxidation—in MASH progression [6,7],
underscoring the critical contribution of oxidative stress and lipid peroxidation as key
drivers of the disease.

Coenzyme Q (CoQ) and selenium (Se) are essential components of the cellular antioxi-
dant defense system. CoQ), also known as ubiquinone, is a lipid-soluble antioxidant that
directly scavenges ROS within cell membranes. It has been shown to protect against liver
injuries caused by oxidative stress, such as carbon tetrachloride (CCly)- and acetaminophen-
induced hepatotoxicity in animal studies [8,9]. However, studies investigating the rela-
tionship between CoQ and MASH are scarce. Similarly, Se is an essential component of
selenoproteins, many of which exhibit antioxidant properties. One notable example is
glutathione peroxidase (GPX), whose activity is dependent on Se. Se supplementation has
shown beneficial effects on liver function in models of oxidative stress-induced damage,
such as CCly-treated rats [10]. However, high doses of Se have been associated with po-
tential adverse effects on liver function [11,12], making its protective role in liver diseases
inconclusive. Additionally, both CoQ and Se have been implicated in the regulation of
ferroptosis, a form of cell death characterized by iron-dependent lipid peroxidation. CoQ
serves as a substrate for ferroptosis suppressor protein 1 (FSP1), and Se acts as a co-factor
for GPX4, both of which are key regulators of ferroptosis [13,14]. Despite these antioxidant
roles and their involvement in ferroptosis regulation, the effects of CoQ), Se, or their combi-
nation on the progression of MASH remain unexplored. Thus, the objective of this study
was to evaluate the protective effects of CoQ, Se, and their combination on the progression
of MASH and to elucidate the mechanisms underlying these effects.

2. Materials and Methods
2.1. Animals and Experimental Design

C57BL/6] male mice (4 weeks old) were purchased from Central Lab Animal, Inc.
(Seoul, Republic of Korea) and maintained at 22 £ 2 °C temperature, 50 4= 10% humidity on
a 12 h dark/light cycle. After an adaptation period, the animals were randomly assigned to
one of eight groups (n = 10/group). Four groups were given a methionine choline-deficient
(MCD) diet, and the other four groups were fed a methionine choline-sufficient (MCS) diet.
At the same time, each diet group was treated with corn oil (vehicle), CoQ (100 mg/kg), Se
(158 pg/kg), or both (CoQ + Se) by oral gavage once a day for 4 weeks. The doses used
in this study were selected based on findings from previous studies [6,15]. All diets were
purchased from Research Diets, Inc. (New Brunswick, NJ, USA). At the end of the feeding
period, the mice were killed under carbon dioxide (CO;,) anesthesia. Liver tissue samples
were collected and either fixed in 10% neutral buffered formalin or snap-frozen in liquid
nitrogen and stored at —80 °C until further analyses. All protocols and procedures were
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approved by the Kyung Hee University Institutional Animal Care and Use Committee
(#KHSASP-21-341).

2.2. Serum and Hepatic Biochemical Parameters

Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities
were measured using assay kits (#AM102-K and #AM103-K, respectively, Asan Pharma-
ceutical Co., Hwa-sung, Kyung-gi, Republic of Korea). Hepatic triglyceride (TG) and total
cholesterol (TC) concentrations were measured using assay kits (#AM157S and #AM202,
Asan Pharmaceutical Co.). Hepatic MDA contents were measured using an assay kit
(#MAKO85, Sigma—Aldrich®, Saint Louis, MO, USA). Hepatic non-heme iron contents were
measured according to the method described by Choi et al. [16]. Hepatic glutathione
(GSH) and oxidized glutathione (GSSG) contents, hepatic catalase (CAT), superoxide dis-
mutase (SOD), and GPX activity were measured using commercially available kits (Cayman
Chemical, Ann Arbor, MI, USA). All procedures were performed according to the manufac-
turer’s protocols.

2.3. Histological Analysis

Fixed liver tissues, embedded in paraffin, were sliced into 5 um thick slices and stained
with hematoxylin and eosin (H&E) (KP&T Co., Ltd., Cheong-ju, Chung-buk, Republic of
Korea). The MASLD activity score (MAS) score was evaluated by examining the degree of
steatosis, lobular inflammation, and hepatocellular ballooning [16]. To assess liver fibrosis,
Sirius Red staining was performed. Then, the area of the red part as a percentage of the
total area was quantified using Image] software version 1.53 (NIH, Bethesda, MD, USA).
The average of the five fields was calculated. All stained-liver sections were observed
under an optical microscope (Olympus, Tokyo, Japan) at 200x magnification.

2.4. Quantitative Real Time RT-PCR

Total RNA was extracted from 25 mg of liver tissue using the RNAiso Plus reagent
(Takara Bio Inc., Shiga, Japan). For cDNA synthesis, 100 ng of total RNA was reverse
transcribed using the PrimeScript™ RT reagent Kit (Takara Bio Inc.). Real-time reverse
transcription polymerase chain reaction (RT-PCR) was performed to amplify specific genes
with the SYBR Premix Ex Taq kit (Takara Bio Inc.). mRNA expression levels were quantified
relative to the control group using the 2~22Ct method.

2.5. Western Blot Analysis

Liver tissue (50 mg) was lysed in 200 uL of lysis buffer with protease inhibitors
and centrifuged at 17,000 rpm for 15 min at 4 °C. Protein concentrations were measured
using a Protein Quantification Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Lysates were separated by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE), transferred to a Polyvinylidene Fluoride (PVDF) membrane, blocked, and
incubated overnight at 4 °C with primary antibodies (anti-GPX4 (Abcam, Cambridge,
UK), anti-4HNE (R&D systems, Minneapolis, MN, USA), anti-ferritin, anti-acyl-CoA
synthetase long-chain family member 4 (ACSL4), anti-12-lipoxygenase (LOX), and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (all from Santa Cruz Biotechnology,
Dallas, TX, USA)). Membranes were incubated with a secondary antibody for 1 h and
developed with Enhanced Chemiluminescence solution (Bio-Rad, Hercules, CA, USA).
Bands were visualized using a ChemiScope (Clinx Science Instruments Co., Shanghai,
China) and quantified.
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2.6. Statistical Analysis

All data were analyzed using SAS 9.4 software and expressed as mean + SEM. One-
way Analysis of Variance (ANOVA) with post-hoc Duncan’s multiple range test was
performed to test the significant difference among groups. p-values less than 0.05 were
considered statistically significant.

3. Results
3.1. CoQ and Se Alleviate Liver Injury in MASH Mice Induced by MCD Diet

In the histopathological analysis of H&E-stained liver sections, mice on the MCD
diet exhibited a significant increase in both the size and number of fat droplets, along
with pronounced inflammatory cell infiltration and ballooning degeneration, compared
to those on the MCS diet control (Figure 1a). Conversely, treatments with CoQ, Se, or
their combination markedly reduced hepatic steatosis, decreased inflammatory foci, and
improved ballooning degeneration. The MAS scores were significantly lower in the CoQ,
Se, and CoQ + Se groups compared to the MCD group, with the CoQ + Se group reaching
the lowest scores among the four MCD diet-fed groups (Figure 1b). Serum levels of ALT
and AST, which were significantly elevated in the MCD group relative to the MCS group,
were notably reduced by treatments with CoQ), Se, or CoQ + Se (Figure 1c,d). Hepatic TG
and TC concentrations were considerably higher in the MCD group than in the MCS group
(Figure 1e,f). While there was a trend towards reduced hepatic TG and total cholesterol
levels with CoQ or Se treatment alone, these changes were not statistically significant.
However, the combination of CoQ and Se significantly lowered both hepatic TG and
cholesterol concentrations compared to the MCD group.

3.2. CoQ and Se Alleviate Inflammation and Fibrosis in MASH Mice Induced by MCD Diet

The degree of fibrosis was evaluated using Sirius Red staining of liver sections. Colla-
gen staining was much more pronounced in the MCD group compared to the MCS control
group but was significantly reduced in the groups treated with CoQ, Se, or CoQ + Se
(Figure 2a,b). The combination treatment further decreased collagen staining compared to
treatment with CoQ or Se alone. The mRNA expression levels of Collagen 1«1, Collagen
3al, and transforming growth factor-f (TGF-3), indicators of fibrosis, were significantly
higher in the MCD group compared to the MCS group, and were substantially reduced
following CoQ), Se, and CoQ + Se treatments (Figure 2c).
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Figure 1. Effects of CoQ and Se treatment on liver injury in MCD diet-induced MASH mice. (a) Liver
sections stained with H&E (steatosis (A), lobular inflammation (*), and ballooning degeneration
(—)), (b) MAS score, (c) Serum ALT activity, (d) Serum AST activity, (e) Hepatic TG concentration,
(f) Hepatic total cholesterol (TC) concentration. Data are shown as mean + SEM. * p < 0.05 vs. MCS
vehicle, # p < 0.05 vs. MCD vehicle, ® p < 0.05 vs. MCD + CoQ.
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In addition, the mRNA levels of pro-inflammatory cytokine related genes such as
interleukin-1$ (IL-1p) and interleukin-6 (IL-6) were significantly increased in the MCD
group compared to the MCS group. In contrast, treatment with CoQ, Se, or CoQ + Se
markedly downregulated both IL-13 and IL-6 mRNA levels. Moreover, the level of
cyclooxygenase-2 (COX2) protein expression, which mediates inflammatory responses,
was significantly increased in the MCD vehicle group. The combination of CoQ and Se
treatment, but not CoQ or Se alone, significantly down-regulated COX2 protein expression
compared to the MCD group.
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Figure 2. Effects of CoQ and Se treatment on hepatic inflammation and fibrosis in MCD diet-induced
MASH mice. (a): Liver sections stained with Sirius Red staining (200 x magnification); The arrow
indicates collagen staining, (b) % Fibrotic area, (c) the mRNA levels of fibrotic markers, (d) Hepatic
mRNA levels of pro-inflammatory cytokines, (e) Hepatic protein levels of COX2 with representative
blot (upper panel). Data are shown as mean + SEM. * p < 0.05 vs. MCS vehicle, * p < 0.05 vs. MCD
vehicle, p <0.05 vs. MCD + CoQ.

3.3. CoQ and Se Alleviate Hepatic Oxidative Stress in MCD Diet-Induced MASH Mice

Antioxidant enzymes such CAT, SOD, and GPX play crucial roles in defending against
ROS. In this study, the MCD diet significantly reduced CAT and SOD activities compared to
the MCS control group, indicating induced oxidative stress (Table 1). Although treatment
with CoQ or Se alone showed a trend of increasing CAT and SOD activities, these changes
were not statistically significant. However, the combination of CoQ and Se significantly
enhanced both CAT and SOD activities, demonstrating a synergistic effect that effectively
counteracts the oxidative stress from the MCD diet (Table 1). GPX activity was higher in
the MCD group compared to the MCS control, as a response to increased oxidative stress.
Administration of CoQ or Se alone further enhanced GPX activity, with their combination
resulting in a statistically significant increase compared to the MCD group, highlighting
their potent combined effect in enhancing the GSH antioxidant defense system.

Furthermore, the MCD diet significantly decreased the GSH/GSSG ratio, a key marker
of cellular redox balance, but combined supplementation of CoQ and Se substantially
improved this ratio to levels comparable to the MCS group, emphasizing their capacity to
restore a favorable redox balance and mitigate oxidative damage.
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Table 1. Effects of coenzyme Q (CoQ) and selenium (Se) on hepatic oxidative stress in MASH mice.

MCS MCD
Vehicle Vehicle CoQ Se CoQ + Se
CAT activity (U/mg protein) ~ 1045.9 +197.52  355.1 +24.7¢ 537.0 £54.6P¢ 3735+23.8° 649.2+78.8P
SOD activity (U/mg protein) 333+1.1°2 204 +13¢ 23.0+23bc  2424+08bP 272+082
GPX activity (U/mg tissue) 01+014 1.6 + 0.3 b¢ 21+04Pb 21+01Pb 404052
GSH/GSSG 200+£542 49+07¢ 7.3+ 1.5b¢ 62+22¢ 16.4 +£3.92b

Data are expressed as the mean + SEM. Different superscripts represent statistical significance (p < 0.05). One-way
ANOVA followed by Duncan’s post-hoc test. CAT, catalase; SOD, superoxide dismutase; GPX, glutathione
peroxidase; GSH, glutathione; GSSG, oxidized glutathione.

3.4. CoQ and Se Inhibit Hepatic Lipid Peroxidation in MCD Diet-Induced MASH Mice

The increase in hepatic lipid peroxidation is closely linked to the onset and progression
of MASH. We investigated whether CoQ, Se, or their combination could mitigate these
effects in MCD diet-induced MASH mice. The data showed that the MCD diet significantly
increased hepatic MDA levels compared to the MCS control diet (Figure 3a). Levels of
4-HNE were also significantly elevated in the MCD group compared to the MCS group
(Figure 3b). In contrast, treatment with CoQ, Se, or both significantly decreased hepatic
MDA levels induced by the MCD diet. Additionally, the combination of CoQ and Se
significantly reduced hepatic 4-HNE levels. As MDA and 4-HNE are key biomarkers
of lipid peroxidation, these findings indicate that CoQ and Se treatments significantly
ameliorated hepatic lipid peroxidation in MASH mice.
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Figure 3. Effects of CoQ and Se treatment on hepatic lipid peroxidation in MCD diet-induced MASH
mice. (a) Hepatic MDA concentration, (b) Hepatic protein levels of 4-HNE with representative blot
(upper panel). Data are shown as mean + SEM. * p < 0.05 vs. MCS vehicle, # p < 0.05 vs. MCD vehicle.

4HNE/GAPDH

3.5. CoQ and Se Inhibit Changes in Ferroptosis Related Markers in the Liver of MCD Diet-Induced
MASH Mice

Emerging evidence suggests that ferroptosis, a type of cell death characterized by
iron-dependent lipid peroxidation, plays a critical role in the pathogenesis of MASH. To
further investigate the molecular mechanisms underlying the effects of CoQ and Se in
reducing lipid peroxidation and mitigating liver injury, we examined markers of ferroptosis
in this study. The expression level of the ACSL4 protein was significantly increased in the
MCD group compared to the MCS control group; however, treatment with CoQ), Se, or their
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combination (CoQ + Se) resulted in a significant decrease in ACSL4 protein expression
(Figure 4a). Similarly, the expression of the LOX protein was markedly elevated in the MCD
group compared to the MCS vehicle group. Notably, only the combination treatment of CoQ
and Se led to a significant reduction in LOX protein expression (Figure 4b). Furthermore,
the protein levels of GPX4 were increased in the MCD group compared to the MCS vehicle
group. GPX4 expression was further elevated in the Se alone and CoQ + Se treatment
groups compared to the MCD group (Figure 4c).
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Figure 4. Effects of CoQ and Se treatment on hepatic ferroptosis markers in MCD diet-induced
MASH mice. Hepatic protein levels of (a) ACSL4, (b) LOX, and (c) GPX4. Data are shown as mean +
SEM. * p < 0.05 vs. MCS vehicle,  p < 0.05 vs. MCD vehicle.

We also evaluated changes in hepatic iron content by measuring non-heme iron
concentrations and ferritin levels, which is a cellular iron storage protein. The non-heme
iron concentration was significantly higher in the MCD group compared to the MCS
vehicle group, whereas treatment with CoQ + Se significantly reduced non-heme iron
levels compared to the MCD group (Figure 5a). Among the groups fed the MCS diet, Se
alone and CoQ + Se treatments resulted in significantly lower non-heme iron concentrations
compared to the MCS vehicle group. Ferritin protein levels were significantly increased
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in the MCD diet groups compared to the MCS control group. In contrast, ferritin protein
levels showed a significant decrease in the group treated with the combination of CoQ and
Se compared to the MCD group (Figure 5b).
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ferritin protein level in MCD diet-induced MASH mice. (a) Hepatic non-heme iron concentration,
(b) Hepatic protein levels of ferritin. Data are shown as mean + SEM. * p < 0.05 vs. MCS vehicle, #
p <0.05 vs. MCD vehicle.

4. Discussion

MASH, a severe form of MASLD, is a major global health concern due to its associ-
ation with hepatic inflammation, fibrosis, and progression to cirrhosis or hepatocellular
carcinoma. Despite its growing prevalence, effective therapeutic options remain limited.
In this study, we provide compelling evidence that co-supplementation with CoQ and Se
effectively ameliorates the progression of MASH induced by an MCD diet in mice. The
combined treatment significantly alleviated hepatic steatosis, inflammation, and fibrosis.
These effects were associated with the suppression of oxidative stress, lipid peroxidation,
and markers of ferroptosis.

The pathogenesis of MASH is closely associated with increased oxidative stress [17].
Depletion of GSH and CoQ and decreases in the activity of certain antioxidant enzymes
such as CAT and SOD were reported in patients with MASH, which were correlated with
the severity of the disease [18]. One major consequence of oxidative stress is lipid peroxida-
tion, where ROS attack polyunsaturated fatty acids in cell membrane phospholipids. This
process produces toxic byproducts like MDA and 4-HNE, which can activate Kupffer and
hepatic stellate cells, leading to inflammation and the onset of fibrogenesis. In this study,
we observed a significant reduction in CAT and SOD activities, along with a decreased
GSH/GSSG ratio, in the liver tissues of MCD-diet-fed mice compared to MCS controls.
Hepatic levels of MDA and 4-HNE were also markedly elevated in the MCD group, indicat-
ing increased oxidative stress and lipid peroxidation due to MCD-diet feeding. Conversely,
CoQ and Se co-supplementation significantly enhanced CAT and SOD activities, restored
the GSH/GSSG ratio to levels comparable to those of the MCS controls, and significantly
reduced MDA and 4-HNE levels, contributing to improvements in NAS, inflammation,
and fibrosis. CoQ prevents both the initiation and propagation of lipid peroxidation [19].
Additionally, Se-dependent GPX4 is the major antioxidant enzyme known to catalyze the
conversion of toxic lipid hydroperoxide into non-toxic lipid alcohols [20]. While CoQ and
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Se have each been individually reported to exhibit hepatoprotective effects [8-10], their
roles in MASH have not been well established. This study provides novel evidence of the
synergistic effects of CoQ and Se co-supplementation in mitigating MASH progression.

Recent studies have emphasized the critical role of ferroptosis in the progression of
MASH [11-13]. In line with this, our study demonstrated significant increases in hepatic
expression of ferroptosis markers, including ACSL4 and LOX, in the MCD group compared
to MCS controls. These changes were accompanied by elevated hepatic iron content and
markedly increased levels of MDA and 4-HNE, key indicators of lipid peroxidation. Similar
findings were reported by [7], who showed that iron and lipid ROS accumulation in the
liver of MCD-diet-fed mice was alleviated by ferroptosis inhibitors, leading to reductions
in inflammation, fibrosis, and liver injury. These observations suggest that ferroptosis
contributes to MCD-diet-induced MASH progression, as corroborated by our findings.

To further elucidate the molecular mechanisms underlying the hepatoprotective effects
of CoQ and Se against MASH progression, we investigated changes in ferroptotic markers.
Notably, the combination of CoQ and Se significantly reduced hepatic LOX protein levels,
accompanied by marked decreases in lipid peroxidation, as indicated by lower MDA and 4-
HNE levels. In contrast, CoQ treatment alone did not significantly alter hepatic LOX protein
or 4-HNE levels. Interestingly, treatment with Se or CoQ + Se induced a more than two-fold
increase in hepatic GPX4 expression compared to MCS controls. GPX4, a pivotal enzyme
for eliminating lipid peroxides, is essential for ferroptosis regulation; its deletion leads
to lipid peroxide accumulation and ferroptosis, whereas its overexpression suppresses
ferroptosis [20,21]. Se has been shown to transcriptionally upregulate selenoproteins,
including GPX4, protecting cells from ferroptotic stimuli [13]. Additionally, Se treatment has
been shown to increase GPX4 protein levels in palmitic acid-treated hepatocytes, preventing
ferroptotic cell death and promoting cell survival [6]. In our study, the induction of GPX4
was associated with the suppression of ACSL4 and LOX expression, suggesting that CoQ
and Se treatment mitigates MASH progression, at least in part, by suppressing ferroptosis.

Interestingly, Se treatment alone induced GPX4 expression to a level comparable to
those achieved by CoQ + Se treatment; however, hepatic 4-HNE level was further decreased
in the CoQ + Se treatment group compared to the Se-alone group. This suggests that CoQ
may provide additional antioxidant activity beyond GPX4 induction mediated by Se. Al-
ternatively, CoQ might suppress ferroptosis via a GPX4-independent pathway. The CoQ
oxidoreductase FSP1, for example, has been shown to confer resistance to ferroptosis and
acts in parallel to GPX4 in inhibiting ferroptosis [14,22]. Therefore, CoQ and Se may syner-
gistically suppress ferroptosis through activation of FSP1- and GPX4-dependent pathways,
respectively. Future studies are necessary to elucidate the dose-response relationships and
further identify the optimal combinations of CoQ and Se supplementation to maximize
therapeutic efficacy.

In this study, hepatic non-heme iron concentrations and hepatic ferritin levels were
significantly increased in the MCD group compared to the MCS controls. Consistent with
this finding, Palladini et al. [23] also reported an increase in iron levels in both serum
and tissues during the progression from steatosis to steatohepatitis in an MCD-diet rat
model. Excessive iron can induce oxidative stress through the Fenton reaction and has
been shown to aggravate liver injury associated with MASLD [24,25]. In addition, iron
has been suggested to enhance lipid peroxidation through the activation of enzymes such
as LOX [26]. Moreover, the administration of deferoxamine (an iron-chelating agent) has
been found to reduce MASH severity in MCD-fed mice [6], indicating that inhibiting iron
accumulation may suppress disease progression and associated liver injury. In the current
study, the co-treatment of CoQ and Se significantly decreased hepatic ferritin, an iron
storage protein, and markers of hepatic iron content, suggesting that this combination is
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effective in reducing hepatic iron levels. Since synthetic compounds like deferoxamine
have limitations such as low oral bioavailability and a short plasma half-life, our findings
suggest that CoQ and Se could be alternatives to prevent iron-related diseases.

The mechanisms by which CoQ and Se treatment reduce hepatic iron levels are un-
clear. A recent study demonstrated that nobiletin, a flavonoid with antioxidant properties,
alleviated myocardial ischemia-reperfusion injury by reducing the expression of nuclear
receptor coactivator 4 (NCOA4) [27]. NCOAA4 is integral to ferritinophagy, an autophagic
pathway responsible for ferritin degradation and iron release. Interestingly, erastin, which
generates lipid ROS, has been shown to decrease NCOAA4 levels, disrupting ferritinophagy
and resulting in iron accumulation and increased ferritin levels [28]. Whether CoQ or
Se influences hepatic iron levels through modulation of NCOA4 expression or activity
warrants further investigation in future studies.

In this study, we demonstrated that CoQ + Se treatment significantly reduced hepatic
triglyceride and total cholesterol concentrations. Hepatic lipid accumulation is known
to trigger oxidative stress, and the severity of hepatic steatosis is closely associated with
the progression of liver injury and fibrosis. Supporting this, previous studies have shown
that CoQ improves MASLD in mice by enhancing fatty acid oxidation and inhibiting fatty
acid synthesis via activation of the AMPK pathway [29,30]. However, clinical studies have
reported inconsistent results, with CoQ10 intervention showing no significant effects on
lipid profiles [31]. Similarly, Se has been reported to regulate lipid metabolism through
AMPK activation, but its effects on lipogenesis remain conflicting, with studies showing
both increases and decreases in lipid synthesis [12,32]. As demonstrated in this study, the
combined use of CoQ and Se may provide a more effective strategy for regulating lipid
metabolism and reducing hepatic lipid accumulation.

5. Conclusions

In conclusion, this study demonstrates that co-supplementation with CoQ and Se
effectively alleviates MCD diet-induced MASH. The combined treatment significantly re-
duced hepatic steatosis, inflammation, and fibrosis. Mechanistically, CoQ and Se enhanced
antioxidant defenses by increasing CAT and SOD activities, restoring the GSH/GSSG ratio,
and reducing lipid peroxidation, as evidenced by lower levels of MDA and 4-HNE in
liver tissues. These changes were associated with the downregulation of pro-inflammatory
cytokines such as IL-13 and IL-6, as well as fibrosis-related genes, including collagen 11,
collagen 3c1, and TGF-B. Furthermore, CoQ and Se suppressed proteins involved in
ferroptosis, such as ACSL4 and LOX, while upregulating GPX4 expression. These find-
ings suggest the synergistic potential of CoQ and Se co-supplementation as a promising
therapeutic strategy for managing MASH and associated liver injury.
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Abbreviations

The following abbreviations are used in this manuscript:
4-HNE  4-Hydroxynonenal

ACSL4  Acyl-CoA synthetase long-chain family member 4
CAT Catalase

CoQ Coenzyme Q

COX2 Cyclooxygenase-2

FSP1 Ferroptosis suppressor protein 1

GPX Glutathione peroxidase

GSH Glutathione

GSSG Oxidized glutathione

LOX Arachidonate 12-lipoxygenase

MASH  Metabolic dysfunction-associated steatohepatitis
MASLD  Metabolic dysfunction-associated steatotic liver disease
MCD Methionine choline-deficient

MCS Methionine choline-sufficient

MDA Malondialdehyde

NAFLD  Nonalcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NCOA4 Nuclear receptor coactivator 4

Se Selenium
SOD Superoxide dismutase
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Abstract: Prostate cancer is the leading cause of cancer death in men. Some studies suggest that
selenium Se (+4) may help prevent prostate cancer. Certain forms of Se (+4), such as Selol, have
shown anticancer activity with demonstrated pro-oxidative effects, which can lead to cellular damage
and cell death, making them potential candidates for cancer therapy. Our recent study in healthy mice
found that Selol changes the oxidative-antioxidative status in blood and tissue. However, there are no
data on the effect of Selol in mice with tumors, considering that the tumor itself influences this balance.
This research investigated the impact of Selol on tumor morphology and oxidative—antioxidative
status in blood and tumors, which may be crucial for the formulation’s effectiveness. Our study was
conducted on healthy and tumor-bearing animal models, which were either administered Selol or
not. We determined antioxidant enzyme activities (Se-GPx, GPx, GST, and TrxR) spectrophotomet-
rically in blood and the tumor. Furthermore, we measured plasma prostate-specific antigen (PSA)
levels, plasma and tumor malondialdehyde (MDA) concentration as a biomarker of oxidative stress,
selenium (Se) concentrations and the tumor ORAC value. Additionally, we assessed the impact of
Selol on tumor morphology and the expression of p53, BCL2, and Ki-67. The results indicate that
treatment with Selol influences the morphology of tumor cells, indicating a potential role in inducing
cell death through necrosis. Long-term supplementation with Selol increased antioxidant enzyme
activity in healthy animals and triggered oxidative stress in cancer cells, activating their antioxidant
defense mechanisms. This research pathway shows promise in understanding the anticancer effects
of Selol. Selol appears to increase the breakdown of cancer cells more effectively in small tumors
than in larger ones. In advanced tumors, it may accelerate tumor growth if used as monotherapy:.
Therefore, further studies are necessary to evaluate its efficacy either in combination therapy or for
the prevention of recurrence.

Keywords: cancer; selenium; Selol; antioxidants; tumor

1. Introduction

Prostate cancer (PCa) is the most prevalent cancer in elderly men, characterized by its
aggressive nature leading to metastasis and, frequently, fatality [1]. It is currently the second
leading cause of death for men in Western societies [2]. Prostate cancer’s pathogenesis re-
mains unclear. PCa development and progression involve various factors, including aging,
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environmental factors, lifestyle choices, physical activity, genetic alterations, and hormonal
influences. Oxidative stress (OS) is thought to contribute directly to the development of
prostate cancer [3]. Therefore, OS represents a potential therapeutic target for addressing
prostate conditions such as prostatic hypertrophy, cancer, or chronic prostatitis. Oxidative
stress in cells results from an imbalance between oxidants and antioxidants, leading to
damaged lipids, proteins, and DNA structures. Experimental data suggest that cancer
cells, as a result of genetic mutations, have reduced activity in certain antioxidant enzymes
compared with normal cells [4]. This diminished enzymatic activity can induce oxidative
stress, leading to damage to cellular components and structures in cancerous cells. Among
the diverse strategies employed in cancer treatment, one approach involves deliberately
elevating reactive oxygen species (ROS) levels within cancer cells. Chemotherapeutic
agents like cisplatin, arsenic trioxide, and anthracycline antibiotics operate through this
mechanism [5].

Selenium (Se), a micronutrient, participates in various physiological processes [6].
Its importance lies in its role in the catalytic centers of antioxidant enzymes, including
selenium-dependent glutathione peroxidase (Se-GPx) and thioredoxin reductase (TrxR) [7].
Selenite, in erythrocytes, when interacting with glutathione, forms biologically active
selenodiglutathione, with potent anticancer properties that induce cancer cell apoptosis.
Inorganic selenium compounds (+4), more than organic ones (+2), have been found to
inhibit cancer cell growth and proliferation due to their pro-oxidant properties, particu-
larly at doses exceeding therapeutic levels [8]. This phenomenon presents potential for
anticancer therapy; however, the high toxicity of commercially available inorganic Se (+4)
compounds limits their applicability. As a result, there is an ongoing search for selenium
(+4) compounds that combine high chemoactivity with low toxicity. Consequently, the
synthesis of novel chemopreventive compounds is crucial, with a focus on evaluating their
efficacy against various cancer types.

Selol is a selenintriglyceride compound derived from sunflower oil. It has lower
toxicity compared with sodium selenite (+4) and has no mutagenic effects [9]. In addition,
Selol shows strong cytostatic activity against cancer cell lines, with no side effects on
normal cells. Selol is a formulation with potential anticancer activity. Previous in vitro
studies demonstrated Selol’s significant antitumor effects on human HL-60 leukemia cells,
including drug-resistant variants (HL-60/Dox and HL-60/Vinc) [10], as well as HeLa [11]
and Caco-2 cancer cells [12]. Ksiazek et al. observed that prostate cancer cells, LNCaP, were
more susceptible to apoptosis induction caused by the presence of ROS compared with
normal prostate cells—PNT1A [13]. The safety of Selol for normal cells was confirmed
in PC12 cells. Selol, through the regulation of free radical levels, the enhancement of the
antioxidant system, and the inhibition of apoptosis, protects against oxidative damage and
death induced by SNP. Selol is believed to induce the production of ROS in cancer cells,
leading to excessive oxidative stress. Healthy cells can manage this stress, while in cancer
cells, it may result in apoptosis [14].

Under conditions of chronic oxidative stress, cells activate defensive mechanisms,
primarily through the activation of phase 2 enzymes via the Nrf2/ARE signaling pathway.
In vivo experiments conducted on a healthy animal model have shown that Selol signifi-
cantly influences changes in non-enzymatic antioxidants (thiols) and the intracellular and
extracellular redox status [15].

However, these findings have not been validated in a cancer animal model, where
the tumor itself affects the organism’s redox status. Considering the physical conditions,
our previous study showed that treating mice with Selol resulted in a drop in the rate of
body mass reduction and stopped the increase in plasma prostatic specific antigen (PSA)
levels. The expression of genes, involved in oxidative stress following treatment with Selol,
in LNCaP cells, did not change. However, it is important to remember that gene expression
is not directly linked to enzyme activity. Many factors influence the formation of an active
protein [16].
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Our goal was to investigate the impact of long-term Selol administration on tumor
growth and the oxidative—antioxidative status in both blood and the tumor, which could
be crucial for the formulation’s effectiveness. We assessed the levels of the antioxidant
enzymes glutathione S-transferase (GST), glutathione peroxidase (GPx), and thioredoxin
reductase (TrxR), regulated by the Nrf2/ARE pathway, in both the blood and tumor of mice
with xenografted LNCaP prostate cancer. Additionally, the study considered the marker of
oxidative damage malondialdehyde (MDA) and tumor oxygen-radical absorbance capacity
(ORAC) and determined the selenium levels. Prostate-specific antigen (PSA) concentrations
before and after Selol administration were also determined. Therefore, it was decided to
perform a macroscopic examination of the results obtained and analyze the alterations in
the tumor at the histopathological level. Histopathological examinations like morphology
and p53, BCL2, and Ki-67 expression were conducted.

2. Materials and Methods
2.1. Compound Characterization

The synthesis of Selol was carried out in the Department of Drugs Analysis at Warsaw
Medical University (Patent Pol. PL 176,530 (Cl. A61K31/095)). Selol is a mixture of
selenitriglicerides obtained by the chemical modification of sunflower oil, in which a
minimum of 11 distinct selenium-containing triglycerol derivatives were identified by
using mass spectrometry [17]. In the experiments, Selol 5% at a dose of 17 mg Se/kg body
mass was used.

2.2. Ethics Statement

All animal experiments were conducted in accordance with the guidelines set forth by
European Communities Directive 2010/63/EU. Ethical approval for the study was obtained
from the IV Local Ethics Committee for Animal Experimentation in Warsaw, Poland, under
protocol number 33/2009 dated 1 April 2009. Every effort was undertaken to minimize
animal distress and to limit the number of animals used. The animal experiments adhered
to the ARRIVE guidelines.

2.3. Animal Model

Adult, immunodeficient, sexually mature male NSG mice (NOD.Cg-Prkdc/sc dll2rg),
(approximately 27-35 g, 12 weeks old) were purchased from Charles River Laboratories
(Germany). Animals were housed in cages (Centre for Postgraduate Medical Training
in Warsaw) maintained under controlled environmental conditions at 20 4+ 2 °C room
temperature, 40 £ 5% relative humidity, and a 12 h light/dark cycle with a dawn/dusk
effect. Mice were fed a complete feed mixture for laboratory animals (LSM, Agropol, Lublin,
Poland) and had access to water ad libitum. To reduce stress, the animals were handled
for 10 minutes each day and acclimated to the oral gavage procedure over a period of one
week prior to the start of the experiments.

2.4. Experimental Protocol

The induction of the tumor was performed in accordance with the results of the pilot
studies. The procedure involved implanting 5 million LNCaP cells (an epithelial cell line
derived from human prostate carcinoma) into the shoulder of mice. Cells were suspended
in Matrigel (Corning® Matrigel® Matrix GFR PhenolRF Mouse; Sigma-Aldrich, Sant Louis,
MI, USA), a vital protein mixture that promotes optimal cell culture growth, minimizes
single-cell dispersion, and contains essential growth factors.

The animal study lasted eight weeks. Tumors were induced in healthy NSG mice
(n =12). At the end of the fifth week after LNCaP cell inoculation, a significant darkening of
the skin at the injection site and the development of tumors were observed. Then, the mice
were randomly assigned to the following four main groups: (1) Ca—mice with xenografted
LNCaP prostate cancer (1 = 6); (2) Control—mice without prostatic tumors (1 = 5); (3) Con-
trol + Se—mice without prostatic tumors treated with Selol (n = 5); (4) Ca + Se—mice with
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xenografted LNCaP prostate cancer treated with Selol (n = 6). Each of the study groups
(Control + Se and Ca + Se) was supplemented daily per os with a single dose of Selol
diluted with vegetable oil equivalent to 17 mg Se/kg body weight (which is approx. 20% of
LD50—dose based on the in vivo results from the Selol toxicity study; unpublished data).
The Control and Ca groups were fed the standard diet with the same rate of pure vegetable
oil (placebo) as the study groups. Placebo and Selol were administered to the animals over
three weeks. During the treatment period, all mice were weighed and observed for changes
in their behavior twice a week. At the end of the experiment, mice were anesthetized with
halothane, the blood was collected for the biochemical measurements, and the tumors
were isolated from each mouse for further investigation. In the fifth and eighth weeks of
the experiment, PSA concentrations were determined to confirm the presence of prostate
cancer and/or the effect of Selol supplementation on the marker.

2.5. Biochemical Analysis

The animals underwent a 12-h fast before being sacrificed. Blood samples were col-
lected into heparinized tubes and centrifuged at 1000x g for 15 min at 4 °C to obtain
plasma. Red blood cells were washed twice with 0.9% NaCl, and the plasma was refriger-
ated and stored at —80 °C until analysis. On the analysis day, the samples were thawed
at room temperature. Red blood cells intended for enzymatic analysis were hemolyzed
by using an equal volume of 3 mM phosphate buffer at pH 7.4 containing 1 mM EDTA.
The hemolysates were centrifuged at 1000 x g for 20 min at 4 °C, and the supernatants
were used for further measurements. The tumors were extracted, weighed, and divided
into small fragments. The tumor fragments were briefly exposed to liquid nitrogen for
preservation before being stored at —80 °C. All tumor samples were processed within
a two months. Before measurement, the tumors were homogenized by using a manual
glass homogenizer. For enzyme activity measurements, the samples were homogenized
in a chilled medium consisting of 5 mM phosphate buffer, 0.25 mM sucrose, and 0.5 mM
EDTA at pH 7.2. Meanwhile, for MDA measurements, a cold medium containing 5 mM
pyrophosphate buffer at pH 7.4 was used. The cytosolic fraction of the homogenates was
separated by centrifugation at 10,000 x g for 20 min at 4 °C.

The following parameters were determined in plasma, erythrocytes, and tumor ho-
mogenate supernatants: selenium-dependent glutathione peroxidase (Se-GPx) and total
glutathione peroxidase (GPx) activities, and thioredoxin reductase (TrxR) and glutathione
S-transferase (GST) activities. Furthermore, plasma prostate-specific antigen (PSA) levels,
tumor ORAC values (antioxidant capacity), concentrations of malondialdehyde (MDA) in
both plasma and tumors (a marker of lipid peroxidation), and selenium concentrations in
erythrocytes and tumors were assessed.

2.5.1. Determination of Enzyme Activity

Selenium-dependent glutathione peroxidase (Se-GPx) and glutathione peroxidase
(GPx) activities in plasma, red blood cells, and tumor homogenates were determined
spectrophotometrically at a wavelength of 340 nm, using a method originally developed
by Paglia and Valentine, modified by Wendel [18,19]. The reaction was carried out at
25 °C in 50 mM sodium phosphate buffer containing 0.40 mM EDTA at pH 7.0. A super-
natant/plasma volume of 10 uL was utilized for enzyme activity analysis. In the final
reaction mixture (total volume of 220 nL), the concentrations were as follows: reduced glu-
tathione (GSH) at 1.0 mM, NADPH at 65 uM, and sodium azide at 0.17 mM. For the Se-GPx
activity assay, a substrate tert-butyl hydroperoxide was employed at a concentration of
0.02 mM. Cumene hydroperoxide at 1.05 mM concentration was used for the GPx activity
determination.

Glutathione S-transferase (GST) activity in plasma, red blood cells, and tumor ho-
mogenates was quantified by using spectrophotometric methods at a wavelength of 340 nm,
employing the Habig assay [20]. The enzymatic reaction took place at 25 °C in 50 mM
sodium phosphate buffer supplemented with 0.50 mM EDTA at pH 7.5. A 10 pL aliquot
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of supernatant/plasma was utilized to assess enzyme activity. The final reaction mixture,
with a total volume of 200 puL, contained 2 mM reduced glutathione (GSH) and 1 mM
1-chloro-2 4-dinitrobenzene (CDNB) as the substrate.

Thioredoxin reductase (TrxR) activity in plasma, red blood cells, and tumor ho-
mogenates was assessed spectrophotometrically at a wavelength of 412 nm, using the
modifications outlined by Hill et al. [21]. The enzymatic reaction was conducted at 37 °C
in 50 mM sodium phosphate buffer supplemented with 1 mM EDTA at pH 7.0. A 10 uL
of the supernatant was used for the enzyme activity analysis. In the final reaction mix-
ture, with a volume of 200 pL, the concentrations were as follows: 4 mM 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB) as the substrate, 2 uM nicotinamide adenine dinucleotide
phosphate (NADPH) as the enzymatic reaction cofactor, and 1 mM auranofin (ATM) as
a specific inhibitor of the enzyme under study. Thioredoxin reductase activity was deter-
mined by measuring the difference in enzymatic activity between samples tested without
and with the inhibitor [22,23].

2.5.2. Determination of Malondialdehyde Concentration

The concentration of malondialdehyde (MDA) in both plasma and tumor homogenates
was quantified by using an ELISA spectrophotometric assay kit (Wuhan EIAAB Science
Co., Ltd., Wuhan, China), following the manufacturer’s instructions.

2.5.3. Determination of Oxygen-Radical Absorbance Capacity (ORAC)

The ORAC-FL assay, as described by Ou et al. [24], involved measuring the antioxidant
capacity of samples. Hitachi F-7000 (Hitachi, Tokyo, Japan) spectrofluorometer with
excitation at 485 nm and emission at 520 nm was used to determine the ORAC value
of supernatants of tumor tissues. Black 96-well plates (Greiner Bio-One, Kremsmiinster,
Austria) were employed in the assay. All solutions (fluorescein and AAPH) were freshly
prepared in PBS buffer at pH 7.4 daily. The reaction mixture consisted of 13 mM AAPH
and fluorescein at 40 nM.

2.5.4. Determination of Prostate-Specific Antigen (PSA) Concentration

The PSA levels in the mice’s plasma were assessed twice, labeled as PSA1 and PSA2.
At the end of the fifth week, 150 uL of blood was extracted from the tail of each mouse for
the initial PSA measurement (PSA1). After three weeks of administering Selol/placebo,
the mice were humanely sacrificed, and their blood was gathered for the subsequent PSA
level analysis (PSA2). Following collection, the blood was centrifuged to obtain plasma
for the evaluation of PSA levels by using immunodetection (Human PSA-total ELISA Kit;
Sigma-Aldrich, Sant Louis, MI, USA; as recommended by the manufacturer).

2.5.5. Determination of Protein and Hemoglobin Concentration

The protein concentration in tumor tissue supernatants was determined by using a
spectrophotometric assay with Bradford reagent (Sigma-Aldrich, Sant Louis, MI, USA). The
absorbance of the protein-bound Coomassie Brilliant Blue G-250 dye was read at 595 nm.
Protein concentrations were calculated based on a standard curve prepared by using bovine
serum albumin (BSA) as the reference standard. The hemoglobin concentration of red
blood cell (RBC) hemolysates was assessed spectrophotometrically at 546 nm by using a
standard immunodetection assay (Human hemoglobin ELISA Kit; Sigma-Aldrich, Sant
Louis, MI, USA; as recommended by the manufacturer). Measurements of enzymatic
activity, hemoglobin concentration, and protein absorbance were conducted by using a
spectrophotometer microplate reader (Synergy MX, BioTek® Instruments, Inc., Winooski,
VT, USA).

2.5.6. Determination of Selenium Concentration

To quantify the complete selenium (Se) content in red blood cells and tumor tissues,
an inductively coupled plasma mass spectrometer (ICP-MS) (Thermo Fisher Scientific,
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Waltham, MA, USA) was used [25,26]. Tissue samples were homogenized in a mixture
of 65% HNOs3 and 30% HyO; (in a 3:1 ratio). Subsequently, homogenized samples were
transferred to Teflon crucibles and subjected to mineralization by using a microwave
mineralizer. For erythrocyte samples, 100 uL aliquots were transferred to Teflon crucibles
containing a mineralization mixture as mentioned above, followed by mineralization. The
samples were then used for ICPMS analyses, with quality control samples.

2.6. Histopathological Examination

Histopathological evaluation was performed on tissue sections from tumor-bearing
animals (n = 5). The lesions assessed were nodules with macroscopic diameters ranging
from 3 to 4 mm in control animals and from 3 to 5 mm in animals treated with the active
substance. After evaluation, tissues were processed by embedding in 10% buffered formalin,
sectioned into 7 um slices, and stained with hematoxylin and eosin (H&E). Examination
of the prepared slides was conducted by using an, Olympus BX41 microscope with an
Olympus DP25 camera and cellSens software For immunohistochemical evaluation, slides
were cut to a thickness of 4 um on salinized slides and transferred to a hothouse (50 °C).
Staining was performed with DAKO antibodies by using Dako AutostainerLink 48 platform.
Slides were transferred to buffer (Target Retrieval Solution EnVision FLEX) at pH 9.0 or
6.0 at PTLink to open antigenic dominance EnVision Detection Kit (Env FLEX, High pH,
DAKO) was used. Antibodies against p53, BCL2, and Ki-67 (DAKO Omnis, Agilent
Technologies, Santa Clara, CA, USA were used to assess protein expression levels and to
evaluate tumor characteristics. Slides were stained with hematoxylin, washed with water,
dehydrated with a series of alcohols, overexposed with xylene, and sealed in BDX.

2.7. Statistical Analysis

The data are presented as the means £ standard deviation (SD). Statistical analyses
were performed by using one-way ANOVA to compare means among multiple groups,
followed by Tukey’s and Dunnett’s post-hoc tests for pairwise comparisons. The Mann-
Whitney U test was used for comparing two independent groups, and the Spearman
correlation and multiple regression test was used to assess the strength and direction of
the association between two and more than two variables, respectively. A p-value of less
than 0.05 was considered significant. Statistical tests were performed by using Statistica
software (version 10, StatSoft, TIBCO Software, Warsaw, Poland).

3. Results
3.1. Antioxidant Enzymes

The levels of antioxidant enzymes, such as Se-GPx, GST, and TrxR, in blood plasma
were significantly higher in the group of mice with xenografted LNCaP prostate cancer (Ca)
compared with the control group (Control) (p = 0.0001, p = 0.0061, and p = 0.02; Table 1).
However, no significant differences were observed in the activities of antioxidant enzymes
(Se-GPx, GST, TrxR, and GPx) in the erythrocytes of these two groups of mice. In the
healthy mice group, the administration of Selol increased Se-GPx activity in blood plasma
(Control + Se) (p = 0.0020), as well as Se-GPx, GPx, and GST activities in erythrocytes
(p =0.0003, p = 0.0004, and p = 0.0152, respectively; Table 1).

This effect was not observed in mice with xenografted LNCaP prostate cancer. How-
ever, in this group, the activities of Se-GPx, GPx, and GST were higher in the tumor
compared with the mice receiving a placebo (Figure 1a,b).
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Table 1. Selenoenzyme activities: Se-dependent (Se-GPx), total glutathione peroxidase activity (GPx),
and thioredoxin activity (TrxR) in plasma and red blood cells of control mice (Control and Ca) and
mice treated with Selol (Control + Se and Ca + Se). Ca + Se—mice with xenografted LNCaP prostate
cancer treated with Selol; Ca—mice with xenografted LNCaP prostate cancer treated with placebo;
Control—mice without prostatic tumors treated with placebo; Control + Se—mice without prostatic

tumors treated with Selol.

Se-GPx GPx TrxR
Groups Plasma (U/mL)/ Plasma (U/mL)/ Plasma (U/mL)/
RBC (U/g Hb) RBC (U/g Hb) RBC (U/g Hb)
Ca+Se 0.83+0.142/14+ 052 0.59 +0.122/1.68 + 1.38 0.053 4 0.0082/0.7 + 0.5
Ca 0.85+0.112*/1.2+032 0.53 + 0.072/1.29 £ 0.99 2 0.071 4+ 0.009°/1.6 + 0.82
Control 0.49 +£0.072/13 + 022 0.70 +£0.13°/1.34 + 0.752 0.057 +0.0112/1.5 + 0.7
Control + Se 0.63 +0.07°/23 +04b 0.82+0.19/222 +1.02° 0.052 £0.0092/1.4 +0.22

Data are presented as means + standard deviation (SD). For the control groups (Control and Control + Se), n =5,
and for the tumor-bearing groups (Ca and Ca + Se), n = 6. The mean values in columns with different superscript
letter(s) are significantly different at p < 0.05, as assessed by Tukey’s post hoc test.
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Figure 1. The mean enzyme activities of selenium-dependent glutathione peroxidase (Se-GPx) and
total glutathione peroxidase (GPx) (a), and glutathione S-transferase (GST) and thioredoxin reductase
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(TrxR) (b); concentration of malondialdehyde (MDA) (c), ORAC value (d), and selenium (Se) con-
centration (e) in the tumor tissue of mice with xenografted LNCaP prostate cancer supplemented
with Selol (Ca + Se) and control group of mice with xenografted LNCaP prostate supplemented with
placebo (Ca). Data are shown as means + SD (n = 6). The p-values indicate differences between
control group (Ca) and study group (Ca + Se) and are indicated by * p < 0.05, ** p < 0.01.

3.2. Marker of Lipid Peroxidation

The plasma MDA levels were significantly higher in the group with LNCaP prostate
cancer compared with the control group (p = 0.0037; Table 2). However, Selol administration
to the healthy group increased MDA levels (p = 0.0065); this effect was not observed in mice
with xenografted LNCaP prostate cancer. There were no significant differences observed in
the concentration of MDA within the tumor, whether the mice were administered selenium
or not (Figure 1c).

Table 2. Glutathione S-transferase activity (GST), malondialdehyde concentration (MDA), and
selenium concentration (Se) in plasma and/or red blood cells of control mice (Control and Ca) and
mice treated with Selol (Control + Se and Ca + Se). Ca + Se—mice with xenografted LNCaP prostate
cancer treated with Selol; Ca—mice with xenografted LNCaP prostate cancer treated with placebo;
Control—mice without prostatic tumors treated with placebo; Control + Se—mice without prostatic
tumors treated with Selol.

GST

MDA Se

Groups Pli?gsén ?U(/I;/E;) / Plasma (nmol/mL) RBC (ug/g Hb)
Ca +Se 0.063 £ 0.004 ©/0.064 + 0.001 € 78 £19b 1.00 £ 0.344
Ca 0.064 + 0.005 P /0.062 + 0.005 ¢ 87 +15P 0.54 4+ 0.14 ¢
Control 0.041 + 0.001 2/0.045 + 0.001 2 724+ 122 0.40 4+ 0.09 2
Control + Se 0.046 £ 0.0022/0.054 + 0.001 ® 86 +9b 0.76 + 0.08 b

Data are presented as means = standard deviation (SD). For the control groups (Control and Control + Se), n =5,
and for the tumor-bearing groups (Ca and Ca + Se), n = 6. The mean values in columns with different superscript
letter(s) are significantly different at p < 0.05, as assessed by Tukey’s post hoc test.

3.3. ORAC Value

The tumor tissue oxygen-radical absorbance capacity (ORAC) was significantly higher
in the group of mice treated with Selol (Ca + Se) compared with the placebo group (Ca)
(Figure 1d).

3.4. Selenium Concentration

The administration of Selol resulted in an increase in selenium levels in erythrocytes,
both in the group of healthy mice and mice with LNCaP prostate cancer (p = 0.0001 in both
cases). Interestingly, in mice receiving Selol, higher selenium concentrations were observed
in LNCaP mice than in healthy mice (p = 0.0002; Table 2). As expected, the tumors in mice
with xenografted LNCaP prostate cancer that received Selol (Ca + Se) showed significantly
higher selenium levels compared with the control group that received the placebo (Ca)
(Figure 1e).

3.5. Morphological Study

The tumors of both the study and placebo mice displayed a range of sizes, all charac-
terized by noticeable blood vessel proliferation. Significant differences in tumor appearance
were observed between the two experimental groups. Tumors in mice treated with Selol
(Ca + Se) appeared darker in color, exhibited swollen interiors, and in some regions, had
a “jelly-like” consistency. In contrast, tumors in mice treated with the placebo (Ca) main-
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tained a dense and firm structure. Furthermore, there were no observable alterations in the
tissue appearance of other organs in mice that received Selol (Ca + Se and Control + Se).

3.6. PSA Concentration, Tumor Mass, and Body Weight of Mice

Plasma PSA levels were higher in all tumor-bearing mice (1 = 12) compared with
non-tumor-bearing mice (n = 10), which had PSA levels below 0.003 ng/mL (Table 3). In
both the Selol-supplemented (Ca + Se) and placebo (Ca) groups, the plasma PSA levels at
the end of the experiment were significantly higher than before treatment (p = 0.02771). We
noticed the inverse correlation between the tumor mass and the weight of tumor-bearing
mice after subtracting tumor mass (M3) at the end of the experiment (rs = 0.8936, p = 0.0044)
(Table 3), which demonstrates that as the tumor size increases, the mouse mass decreases,
and the overall condition worsens.

Table 3. Tumor mass, plasma prostate-specific antigen (PSA) concentration before (PSA1) and after
(PSA2) Selol/placebo administration, and weight of mice minus weight of isolated tumor at the
end of experiment (M3). Ca + Se—mice with xenografted LNCaP prostate cancer treated with Selol;
Ca—mice with xenografted LNCaP prostate cancer treated with placebo; Control—mice without
prostatic tumors treated with placebo; Control + Se—mice without prostatic tumors treated with Selol.

Groups Tumor Mass PSA1 PSA2 M3
(g) (ng/mL) (ng/mL) (g)
Ca + Se 0.75+ 0482 26 £19? 117 812 269 +352
Ca 0.56 £0.172 20+ 142 71 +282 26.57 £0.922
Control - <0.003 <0.003 271+13%2
Control + Se - <0.003 <0.003 2844+09°2

Data are presented as means = standard deviation (SD). For the control groups (Control and Control + Se), n =5,
and for the tumor-bearing groups (Ca and Ca + Se), n = 6. The mean values in columns with different superscript
letter(s) are significantly different at p < 0.05, as assessed by Tukey’s post hoc test.

Due to the high variability of PSA2 levels and tumor mass in the Ca + Se group, the
first step involved plotting the relationship between the PSA values at the beginning (PSA1)
and at the end of the study (PSA2), assuming it to be an indicator of cell number. A clear
trend was observed for the Ca group, showing a positive correlation between PSA at the
beginning and at the end of the experiment (R% =0.878, a = 1.846) (Figure 2a). In the Ca + Se
group, it was observed that the results for two mice significantly deviated from the trend
(marked with red loops) showing higher PSA levels at the end of the study than would
be expected based on the initial PSA values. These mice had initial PSA (PSA1) levels
greater than 30 ng/mL and were administered Se. If these individuals are excluded from
the analysis, it can be noted that for mice with lower initial PSA levels (PSA1), a greater
increase in PSA was observed at the end (PSA2) (R? =0.626, a= —1.018) (a different trend
than in the Ca group, where the relationship was directly proportional). Adding tumor
mass to the analysis (Figure 2b), it can be seen that mice with small tumors in the Ca+ Se
group exhibited significantly higher PSA2 levels (R? = 0.7252, a = —0.0158) compared with
mice with larger tumors (in the Ca group, this relationship was again directly proportional;
R? =0.8686, a = 0.0057). Given that high PSA can also be a marker of cell breakdown, it can
be inferred that Se is effective in the case of small tumors (PSA < 30 ng/mL at the beginning
of the study) but may not be suitable as monotherapy for advanced tumors. In our case,
these two individuals (PSA > 30 ng/mL) exhibited significantly larger tumor masses than
predicted based on the trend line in the control group. However, the level of secreted PSA
was proportional to the tumor size (estimated based on the trend line for the control group),
suggesting the lack of Se action in slowing tumor growth.
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Figure 2. Relationship between PSA concentrations at the beginning (PSA1) and end (PSA2) of the
experiment in tumor-bearing mice treated with Selol (Ca + Se, n = 6) or placebo (Ca, n = 6). Notably,
two mice in the Ca + Se group significantly deviated from the expected trend (indicated by red loops)
(a). Relationship between PSA concentration at the end of the experiment (PSA2) and tumor mass in
tumor-bearing mice treated with Selol (Ca + Se, nn = 6) or placebo (Ca, n = 6). Two mice in the Ca + Se
group showed significant deviations from the overall trend (indicated by red loops) (b).

We observed that in the study group (Ca + Se) with small tumors (1 = 4), an increase in
PSAZ2 levels and the relative increase in PSA positively correlated with higher MDA levels
(B=2.35,p =0.016; B=2.21, p = 0.020, respectively) and negatively correlated with ORAC
values (B= —2.22, p = 0.017; B= —1.65, p = 0.027, respectively). Additionally, there was a
positive correlation between the animals” weight (M3) and MDA concentration (B = 2.31,
p = 0.0031) and a negative correlation with ORAC values (B= —2.22, p = 0.0030). This
indicates that if we use the mice’s weight as an indicator of well-being, a higher weight
is associated with increased MDA levels in tumors and decreased ORAC values. These
findings appear to support the hypothesis that the induction of oxidative stress might be a
mechanism through which Selol exerts its effects.

The described relationship was not observed in the placebo group (Ca). In this group,
there was only a negative correlation between the relative increase in PSA and the ORAC
value (B = —0.89, p = 0.042). In contrast, in the study group with small tumors (Ca + Se),
cancer cells exhibited greater susceptibility to the pro-oxidant effects of Selol, as evidenced
by the increased levels of MDA and high PSA release.

3.7. Histological Study

In the control group (Ca), tumor tissues from animals exhibited intact tumor cells
(Figure 3a). In contrast, the Selol-treated group (Ca + Se) displayed focal necrosis ranging
from 10% to 30% near blood vessels (Figure 3b). Both groups, control and Selol-treated
mice, showed highly proliferative tumor cells with abnormal mitotic figures (Figure 3a—d).
Furthermore, tumor tissues in the control group exhibited a compact structure (Figure 3c),
whereas after Selol treatment, there was a reduction in tumor foci, with tumor cell nests
surrounded by bands of fibrous stroma (Figure 3d). The sparse stroma in both groups (Ca
and Ca + Se) exhibited dense vascularization without morphotic elements indicative of an
inflammatory reaction.

Additionally, immunohistochemical staining for p53 and BCL2 genes, as well as the
Ki-67 protein, revealed no differences in their expression between the groups (Figure 3e—j).

68

250



Nutrients 2024, 16, 2860

Figure 3. Histological photomicrographs of tumor sections stained with (a—d) H&E (hematoxylin and

eosin): no features of necrosis (a); features of necrosis (b); lite tumor tissue (c) reduction in tumor foci
(d); (e f) stained with p53 (no gene expression in both cases); (g,h) stained with Ki-67 (features of high
proliferation activity in both cases); and (i,j) stained with BCL2 (no gene expression in both cases).
Ca + Se—mice with xenografted LNCaP prostate cancer supplemented with Selol; Ca—control group
of mice with xenografted LNCaP prostate supplemented with placebo.

4. Discussion

This study explores the biochemical mechanism of action of Selol, a novel organic sele-
nium compound with promising anticancer and pro-oxidant properties. It investigates how
Selol induces oxidative stress, focusing on its impact on cells with heightened metabolic
activity and oncogenic signaling. The production of reactive oxygen species (ROS) by
pro-oxidant compounds can cause damage to cellular structures, ultimately resulting in the
death of cancer cells. This discovery presents a promising opportunity for the development
of therapeutic approaches in cancer treatment [27,28].

The presented study shows that Selol administration to animals with prostate cancer
increased antioxidant enzyme activity and selenium concentration in tumor tissues. The
ORAC value, indicating the antioxidant capacity of tumor tissues, was observed to be
higher after Selol treatment. This elevated ORAC value is likely associated with the
presence of selenium. It is probable that other tissues or organs in tumor-bearing mice
treated with Selol would similarly exhibit enhanced ORAC values. Consistent with this,
our recent studies in healthy mice have demonstrated significant increases in ORAC levels
in both blood and organs following Selol supplementation [29]. However, there were
no significant changes in the concentration of MDA (marker of oxidative stress) in the
tumor tissues of the Selol-treated group. It is possible that the levels of oxidative stress
in cancer cells may not always correlate with the level of lipid peroxidation products.
The concentration of 4-hydroxynonenal, an aldehyde produced during lipid peroxidation,
varies depending on the type of cancer and the stage of the tumor [29]. This variation might
be due to different levels of activity of aldehyde-metabolizing enzymes that are affected
by the progression of cancer, thereby impacting the concentration of aldehyde products
from lipid peroxidation [30]. Selol can induce the expression of these enzymes, in the same
way as antioxidant enzymes, as they share a common pathway for activation (e.g., through
the Nrf2/ARE pathway, which is activated by oxidative stress) [31]. Therefore, the lack
of difference in MDA levels despite ongoing oxidative stress may be justified. According
to Ksiazek et al., malignant prostate cells (LNCaP) have a weaker antioxidant defense
compared with normal cells (PNT1A). Therefore, tumors inducing antioxidant enzymes in
response to oxidative stress might not sufficiently counteract its effects, leading to apoptotic
changes in cancer cells [13]. In summary, the increase in antioxidant enzyme activity and
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antioxidant capacity value and the lack of differences in MDA levels in Ca-treated mice
may suggest the presence of oxidative stress. This may lead to molecular changes that can
result in cell death but also exert anticancer effects. To confirm this hypothesis, further
investigation into other markers of oxidation is necessary.

As mentioned previously, after treatment with Selol, we observed an increase in
the activity of antioxidant enzymes in tumors, specifically GSH-dependent ones, like
Se-GPx, GPx, and GST. The presence of ROS (induced by Selol) causes oxidative stress,
leading to the oxidation of sulfhydryl groups and a decrease in the concentration of
intracellular GSH. Then, ROS activate the Nrf2-ARE pathway, which leads to the production
of antioxidants and an increase in antioxidant enzyme levels in tissues. However, the
heightened activity of these antioxidants, including GPx and GST, can deplete further the
reduced form of GSH, which serves as a substrate for these enzymes [31]. The enzyme that
reduces GSH is TrxR. Here, we observed higher activity of Se-GPx, GPx, and GST as well
as antioxidant capacity in the tumor, leading to the consumption of GSH and its conversion
into GSSG. However, TrxR activity remained unchanged, indicating no significant effect
on the reduction of oxidized proteins that may accumulate in the cell. These findings are
supported by previous research, which observed higher GSSG and lower GSH levels in the
tumor after Selol treatment [15]. Further decline in glutathione concentration may result
from aldehyde products formed during lipid peroxidation, reacting with glutathione (GSH)
and forming rapidly eliminated conjugates [32]. All these changes lead to a decrease in the
concentration of reduced GSH and an increase in the oxidative form of GSSG. This enhances
the oxidoreductive potential in cancer cells, inducing them to undergo apoptosis [33,34].
Interestingly, despite administering Selol, our previous research on the same experimental
group showed no significant changes in the expression of oxidative stress-related genes,
such as GPx and GST, within the tumor [13]. This finding highlights the importance of
phenotypic studies, including the measurement of enzymatic activities, which, although
more time-consuming than gene expression screenings, provide crucial insights that might
be overlooked in genetic analyses.

In evaluating the effects of Selol administration on tumor size, mouse weight (as a
measure of overall well-being), and PSA levels at the end of the experiment, significant
variability was observed in the treated group (CV = 62% vs. 31% for tumor weight and
70% vs. 40% for PSA2 levels). This variation suggests the presence of ongoing processes,
potentially necrosis, with dynamics that vary among individuals. Based on the notable
fluctuations in PSA levels and tumor sizes observed in the study, particularly after exclud-
ing individuals with large tumor masses and elevated PSA values (as shown in Section 3.6),
our findings indicate that Se may be particularly effective against smaller tumors. This
suggests its potential role in preventing metastasis or serving as a complementary treatment
alongside therapies like chemotherapy or surgery, especially in advanced cancer stages.
The obtained results support the in vitro studies on the Selol interaction with standard
chemotherapy drugs, which have shown that it can significantly enhance the antiprolif-
erative effects of doxorubicin, especially in cells resistant to the drug [11]. Additionally,
in situations of vincristine-induced hyperalgesia, Selol improved the analgesic effects of
fentanyl, buprenorphine, and morphine [10]. However, this hypothesis must be verified.

The elevated PSA levels observed at the end of the experiment in the small-tumor
group treated with Selol could be attributed to a temporary rise in PSA, often referred to as
a “PSA flare”. This phenomenon is likely caused by the breakdown of tumor cells, which
releases PSA into the bloodstream as the cancer cells are destroyed [35,36]. This transient
increase in PSA is not necessarily indicative of treatment failure. Instead, it reflects the
dynamic process of tumor response and should be interpreted in conjunction with other
clinical findings and diagnostic tests. Proper evaluation of this PSA fluctuation is essential
to distinguishing between actual disease progression and a temporary flare-up due to
effective treatment. Furthermore, considering the variations in oxidative stress markers,
including MDA and ORAC, as well as PSA levels and animal weights, we can conclude
that smaller tumors may be more sensitive to the pro-oxidant effects of Selol.
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The tumor morphology in mice treated with Selol differed from that in the placebo
group. These differences, supported by histopathological studies, suggest the onset of
tumor cell necrosis in the Selol-treated group. Given that the tumors of animals in the
Ca + Se group exhibited a different consistency, it may turn out that they are more sensitive
to chemotherapy or other types of anticancer therapy. It is worth conducting research
in this direction, which suggests promising new therapeutic options for palliative care,
especially for patients in the final stages of cancer.

Furthermore, histological study revealed that Selol treatment influences tumors by
inducing tumor cell degeneration, focal necrosis, and constriction of tumor cell fields by
connective tissue. However, there was no observed effect on the degradation of the mutated
p53 gene. The proliferative activity of tumor tissue remained unaffected, and there was no
suppression of apoptosis, as evidenced by the absence of BCL2 oncogene expression. The
mechanism of Selol’s action in this specific type of cancer may differ from its effects in other
cell lines, such as A545, where both apoptosis and necrosis contribute to its mechanism [37].

In reassessing the effects of Selol on biochemical parameters, this study found no
significant changes in the activities of selenium-dependent glutathione peroxidase (Se-GPx)
and glutathione S-transferase (GST) in the plasma and erythrocytes of tumor-bearing mice
following Selol supplementation. Additionally, the levels of MDA were comparable in both
groups. However, in healthy mice, supplementation with Selol increased the activity of
antioxidant enzymes in red blood cells and SeGSHPx activity and MDA concentration in
plasma, which supports the previous finding that long-term Selol intake affects antioxidant
enzyme activity in the blood of healthy animals [27,38]. The lack of increased antioxidant
enzyme activity and the elevation in MDA levels in the plasma of tumor-bearing mice
after Selol administration may be attributed to their pre-existing high levels due to the
cancerous process. Tumors initiate processes like division, metabolism, and inflammatory
cytokine release, leading to increased reactive oxygen species (ROS) production. This aligns
with previous studies indicating heightened oxidative stress in tumor cells, impacting
antioxidant enzyme activity. In various human tumors, reduced levels of superoxide
dismutase and catalase activities have been observed, accompanied by an increase in
GSH-dependent enzymes and thioredoxin reductase activity [37].

5. Conclusions

Prolonged supplementation with this novel selenium compound leads to a significant
increase in the activity of antioxidant enzymes in the blood of healthy animal models,
as shown previously. Selol treatment in tumor-bearing mice influences the morphology
of tumor cells, inducing necrotic changes. Additionally, it affects the antioxidant—pro-
oxidant potential in the tumor, likely due to oxidative stress. Se appears to increase the
breakdown of cancer cells more effectively in small tumors than in larger ones. In advanced
tumors, it may accelerate tumor growth if used as monotherapy. Therefore, further studies
are necessary to evaluate its efficacy either in combination therapy or for the prevention
of recurrence.

Author Contributions: Conceptualization, M.S., ].G. and P.S.; methodology, M.S. and K.S.; software,
M.S. and J.G,; validation, M.S. and J.G.; formal analysis, M.S. and ]J.G.; investigation, M.S., M.R., G.H.
and ].G.; resources, M.S. and ].G.; data curation M.S. and ].G.; writing—original draft preparation,
M.S. and ]J.G.; writing—review and editing, M.S. and ].G.; visualization, M.S.; supervision, J.G;
project administration, J.G.; funding acquisition, M.S., P.S. and J.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Polish Ministry of Science and Higher Education based
on contract 3606/B/P01/2010/39 as part of research project N N405 360639.

Institutional Review Board Statement: The animal study protocol was approved by the IV Local
Ethics Committee for Animal Experimentation in Warsaw, Poland (protocol number 33/2009 on
1 April 2009).

Informed Consent Statement: Not applicable.

71



Nutrients 2024, 16, 2860

Data Availability Statement: The data presented in this study are available upon request form
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Rawla, P. Epidemiology of Prostate Cancer. World J. Oncol. 2019, 10, 63—-89. [CrossRef] [PubMed]

2. Stangelberger, A.; Waldert, M.; Djavan, B. Prostate cancer in elderly men. Rev. Urol. 2008, 10, 111-119. [PubMed]

3. Liu,M.; Wang, D; Luo, Y;; Hu, L, Bi, Y; Ji, ].; Huang, H.; Wang, J.; Zhu, L.; Ma, ]. Selective killing of cancer cells harboring
mutant RAS by concomitant inhibition of NADPH oxidase and glutathione biosynthesis. Cell Death Dis. 2021, 12, 189. [CrossRef]

4. Yang, H.; Villani, R.M.; Wang, H.; Simpson, M.].; Roberts, M.S.; Tang, M.; Liang, X. The role of cellular reactive oxygen species in
cancer chemotherapy. J. Exp. Clin. Cancer Res. 2018, 37, 266. [CrossRef]

5. Kieliszek, M.; Bano, I. Selenium as an important factor in various disease states—A review. Excli J. 2022, 21, 948-966. [CrossRef]
[PubMed]

6.  Benhar, M. Roles of mammalian glutathione peroxidase and thioredoxin reductase enzymes in the cellular response to nitrosative
stress. Free Radic. Biol. Med. 2018, 127, 160-164. [CrossRef]

7. Gandin, V.; Khalkar, P; Braude, ]J.; Fernandes, A.P. Organic selenium compounds as potential chemotherapeutic agents for
improved cancer treatment. Free Radic. Biol. Med. 2018, 127, 80-97. [CrossRef]

8. Radomska, D.; Czarnomysy, R.; Radomski, D.; Bielawski, K. Selenium Compounds as Novel Potential Anticancer Agents. Int. J.
Mol. Sci. 2021, 22, 1009. [CrossRef]

9.  Rahden-Staron, I.; Suchocki, P.; Czeczot, H. Evaluation of mutagenic activity of the organo-selenium compound Selol by use of
the Salmonella typhimurium mutagenicity assay. Mutat. Res. 2010, 699, 44-46. [CrossRef]

10.  Suchocki, P.; Misiewicz, I.; Skupinska, K.; Waclawek, K.; Fijalek, Z.; Kasprzycka-Guttman, T. The activity of Selol in multidrug-
resistant and sensitive human leukemia cells. Oncol. Rep. 2007, 18, 893-899. [CrossRef]

11.  Dudkiewicz-Wilczyniska, J.; Grabowska, A.; Ksiazek, I.; Sitarz, K.; Suchocki, P.; Anuszewska, E. Comparison of selected gene
expression profiles in sensitive and resistant cancer cells treated with doxorubicin and Selol. Contemp. Oncol. 2014, 18, 90-94.
[CrossRef] [PubMed]

12.  Suchocki, P; Misiewicz-Krzeminska, I.; Skupinska, K.; Niedzwiecka, K.; Lubelska, K.; Fijalek, Z.; Kasprzycka-Guttman, T.
Selenitetriglicerydes affect CYP1A1 and QR activity by involvement of reactive oxygen species and Nrf2 transcription factor.
Pharmacol. Rep. 2010, 62, 352-361. [CrossRef]

13. Ksiazek, L; Sitarz, K.; Roslon, M.; Anuszewska, E.; Suchocki, P.; Wilczynska, J.D. The influence of Selol on the expression of
oxidative stress genes in normal and malignant prostate cells. Cancer Genomics. Proteomics. 2013, 10, 225-232.

14. Dominiak, A.; Wilkaniec, A.; Jesko, H.; Czapski, G.A.; Lenkiewicz, A.M.; Kurek, E.; Wroczyniski, P.; Adamczyk, A. Selol, an organic
selenium donor, prevents lipopolysaccharide-induced oxidative stress and inflammatory reaction in the rat brain. Neurochem. Int.
2017, 108, 66-77. [CrossRef]

15. Flis, A.; Suchocki, P; Krélikowska, M.A.; Suchocka, Z.; Remiszewska, M.; Sliwka, L.; Ksiazek, L; Sitarz, K.; Sochacka, M.; Hoser,
G.; et al. Selenitetriglycerides-Redox-active agents. Pharmacol. Rep. 2015, 67, 1-8. [CrossRef] [PubMed]

16. Ksiazek, L; Sitarz, K.; Roslon, M.; Anuszewska, E.; Hoser, G.; Wilczyniska, ].D.; Iwanowska, M.; Suchocki, P. The influence of an
organic selenium (IV) compound on progression of tumour induced using prostate cancer cells and gene expression connected to
the oxidative stress response. World J. Pharm. Sci. 2014, 2, 1146-1158.

17.  Bierla, K,; Flis-Borsuk, A.; Suchocki, P.; Szpunar, J.; Lobinski, R. Speciation of Selenium in Selenium-Enriched Sunflower Oil by
High-Performance Liquid Chromatography-Inductively Coupled Plasma Mass Spectrometry /Electrospray-Orbitrap Tandem
Mass Spectrometry. J. Agric. Food Chem. 2016, 64, 4975-4981. [CrossRef]

18.  Wendel, A. Glutathione peroxidase. Methods Enzym. 1981, 77, 325-333. [CrossRef]

19. Paglia, D.E.; Valentine, W.N. Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase. J.
Lab. Clin. Med. 1967, 70, 158-169. [PubMed]

20. Habig, W.H.; Pabst, M.].; Jakoby, W.B. Glutathione S-Transferases: The First Enzymatic Step in Mercapturic Acid Formation. J.
Biol. Chem. 1974, 249, 7130-7139. [CrossRef]

21. Hill, K.E;; McCollum, G.W.; Burk, R.F. Determination of thioredoxin reductase activity in rat liver supernatant. Anal. Biochem.
1997, 253, 123-125. [CrossRef]

22.  Mustacich, D.; Powis, G. Thioredoxin reductase. Biochem. ]. 2000, 346 Pt 1, 1-8. [CrossRef] [PubMed]

23.  Hill, K.E.; McCollum, G.W.; Boeglin, M.E.; Burk, R.F. Thioredoxin reductase activity is decreased by selenium deficiency. Biochem.
Biophys. Res. Commun. 1997, 234, 293-295. [CrossRef]

24.  Ou, B.; Hampsch-Woodill, M.; Prior, R.L. Development and validation of an improved oxygen radical absorbance capacity assay

using fluorescein as the fluorescent probe. J. Agric. Food Chem. 2001, 49, 4619-4626. [CrossRef]

72



Nutrients 2024, 16, 2860

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nixon, D.E.; Moyer, T.P,; Burritt, M.F. The determination of selenium in serum and urine by inductively coupled plasma mass
spectrometry: Comparison with Zeeman graphite furnace atomic absorption spectrometry1This paper is dedicated to the memory
of Velmer A. Fassel. This work represents a long standing commitment to the accurate determination of toxic but essential
metalloids, such as selenium—My dissertation research under the tutelage of Drs. Fassel and Kniseley.1. Spectrochim. Acta Part B
At. Spectrosc. 1999, 54, 931-942. [CrossRef]

Forrer, R.; Gautschi, K.; Stroh, A.; Lutz, H. Direct Determination of Selenium and other Trace Elements in Serum Samples by
ICP-MS. J. Trace Elem. Med. Biol. 1999, 12, 240-247. [CrossRef] [PubMed]

Sochacka, M.; Giebultowicz, J.; Remiszewska, M.; Suchocki, P.; Wroczyniski, P. Effects of Selol 5% supplementation on the activity
or concentration of antioxidants and malondialdehyde level in the blood of healthy mice. Pharmacol. Rep. 2014, 66, 301-310.
[CrossRef]

Raza, M.H.; Siraj, S.; Arshad, A.; Waheed, U.; Aldakheel, F.; Alduraywish, S.; Arshad, M. ROS-modulated therapeutic approaches
in cancer treatment. J. Cancer Res. Clin. Oncol. 2017, 143, 1789-1809. [CrossRef]

Hammer, A.; Ferro, M,; Tillian, H.M.; Tatzber, F.; Zollner, H.; Schauenstein, E.; Schaur, R.J. Effect of oxidative stress by iron on
4-hydroxynonenal formation and proliferative activity in hepatomas of different degrees of differentiation. Free Radic. Biol. Med.
1997, 23, 26-33. [CrossRef]

Tjalkens, R.B.; Cook, L.W.; Petersen, D.R. Formation and export of the glutathione conjugate of 4-hydroxy-2,3-E-nonenal (4-HNE)
in hepatoma cells. Arch. Biochem. Biophys. 1999, 361, 113-119. [CrossRef]

Vaskova, J.; Ko¢an, L.; Vasko, L.; Perjési, P. Glutathione-Related Enzymes and Proteins: A Review. Molecules 2023, 28, 1447.
[CrossRef] [PubMed]

Pizzimenti, S.; Ciamporcero, E.; Daga, M.; Pettazzoni, P.; Arcaro, A.; Cetrangolo, G.; Minelli, R.; Dianzani, C.; Lepore, A.; Gentile,
F; et al. Interaction of aldehydes derived from lipid peroxidation and membrane proteins. Front. Physiol. 2013, 4, 242. [CrossRef]
Lv, H.; Zhen, C.; Liu, J.; Yang, P.; Hu, L.; Shang, P. Unraveling the Potential Role of Glutathione in Multiple Forms of Cell Death in
Cancer Therapy. Oxid. Med. Cell. Longev. 2019, 2019, 3150145. [CrossRef] [PubMed]

Averill-Bates, D.A. The antioxidant glutathione. Vitam Horm 2023, 121, 109-141. [CrossRef] [PubMed]

Adhyam, M.; Gupta, A.K. A Review on the Clinical Utility of PSA in Cancer Prostate. Indian . Surg. Oncol. 2012, 3, 120-129.
[CrossRef]

Sidhu, A.; Khan, N.; Phillips, C.; Briones, J.; Kapoor, A.; Zalewski, P.; Fleshner, N.E.; Chow, E.; Emmenegger, U. Prevalence and
Prognostic Implications of PSA Flares during Radium-223 Treatment among Men with Metastatic Castration Resistant Prostate
Cancer. |. Clin. Med. 2023, 12, 5604. [CrossRef]

Gopcevi¢, K.R,; Rovéanin, B.R,; Tati¢, S.B.; Krivokapi¢, Z.V.; Gaji¢, M.M.; Dragutinovi¢, V.V. Activity of superoxide dismutase,
catalase, glutathione peroxidase, and glutathione reductase in different stages of colorectal carcinoma. Dig. Dis. Sci. 2013, 58,
2646-2652. [CrossRef]

Zarczyﬁska, K.; Sobiech, P; Tobolski, D.; Mee, ].E,; Illek, J. Effect of a single, oral administration of selenitetriglycerides, at two
dose rates, on blood selenium status and haematological and biochemical parameters in Holstein-Friesian calves. Ir. Vet. J. 2021,
74, 11. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



 §6)-

S8g nutrients MoPY

Systematic Review

Does Magnesium Provide a Protective Effect in Crohn’s Disease
Remission? A Systematic Review of the Literature

Sergiu Costescu 2, Felix Bratosin 3, Zoran Laurentiu Popa >*, Ingrid Hrubaru 2 and Cosmin Citu >

Doctoral School Department, “Victor Babes” University of Medicine and Pharmacy Timisoara,

300041 Timisoara, Romania; sergiu.costescu@umft.ro

Department of Obstetrics and Gynecology, “Victor Babes” University of Medicine and Pharmacy Timisoara,
300041 Timisoara, Romania; hrubaru.ingrid@umft.ro (I.H.); citu.ioan@umft.ro (C.C.)

Department of Infectious Diseases, “Victor Babes” University of Medicine and Pharmacy Timisoara,

300041 Timisoara, Romania; felix.bratosin@umft.ro

*  Correspondence: popa.zoran@um(ft.ro

Abstract: This systematic review evaluates the hypothesis that optimal serum magnesium levels may
enhance remission rates in Crohn’s disease (CD) and considers whether magnesium supplementation
could be beneficial in CD management. This review aims to synthesize available evidence concerning
the impact of serum magnesium on disease remission in CD, and to analyze the effectiveness and
mechanistic roles of magnesium supplementation. Adhering to the PRISMA guidelines, we searched
PubMed, Web of Science, and Scopus up to January 2024 using MeSH terms and free-text queries
related to CD and magnesium. The inclusion criteria were studies that investigated serum magnesium
levels, effects of supplementation, and the inflammatory mechanisms in CD remission. From the
525 records identified, eight studies met the inclusion criteria after the removal of duplicates and
irrelevant records. These studies, conducted between 1998 and 2023, involved a cumulative sample of
453 patients and 292 controls. Key findings include significantly lower serum magnesium levels in CD
patients (0.79 £ 0.09 mmol/L) compared to controls (0.82 £ 0.06 mmol /L), with up to 50% prevalence
of hypomagnesemia in CD patients observed in one study. Notably, CD patients, particularly men,
exhibited lower magnesium intake (men: 276.4 mg/day; women: 198.2 mg/day). Additionally, low
magnesium levels correlated with increased sleep latency (95% CI —0.65 to —0.102; p = 0.011) and
decreased sleep duration (95% CI —0.613 to —0.041; p = 0.028). Another key finding was the significant
association between low serum magnesium levels and elevated CRP levels as an indicator of CD
disease activity. The findings support the hypothesis that serum magnesium levels are significantly
lower in CD patients compared to healthy controls and suggest that magnesium supplementation
could improve CD management by enhancing remission rates and sleep quality. However, more
rigorous, evidence-based research is necessary to define specific supplementation protocols and to
fully elucidate the role of magnesium in CD pathophysiology.

Keywords: Crohn’s disease; magnesium; micronutrients; nutritional supplementation

1. Introduction

Crohn’s disease (CD) represents a significant clinical challenge due to its idiopathic
nature and chronic course, characterized by periods of relapse and remission that affect
the gastrointestinal tract [1-3]. This inflammatory bowel disease (IBD) is marked by a
heterogeneous presentation, which can range from mild to severe intestinal inflammation,
leading to symptoms such as abdominal pain, diarrhea, and weight loss [4-6]. These can
mimic various gastrointestinal disorders, including malignancies, and require extensive
investigations to diagnose and surgical excisions in uncontrolled cases [7-10]. The preva-
lence of CD varies globally, with recent estimates indicating an increasing incidence in both
developed and developing countries, suggesting that environmental and lifestyle factors
play critical roles in its pathogenesis alongside genetic susceptibilities [11,12]. Moreover,
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uncontrolled systemic inflammation and oxidative stress involved in chronic conditions
was shown to increase the predisposition of cancers [13-16].

Magnesium, the fourth most abundant mineral in the human body, is crucial for
many physiological processes, including energy production, nucleic acid and protein
synthesis, ion transport, cell signaling, and the regulation of vascular tone [17-19]. Its
role in maintaining immune homeostasis and modulating the inflammatory response is of
particular interest in the context of chronic inflammatory diseases like CD [20]. Despite
the established importance of magnesium, dietary surveys have consistently shown that a
significant portion of the population consumes less than the recommended daily allowance,
leading to widespread concern about the health implications of marginal magnesium
status [21].

Objective data from epidemiological studies have highlighted an intriguing link be-
tween magnesium deficiency and increased risk of chronic inflammatory conditions [22,23].
In the context of Crohn’s disease, patients often exhibit disrupted micronutrient homeosta-
sis, attributed to factors such as malabsorption, intestinal loss, and dietary insufficiency,
compounded by the disease’s impact on the gastrointestinal tract [24]. The exact prevalence
of hypomagnesemia in CD patients remains to be clarified, with studies suggesting a range
that varies depending on disease location, severity, and the criteria used for magnesium
deficiency diagnosis [25].

The potential of magnesium supplementation as a therapeutic strategy in CD is under-
pinned by its physiological roles and the observation that hypomagnesemia may exacerbate
inflammatory pathways relevant to CD pathophysiology and might potentiate the effect
of CD treatment and other medications [26—29]. Research indicates that magnesium can
influence the immune response by modulating the production of key cytokines such as
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-«), and interleukin-10 (IL-10). It
also affects the leukocyte activity, and the expression of adhesion molecules such as the
selectins, integrins LFA-1 and VLA-4, and ICAM-1 (Intercellular Adhesion Molecule 1),
VCAM-1 (Vascular Cell Adhesion Molecule 1), and PECAM-1 (Platelet Endothelial Cell
Adhesion Molecule), which are pivotal in the inflammatory process [30-32]. Clinical trials
and observational studies have begun to explore the effects of magnesium supplementation
on various inflammatory diseases, with preliminary findings suggesting potential benefits
in reducing disease severity and enhancing quality of life for patients [33-35].

The hypothesis driving this systematic review is that adequate serum magnesium
levels are associated with improved remission rates in Crohn’s disease, positing that
magnesium supplementation could serve as a beneficial adjunctive therapy in managing
this condition, and whether it can serve as protective factor for disease remission. Therefore,
the primary objective is to consolidate and critically assess the existing evidence regarding
the impact of serum magnesium levels on Crohn’s disease remission, by evaluating the
effectiveness of magnesium supplementation in altering disease outcomes and delineating
the mechanistic pathways through which magnesium may exert its anti-inflammatory
effects in the context of CD.

2. Materials and Methods
2.1. Protocol and Registration

The protocol for this systematic review was developed in alignment with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [36],
ensuring a transparent, reproducible, and methodologically correct approach. For the
integrity of our research process, we registered the review protocol with the Open Science
Framework (OSF), with the registration code osf.io/754vr.

To conduct the literature search, we employed an extensive search strategy, target-
ing research published up to January 2024, when the database search was performed.
The databases selected comprised PubMed, Web of Science, and Scopus. The search
strategy was constructed based on a range of Medical Subject Headings (MeSH) and

/7

free-text terms. The following MeSH Terms were used: “Crohn Disease”, “Magnesium”,
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“Micronutrients”, “Magnesium Deficiency”, “Dietary Magnesium”, “Supplementation”,
“Inflammatory Bowel Diseases”, “Remission Induction”, “Biomarkers”. The free-text terms

Zai

comprised: “serum magnesium and Crohn’s Disease”, “magnesium deficiency in IBD”,
“magnesium supplementation effects”, “IBD remission with magnesium”, “serum Mg
levels in CD”, “magnesium therapy for Crohn’s”, “Crohn’s Disease and hypomagnesemia”,
“nutritional therapy in IBD remission”, “inflammatory markers and magnesium”.

7

2.2. Eligibility Criteria and Definitions

The inclusion criteria were set as follows: (1) studies examining the relationship
between serum magnesium levels and remission in Crohn’s disease; (2) reports on the
effects of magnesium supplementation on CD remission rates; (3) investigations into the
mechanisms by which magnesium may influence inflammatory processes in CD; and
(4) peer-reviewed articles published in English. The exclusion criteria included the fol-
lowing: (1) studies not directly addressing serum magnesium levels or supplementation
in the context of Crohn’s disease remission; (2) studies where patients with CD were not
in remission; (3) articles lacking empirical data or reporting on in vitro or animal studies;
(4) reviews, commentaries, and editorials that did not provide original research data; and
(5) studies with incomplete information on magnesium assessment methods or outcomes
related to CD remission. The decision to exclude studies with active CD patients was based
on the existing literature suggesting that micronutrients’ levels can be influenced by the
systemic inflammatory response [37,38]. Therefore, studies that involved patients with CD
before or during treatment were not considered for inclusion.

Crohn’s disease in remission was defined as a state where patients experience a significant
reduction in or complete absence of the symptoms associated with active Crohn’s disease with-
out the need for ongoing acute treatment interventions. Remission was categorized into clinical
remission and biochemical remission using the Crohn’s Disease Activity Index (CDAI) [39].
Clinical remission refers to the cessation of symptoms such as abdominal pain, diarrhea, and
rectal bleeding, allowing patients to return to their normal daily activities without the discomfort
and complications associated with active disease phases. Biochemical remission is determined
through laboratory markers, including inflammatory markers such as C-reactive protein (CRP)
and fecal calprotectin levels, which indicate the absence of underlying inflammation. For the
purpose of this systematic review, remission in Crohn’s disease will encompass both clinical
and biochemical remission, requiring evidence of symptom relief corroborated by relevant
laboratory findings. Patients in biochemical remission at baseline were defined as those with
albumin >35 g/L, CRP < 10 mg/L (1 mg/dL), and FCP < 250 pg/g [40].

2.3. Data Collection Process

To ensure the relevance of the studies included, we established specific eligibility
criteria. The literature search was confined to English-language peer-reviewed journal
articles. The initial phase involved the removal of duplicates, followed by a screening
of titles and abstracts by two independent reviewers (Z.L.P. and F.B.) to assess relevance
to the study objectives. Disagreements were resolved through discussion or, if necessary,
consultation with a third reviewer.

For articles advancing to full-text review, the same two reviewers (Z.L.P. and F.B.) con-
ducted an in-depth evaluation to confirm eligibility based on the predefined criteria. Data
extraction and management were performed manually, ensuring a systematic approach to
synthesizing evidence from selected studies. From a total of 525 records that were screened,
281 were duplicated, 58 did not have available data, and the other 236 articles did not
match the inclusion criteria, leaving a total of 8 studies included in the final analysis, as
presented in Figure 1.
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Figure 1. PRISMA flow diagram.

2.4. Risk of Bias and Quality Assessment

For the systematic assessment of study quality and determination of risk of bias within
the included studies, our review employed a dual approach, integrating both qualitative
and quantitative evaluation methods. Initially, the quality of observational studies was
evaluated using the Newcastle-Ottawa Scale, a widely recognized tool that assesses three
critical dimensions: the selection of study groups, the comparability of these groups, and
the ascertainment of either the exposure or outcome of interest for case—control or cohort
studies, respectively. Each study is awarded stars in these categories, cumulating in a score
that classifies the study quality as either low, medium, or high. This star system facilitates a
nuanced evaluation of study quality, enabling the systematic identification of research that
meets high methodological standards. To ensure the objectivity and reproducibility of our
quality assessment process, each study was independently evaluated by two researchers.
Discrepancies in quality assessment scores were resolved through discussion, or if necessary,
consultation with a third researcher.

3. Results
3.1. Study Characteristics

This systematic review included eight distinct studies [40—47] spanning a diverse
array of countries, including the Netherlands, Japan, France, Italy, Brazil, and the United
Kingdom, signifying a global interest in the subject matter. The timeline of these studies,
ranging from 1998 to 2023, underscores a sustained scholarly engagement with the topic
over a quarter-century. The inception of this research was marked by a study from Geerling
et al. in the Netherlands in 1998 [41], while the most recent investigation by Browson et al.
from the United Kingdom was published in 2023 [40].

The studies employed varied methodologies, encompassing both prospective and
retrospective cohort studies, as well as cross-sectional designs. Specifically, three studies
adopted a prospective cohort approach [41,45,47], four studies were cross-sectional in
nature [42-44,46], and one study was characterized as a retrospective cohort [40]. Regarding
the quality of these studies, there was a notable variation. Two studies were rated as high
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in quality [43,46], indicating a robust methodological framework, while the remaining
six studies were assessed as medium [40-42,45,47] or low [44] in quality (Table 1).

Table 1. Study characteristics.

Study & Author Country Study Year Study Design Study Quality
1[41] Geerling et al. Netherlands 1998 Prospective Cohort Medium
2 [42] Geerling et al. Netherlands 2000 Cross-Sectional Medium
3 [43] Tajika et al. Japan 2004 Cross-Sectional High
4 [44] Filippi et al. France 2006 Cross-Sectional Low
5 [45] Valentini al. Italy 2008 Prospective Cohort Medium
6 [46] de Castro et al. Brazil 2019 Cross-Sectional High
7 [47] MacMaster et al. United Kingdom 2021 Prospective Cohort Medium
8 [40] Browson et al. United Kingdom 2023 Retrospective Cohort Medium

3.2. Patients’ Characteristics

Table 2 elucidates the demographics and clinical attributes of patients across eight
studies, offering insight into the characteristics of individuals with Crohn’s disease and their
comparison groups within the context of serum magnesium levels and disease remission.
The collective sample size amounted to 453 patients and 292 controls, revealing a broad

spectrum of age, gender distribution, and additional health characteristics.

Table 2. Patient characteristics.

Sample Gender Comparison .
Study Number Size Age (Years) Distribution Group Other Characteristics
18 (56.2%) 32 healthy Smoking 13 (40.6%);
1[41] Geerling et al. 32 40 (median) women; 14 controls matched un? erwglght'
(43.8%) men for age and (65-75%); Vitamin D
-0} e gender deficiency 18 (56.2%)
15 (65.2%) 23 healthy
2 [42] Geerling et al. 23 30.1 (mean) women; 8 controls matched Smoking 8 (34.7%)
(34.8%) men for age and
) gender
15 healthy
.. 8(24.2%) women;  controls matched Vitamin D deficiency
3 [43] Tajika et al. 33 37(mean) 55 35 894) men for age and 9 (27.3%)
gender
Underweight (30%);
28 (51.9%) low plasma
4 [44] Filippi et al. 54 39.0 (mean) women; 26 250}:;1:1}; y concentration of
(48.1%) men micronutrients (50%);
smoking 17 (31%)
Smoking 19 (20.2%);
0, .
5 [45] Valentini al. 94 37.7 (mean) 61 (640'9 ve); 33 61 healthy malnutrition 22
(35.1%) men controls o
(23.7%)
16 (51.6%) . . . o,
6 [46] de Castro et al. 31 39.7 (mean) women; 15 29p a t1en_ts with Smolflng 1 (3'20/0)’
(48.4%) men active disease obesity 5 (16.1%)
7 [47] MacMaster 59 48.0 22 (37%) women; 30 patients with Vitamin D deficiency
etal. (median) 37 (63%) men ulcerative colitis 16 (32%)
54 (42.5%) . . . -
43.0 . 77 patients with Vitamin D deficiency
8 [40] Browson et al. 127 (median) women; 73 ulcerative colitis 12 (9.6%)

(57.5%) men

The patient ages across these studies showed variability, with median ages reported
in two studies by Geerling et al. [41] and Browson et al. [40] at 40 and 43 years, respectively,
and mean ages ranging from 30.1 to 39.7 years in the remaining studies. Gender distribution
across these studies leaned slightly towards a higher female participation in some studies
(e.g., 65.2% women in the study by Geerling et al. [42]), while others had a more balanced
or male-dominant ratio (e.g., 63% men in the study by MacMaster et al. [47]).

Notably, all studies included comparison groups, ranging from healthy controls
matched for age and gender in studies by Geerling et al. [41,42] to patients with active
disease or ulcerative colitis in studies by de Castro et al. [46] and Browson et al. [40]. Other
characteristics highlighted include lifestyle factors such as smoking, which varied signifi-
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cantly across studies (from 3.2% in the study by de Castro et al. [46] to 40.6% in the study by
Geerling et al. [41]), and nutritional status, with mentions of underweight and malnutrition.
Vitamin D deficiency was also a recurrent theme, observed in a significant proportion of
participants across several studies, suggesting potential interrelations between vitamin
D levels, nutritional status, and Crohn’s disease activity or remission status. The hetero-
geneity among studies reflects the multifaceted nature of Crohn’s disease and the myriad
factors that can influence disease progression and remission, emphasizing the importance
of considering a wide range of demographic and clinical characteristics in understanding
the disease’s dynamics.

3.3. Disease Characteristics

Disease duration varied significantly across the studies, from as short as 6 months in
the study by Geerling et al. [42] to as long as 16 years in the studies by Geerling et al. [41]
and Tajika et al. [43], indicating a wide range of disease experiences among the patients.
Disease severity, assessed using the Crohn’s Disease Activity Index (CDAI) and the Harvey
Bradshaw Index (HBI), showed a range of values that indicate different levels of disease
activity across the patient cohorts. The CDAI values showed clinical remission of disease,
ranging from a median of 139 in the study by Geerling et al. [41], suggesting moderate
disease activity, to a mean of 41.4 in the study by de Castro et al. [46], indicating milder
disease activity. The use of the Montreal classification in Browson et al.’s work [40] to
describe disease behavior further highlights the complexity of assessing Crohn’s disease
severity.

Surgical history was a common element among the patients, with a significant number
undergoing bowel resections, indicative of the severity of their conditions. The percentage
of patients with surgical interventions ranged from 17.4% in the study by Geerling et al. [42]
to 84.4% in their earlier study [41]. Complications such as colonic and perianal involvement
were frequently reported, with percentages indicating a considerable impact on the patients’
health and quality of life. For instance, colonic involvement was reported at high rates in
several studies, such as 88.3% in the study by Valentini al. [45].

Medication usage varied across the studies, with a wide range of treatments including
mesalamine, azathioprine, corticosteroids, immunosuppressants, and biological therapies
such as infliximab and vedolizumab. Notably, the use of advanced biological therapies
in the study by Browson et al. [40] indicates a shift towards more targeted treatments in
recent years compared with the first study from 1998 [41], as presented in Table 3.

Table 3. Disease characteristics.

Study Disease

Number Duration Disease Severity Surgical History Complications Medication
Colonic involvement 18
. o (56.2%), extent of bowel Mesalamine (50.0%),
1[41] Geerling et al. 16 years (11.0-19.0) (Erg?cillalr?)g 27 (84.41‘3:8;?;111 bowel resection—average of azathioprine (34.4%),
75.0 cm, ileostomy 2 corticosteroids (40.6%)
(6.2%)
. o Mesalamine (100%),
2[42] Geerling 6 months CDAL 96.9 (mean) 4 (174%) small bowel . Small bowel o azathioprine (4.0%),
etal. resection involvement 20 (87.0%) X .
prednisone 10 mg (26%)
Colonic involvement
only 4 (12.1%), small
" bowel involvement only Corticosteroids (median
0,
3 [421 :"la]lka 16.1 years CDAL 84.1 (mean) 18 (iiéiéi)i(?r(\)wel 7 (21.2%), extent of dose 1.2 g), mesalamine
) bowel (48.5%), enteral diets (30.3%)
resection—median of
55.0 cm
L Immunosuppressants 28
4 Hﬂillhppl NR CDAT: 89.7 (mean) 23 (42.6%) NR (52%), corticosteroids 43

(80%)
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Table 3. Cont.

Stud Disease . . . . A A
Numb);r Duration Disease Severity Surgical History Complications Medication
.. o . 5-Aminosalicylic acid (51%),
5 [45] Valentini 7.8 years CDAL: 71 (median) 38 (40.4 /o)_ bowel Colonic 1nvol,vement 83 immunosuppressants (36%),
etal. resection (88.3%) Rk o
prednisolone (12%)
Colonic involvement
6 [46] de Castro 12.6 years CDAT: 41.4 (mean) 17 (54.8 /o)_ bowel 0r}1y 14 (_45‘1 %), NR
etal. resection perianal disease 19
(61.3%)
55 months in Colonic involvement 5-Aminosalicylic acid
7 [47] MacMaster et al. remission HBI: 1.18 (median) NR only 26 (44%), perianal (27.1%), thiopurine (30.5%),
disease 7 (11.9%) biological (10.2%)
Montreal
8 [40] Browson classification: Colonic involvement 36 Infliximab (70.4%),
ot al NR 33.5% structuring NR (28.4%), perianal vedolizumab (15.0%),
’ disease, 35.4% disease 39 (31.2%) azathioprine (35.4%)

penetrating disease

NR—Not Reported; CDAI—Crohn’s Disease Activity Index; HBI—Harvey Bradshaw Index.

3.4. Magnesium Measurements

In the studies conducted by Geerling et al. [41,42], Crohn’s disease patients exhibited signifi-
cantly lower magnesium levels (0.79 &= 0.09 mmol/L) compared to controls (0.82 & 0.06 mmol/L),
with a striking 50% prevalence of hypomagnesemia reported in one study. The association with
CRP levels in these studies indicates a median CRP level of 2.0 mg/dL in the first study, reflecting
a potential link between magnesium levels and inflammation.

Tajika et al. [43] also reported significantly lower magnesium levels in Crohn’s disease
patients (2.2 £ 0.2 mg/dL) compared to controls, though the study did not report hypomag-
nesemia rates. The CRP levels in this cohort were comparatively lower (0.9 & 1.2 mg/dL),
suggesting a less pronounced inflammatory state or a different patient population.

Filippi et al. [44] took a unique approach by measuring magnesium intake, reporting
significantly lower intake in Crohn’s disease patients, with women consuming 198.2 mg/kg/day
and men 276.4 mg/kg/day. Valentini al. [45] did not report specific magnesium levels but
noted a 28.7% prevalence of hypomagnesemia. The majority of patients in this study (76%) had
normal CRP levels, suggesting a lower level of systemic inflammation among the participants.

De Castro et al. [46] found no significant difference in magnesium levels (1.7 & 0.2 mg/dL)
and a relatively low prevalence of hypomagnesemia (15.4%). CRP levels in this study were
higher (2.28 £ 0.8 mg/dL), indicating variability in the relationship between magnesium levels
and inflammation. MacMaster et al. [47] and Browson et al. [40] also reported no significant
findings regarding magnesium levels, with hypomagnesemia prevalence at 1.7% and 2.5%,
respectively. CRP levels were notably different, with MacMaster et al. [47] reporting 100%
of patients with CRP levels below 1.0 mg/dL, suggesting minimal inflammation, whereas
Browson et al. [40] reported 37.8% of patients with CRP levels below 1.0 mg/dL, as presented
in Table 4.

Table 4. Magnesium measurements.

Magnesium Levels

Risk Factors Mg Levels/Intake Hypomagnesemia * Significantly Outcomes/Risk
Associated with CRP
0.79 £+ 0.09 mmol/L Significantly lower
1 [41] Geerling et al. vs. 0.82 £ 0.06 50.0% 2.0mg/dL Mg levels than

mmol/L in controls controls

0.79 + 0.09 mmol/L
vs. 0.82 + 0.06 NR
mmol/L in controls

Significantly lower
Mg levels than
controls

2 [42] Geerling et al. 1.7 £ 1.9 mg/dL

Significantly lower
Mg levels than
controls

3[43] Tajika et al. 2.2+ 02mg/dL NR 0.9 + 1.2 mg/dL
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Table 4. Cont.

Risk Factors

Mg Levels/Intake

Hypomagnesemia *

Magnesium Levels
Significantly
Associated with CRP

Outcomes/Risk

Women: 198.2

Significantly lower

4 [44] Filippi et al. mg/kg/day, Men: NR 0.6 £ 0.8 mg/dL Mg intake than

276.4 mg/kg/day controls
Normal CRP levels Significantly lower

5 [45] Valentini al. NR 28.7% in 76% Mg levels than
patients controls

6 [46] de Castro et al. 1.7 0.2 mg/dL 15.4% 2.28 + 0.8 mg/dL No significance

7147] gZCIMaSter NR 1.7% 100% < 1.0 mg/dL No significance

8 [40] Browson et al. NR 2.5% 37.8% < 1.0 mg/dL No significance

NR—Not Reported; Mg—Magnesium; CRP—C-reactive protein; *—defined as (<0.75 mmol/L).

4. Discussion
4.1. Summary of Evidence

This systematic review’s investigation into the role of serum magnesium levels in
Crohn’s disease remission offers a comprehensive overview of the varied clinical charac-
teristics and outcomes across multiple studies. The demographic and clinical attributes
of 453 patients, as depicted in the patient characteristics data, highlight the heterogeneity
inherent in Crohn’s disease research. The variability in age, gender distribution, and ad-
ditional health characteristics such as smoking habits, nutritional status, and vitamin D
deficiency underscores the complexity of managing Crohn’s disease. This variability neces-
sitates a nuanced understanding of how these factors might influence serum magnesium
levels and, by extension, disease remission rates.

The critical examination of disease characteristics further illuminates the diverse na-
ture of Crohn’s disease among patients. The wide range of disease durations and severities,
as well as the notable differences in surgical histories and complications, points to the
multifaceted challenges in treating this condition. The variations in disease severity, as-
sessed using the Crohn’s Disease Activity Index (CDAI) and the Harvey Bradshaw Index
(HBI), alongside the utilization of different classification systems like the Montreal classifi-
cation, emphasize the need for a personalized approach to treatment. This personalized
approach is further complicated by the broad spectrum of medications used, ranging from
mesalamine to advanced biological therapies, reflecting the shift towards more targeted
treatments in recent years.

The findings related to magnesium measurements across the studies offer pivotal
insights into the potential role of magnesium in Crohn’s disease management. The signifi-
cantly lower magnesium levels observed in Crohn’s disease patients compared to controls
in several studies suggest a possible link between magnesium deficiency and disease ac-
tivity or severity. However, the lack of significant findings in other studies, alongside the
variability in hypomagnesemia prevalence and its association with CRP levels, indicates
that the relationship between serum magnesium levels and Crohn’s disease remission is
complex and not fully understood. This complexity is further highlighted by the unique
approach of measuring magnesium intake in one of the studies, suggesting that dietary
factors also play a crucial role in magnesium levels and, potentially, disease outcomes.

For magnesium intake, the recommended replacement dose when a diagnosis of defi-
ciency is considered should be 150 mg, four times a day, and an overall daily requirement
from various sources of 400 mg. Of the multiple formulations of magnesium supplements,
the best choice for enteral supplementation is the gluconate formulation. Signs and symp-
toms for deficiency comprise muscle weakness, nausea, palpitations, confusion, and even
seizures in severe deficiencies [48].

The study by Zheng et al. [49] provides pivotal objective data on the role of calcium
and magnesium concentrations in patients with active Crohn’s disease (CD) who had not
yet commenced treatment, revealing that serum levels of magnesium and calcium are
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markedly lower in CD patients compared to healthy controls, with cut-off values set at
0.835 mmol/L for magnesium and 2.315 mmol/L for calcium for CD development. This
contrasts with our systematic review, which broadly addresses serum magnesium levels in
CD remission without specifically focusing on the treatment-naive or active phase. Zheng
et al.’s findings, highlighting severe deficiencies in magnesium and calcium intake among
CD patients, especially those in the active phase of the disease, provide a more nuanced
understanding of the nutritional and inflammatory landscape of CD prior to medical
intervention. This aspect of temporal specificity and the condition of patients at the onset
of their disease journey offer a valuable perspective that complements our study’s broader
examination of magnesium’s importance in CD management, underscoring the potential
of these minerals as critical biomarkers for CD diagnosis and monitoring disease activity.

The systematic review by McDonnell et al. [50] provides a comprehensive analysis
of micronutrient insufficiencies in adults with CD during clinical remission, identifying
prevalent deficiencies in a range of micronutrients, including vitamins D and B12, which
are the most consistently reported. This broadens the scope of micronutrient research in
CD beyond our study’s focus on serum magnesium levels, highlighting a multifaceted
nutritional challenge in CD management. Their findings reveal not only the varied mi-
cronutrient deficiencies present even during remission but also the inconsistent results
when comparing CD patients to healthy controls, particularly with vitamin D being lower
in only a quarter of the studies. This juxtaposition underscores the complex nature of
micronutrient deficiencies in CD, suggesting that while magnesium plays a crucial role,
it is part of a larger spectrum of nutritional insufficiencies that warrant comprehensive
assessment and management strategies. McDonnell et al.’s review, by showcasing the
significant evidence for vitamins D and B12 deficiencies and the uncertain evidence for
others, complements our focused examination of magnesium, illustrating the need for a
broader nutritional focus on CD care.

Regarding vitamin D deficiency in CD, the study conducted by Tajika et al. [43] delves
into the specific challenges of vitamin D deficiency among CD patients in Japan, revealing
that 27.3% of CD patients were vitamin-D-deficient (serum 25-OHD level < 10 ng/mL), a
stark contrast to only 6.7% of healthy controls exhibiting similar deficiency levels. Objective
data from this study further demonstrates the relationship between vitamin D levels and
CD severity, with serum 25-OHD levels significantly correlating with disease duration and
Crohn’s Disease Activity Index (CDAI) score.

Other micronutrients that were reported to be deficient in CD patients, besides mag-
nesium, are folic acid and B12 vitamin. Studies identified a proportion of CD patients with
Folate (B9) levels below laboratory reference ranges of 3 ng/mL [51,52]. Particularly notable
is the variance in reported deficiencies, with some studies highlighting a higher prevalence
of deficiency in patients with mixed clinical activity, whereas others, even among those
in remission, found minimal to no deficiency. Comparisons with healthy controls further
shape the picture, showing no significant differences in folate levels, suggesting that folate
deficiency may not be as distinctive in CD patients as previously thought. However, ex-
ploratory analyses hinted at a potential link between dietary intake, disease activity, and
folate levels, indicating that while not universally prevalent, certain CD patient subgroups
may be more susceptible to folate deficiency.

The investigation into vitamin B12 status among CD patients reveals a significant
concern for B12 deficiency, particularly among those who have undergone ileal resections
or have terminal ileal inflammation. Existing studies [53,54] reported on the prevalence
of low B12 or other biochemical evidence of an impaired B12 status, such as elevated
methylmalonic acid levels or reduced holotranscobalamin, highlighting that deficiencies
were notably prevalent, with up to 33% in some CD remission groups. The comparison with
healthy controls showed that B12 concentrations were lower in the CD group in several
studies, suggesting a trend towards B12 insufficiency in CD populations. Objective data
underscore ileal resections, especially those exceeding 20 cm, as a significant risk factor
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for B12 deficiency, emphasizing the critical need for vigilant B12 monitoring and potential
supplementation in CD management.

The study by Gilca-Blanaru et al. [29] on hair magnesium concentration in IBD patients
offers groundbreaking insights, revealing significantly lower magnesium levels in IBD
patients compared to healthy controls, and notably, in CD versus UC. This novel approach
not only underscores magnesium’s potential role in the pathophysiology of IBD but also
its impact on patients’ psychological status and sleep quality. The associations between
magnesium deficiency and various clinical parameters, such as disease activity, and sleep
latency and duration, suggest that magnesium could be pivotal in both the clinical man-
agement and the improvement in life quality for IBD patients. The study’s implications
for future research are vast, hinting at the utility of magnesium in predictive models for
disease activity and the potential benefits of supplementation. However, it also calls for
evidence-based studies to refine supplementation strategies, emphasizing the need for a
deeper understanding of magnesium’s role in IBD.

4.2. Limitations

The current study faces some limitations primarily in study variability in terms of
patient population and magnesium assessment methods. One significant limitation is the
variation in how remission in CD is characterized across the studies included, potentially
affecting the uniformity of the data regarding serum magnesium levels’ impact on disease
activity and remission rates. This variability might obscure the true relationship between
magnesium levels and CD remission as the criteria for clinical and biochemical remission
differ widely, influencing the interpretation of magnesium’s role. Additionally, the exclu-
sion of studies involving patients before or during treatment phases might omit crucial
insights into how early or active disease stages could affect, or be affected by, magnesium
levels, limiting a comprehensive understanding of magnesium'’s potential throughout the
disease course. Moreover, the reliance on serum magnesium as the primary indicator
without considering other factors that influence magnesium status, such as dietary intake
or absorption issues, might not fully capture the complex interplay between magnesium
and CD pathophysiology.

5. Conclusions

The findings from this systematic review provide compelling evidence that serum
magnesium levels are significantly lower in Crohn’s disease patients compared to healthy
controls, underscoring the potential of magnesium as a critical factor in the management of
CD. The observed hypomagnesemia prevalence, particularly pronounced in CD compared
to ulcerative colitis, and the established correlation between low magnesium levels and
both sleep latency and duration, highlight magnesium’s broader impact beyond its direct
anti-inflammatory effects. These results suggest that magnesium supplementation could
serve as an adjunctive therapy, potentially improving remission rates and ameliorating
sleep-related issues in CD patients. This review also suggests that magnesium status
may reflect broader nutritional and metabolic challenges faced by individuals with CD,
indicating a need for a holistic approach to patient care that includes regular monitoring
of micronutrient levels. However, the current body of evidence, while suggestive of these
benefits, calls for further research to confirm these hypotheses. Future studies should aim
to provide robust, evidence-based recommendations for magnesium supplementation,
including optimal dosing, timing, and monitoring strategies, to fully harness magnesium’s
therapeutic potential in CD management. Moreover, understanding the mechanistic path-
ways through which magnesium influences CD activity and remission could unveil new
avenues for intervention, emphasizing the importance of micronutrients in chronic disease
management and patient well-being.
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Abstract: Recent studies hypothesized that vitamin D supplementation and subsequent higher
25(OH)D serum levels could protect against respiratory infections in children. This cross-sectional
study, conducted from May 2022 to December 2023 in Timisoara, Romania, aimed to evaluate the
potential influence of vitamin D supplementation on the incidence of respiratory infections among
preschool-age children. This study examined 215 children over 18 months who were split into a
group of patients with recurrent respiratory infections (n = 141) and another group of patients with
only one respiratory tract infection in the past 12 months (1 = 74). Patients were evaluated based on
their serum vitamin D levels 25(OH)D, demographic characteristics, and health outcomes. The study
identified that preschool-age children with recurrent infections had significantly lower mean vitamin
D concentrations (24.5 ng/mL) compared to the control group (29.7 ng/mL, p < 0.001). Additionally,
a higher proportion of vitamin D deficiency was observed among children with recurrent infections
in the past 12 months. Notably, vitamin D supplementation above 600 IU/week significantly reduced
the likelihood of respiratory infections, evidenced by an odds ratio of 0.523 (p < 0.001), indicating
that preschool-age children receiving a dose of vitamin D higher than 600 IU/week were about
half as likely to experience respiratory infections compared to those who did not. Furthermore, no
significant associations were found between sun exposure, daily sunscreen use, and the incidence
of respiratory infections. Conclusively, this study underscores the potential role of vitamin D in
helping the immune system against respiratory infections in preschool-age children. The observed
protective effect of vitamin D supplementation suggests a potential public health strategy to mitigate
the incidence of respiratory infections in preschool children on top of the already known benefits.

Nutrients 2024, 16, 1595. https:/ /doi.org/10.3390/nul16111595 87 https:/ /www.mdpi.com/journal /nutrients



Nutrients 2024, 16, 1595

Keywords: vitamin D; children; blood tests; respiratory infections

1. Introduction

Vitamin D is synthesized in the skin from 7-dehydrocholesterol when exposed to
ultraviolet B (UVB) radiation from sunlight, converting it to cholecalciferol (vitamin D3).
Additionally, it can be absorbed through the diet from foods such as fatty fish, egg yolks,
and fortified products [1]. Once vitamin D3 is produced or ingested, it undergoes two
hydroxylation steps to become biologically active. The first occurs in the liver, where vita-
min D3 is converted into 25-hydroxyvitamin D (25(OH)D) by the enzyme 25-hydroxylase.
This form of vitamin D is the main circulating form and is what is commonly measured
in laboratory analyses to assess vitamin D status. The second hydroxylation takes place
in the kidneys, involving the enzyme 1a-hydroxylase, which converts 25(OH)D into the
physiologically active form, 1,25-dihydroxyvitamin D (1,25(OH),D). This active form is
crucial for calcium absorption and bone health. The measurement of 25(OH)D is preferred
in clinical settings because it has a longer half-life and reflects overall vitamin D reserves
more accurately than the highly regulated 1,25(OH),D [1,2].

Vitamin D, a fat-soluble vitamin, plays an important role in calcium homeostasis and bone
metabolism [1-3]. Beyond these traditional roles, emerging evidence suggests a significant
impact of vitamin D on the immune system, particularly in the prevention of infections [3-5].
Epidemiological studies have consistently shown a link between vitamin D deficiency and
increased susceptibility to infectious diseases, including respiratory infections [6-8]. This
association is of particular interest in preschool children who are at a higher risk of developing
respiratory infections due to their still-developing immune systems and high exposure rates
in communal settings, such as daycare and preschool [9-11].

Respiratory infections, ranging from the common cold to more severe conditions
like pneumonia, represent a leading cause of morbidity among preschool-age children
worldwide [12-14]. The burden of these infections is not only reflected in the immediate
health of the child but also in increased healthcare costs, parental anxiety, and lost days
from school and work. Vitamin D’s potential to enhance innate and adaptive immune
responses suggests a promising adjunctive strategy to reduce the incidence and severity of
respiratory infections in this vulnerable population [15-17]. In this context, several large
studies and meta-analyses observed the safety and overall protective role of vitamin D
supplements and higher 25(OH)D levels against respiratory infections [18,19].

Despite the plausibility of vitamin D’s role in modulating immune function, the
clinical efficacy of vitamin D supplementation as a preventive measure against respiratory
infections in children remains a subject of debate [20,21]. Studies have yielded mixed results,
with some showing a significant reduction in the incidence of infections with vitamin D
supplementation, while others report no substantial benefits [22,23]. This inconsistency
may be attributed to variations in the study design, population, vitamin D dosing, and
baseline vitamin D status of participants.

Real-world data underscore the prevalence of vitamin D deficiency in preschool
children, which is attributed to factors, such as insufficient dietary intake, limited sun
exposure, and the increased use of sunscreen. In the United States, the National Health
and Nutrition Examination Survey (NHANES) has documented that approximately 70% of
preschool children do not meet the recommended dietary allowance for vitamin D [24,25].
Similar trends are observed globally, emphasizing the need for effective public health
strategies to address this deficiency.

Research suggests that vitamin D can influence the production of antimicrobial pep-
tides. such as cathelicidin, which is part of the innate immune system and can annihilate
respiratory pathogens [26,27]. In preschool-age children, who are particularly susceptible
to respiratory infections due to their developing immune systems and frequent exposure to
pathogens in group settings, maintaining optimal levels of vitamin D can be critical. The
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frequent occurrence of vitamin D insufficiency in this age group further justifies the need
for supplementation as a preventative health measure. Therefore, supplementing with
vitamin D may not only correct the high prevalence of insufficiency but also enhance the
immune responses that are essential in protecting these children from respiratory infections.
Therefore, the current study aims to determine the serum vitamin D levels in preschool
children and assess their role and supplementation in preventing respiratory infections in
this population. By evaluating the efficacy of vitamin D in this context, this study seeks to
provide a comprehensive understanding of its potential as a preventive strategy against
respiratory infections in preschool children.

2. Materials and Methods
2.1. Study Design and Ethical Considerations

This cross-sectional study was conducted over a period of 1.5 years, spanning from
May 2022 to December 2023, and taking place at the County Clinical Hospital from
Timisoara, Romania, and private clinics, focusing on the evaluation of preschool children
with and without respiratory infections based on their vitamin D status.

This study adhered strictly to the ethical standards set by the institutional research
committee and was in alignment with the principles of the 1964 Helsinki Declaration and
its subsequent amendments concerning ethical standards in medical research. The research
protocol received thorough review and approval from the Ethical Committee for Scientific
Research at the “Victor Babes” University of Medicine and Pharmacy Timisoara. The
approval, granted in 2022, was documented under approval number 65.

Consent was meticulously obtained by fully informing the parents or legal guardians
of the study’s scope, potential risks, and benefits. Additionally, age-appropriate explana-
tions were provided to the children to gain their assent. All processes were designed to
adhere strictly to ethical standards, ensuring both the protection and comfort of the young
participants throughout the study’s duration.

2.2. Inclusion and Exclusion Criteria

The inclusion criteria for this study comprised the following: (1) preschool children
aged between 2 and 5 years; (2) children whose parents agreed to determine the status
of their vitamin D serum levels, allowing for an assessment of their vitamin D status and
its potential correlation with respiratory health; (3) the completion of a background check
regarding the vitamin D status and influencing factors; (4) children who experienced at
least one documented respiratory infection in the past year, providing a direct measure to
evaluate the protective role of vitamin D against respiratory infections. Conversely, the
exclusion criteria were distinctly defined to maintain the study’s focus and integrity as
follows: (1) children with chronic respiratory conditions, such as asthma or cystic fibrosis,
due to the potential confounding effect on the study’s outcomes; (2) children diagnosed with
any condition affecting vitamin D metabolism (e.g., renal disease, hyperparathyroidism),
which could independently influence the study’s findings; (3) cases where medical records
were not available or consent for using these records in the study was not obtained; (4) the
refusal to measure the vitamin D levels in private clinics at the expense of the participants;
(5) and children in the acute phase of respiratory infection.

Children with chronic conditions such as asthma were excluded to avoid complica-
tions that could arise from their underlying health issues, which might affect the study’s
outcomes in relation to respiratory infections and vitamin D’s effect on immune function.
This exclusion helped when isolating the impact of vitamin D on otherwise healthy children,
making the results more interpretable regarding the direct relationship studied. To address
potential selection bias, participants were recruited from a wide demographic range using
multiple platforms, such as pediatric clinics, community centers, and schools.
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2.3. Laboratory Analysis

Within the framework of this study, serum levels of 25-hydroxyvitamin D (25(OH)D)
were quantified through the immunoassay method using the COBAS INTEGRA 400 PLUS
automated analyzer. According to existing recent guidelines [28], reference values for
25(OH)D levels are defined as follows: (1) the optimal level ranges from 30 to 55.5 ng/mL;
(2) the insufficient level ranges from 21 to 29 ng/mL; (3) deficiency is indicated by levels of
20 ng/mL or less; and (4) severe deficiency is marked by levels of 16 ng/mL or less. Each
participant’s 25-OHD level was measured at physicians’ recommendations. A wide range of
variables were analyzed to investigate the relationship between vitamin D supplementation
and the incidence of respiratory infections among preschool-age children. The collected
data encompassed basic demographic details, physiological measurements, vitamin D
metabolism markers, inflammatory and infection markers, complete blood count elements,
and health outcomes related to infections and hospitalizations.

Demographic and physiological parameters, such as age, gender, body mass index
(BMI), height, and weight, were recorded, along with development status (normal, under-
weight, wasting, stunting) and background (urban or rural). The study also investigated
daily calorie intake and nutritional vitamin D supplementation status to determine dietary
impacts. Markers critical for understanding vitamin D metabolism, including 25-OHD,
PTH (parathyroid hormone), calcitonin, serum calcium, serum phosphate, and creatinine
levels, were measured.

Inflammatory and infection markers, such as CRP (C-reactive protein), ferritin, ESR
(erythrocyte sedimentation rate), and iron levels, in addition to complete blood count
components including WBC (white blood cells), RBC (red blood cells), lymphocytes,
hemoglobin, hematocrit, and platelets, were evaluated. Measurements of acid uric and
magnesium were also taken. Information regarding vaccinations, the presence of infection,
type of infection, site of infection, and the use of antibiotics were used.

2.4. Statistical Analysis

Data management and analysis were conducted utilizing the statistical software SPSS
version 26.0 (SPSS Inc., Chicago, IL, USA). Continuous variables were represented as the
mean =+ standard deviation (SD), while categorical variables were expressed in terms of
frequencies and percentages. Student’s {-test was used to compare two means between the
continuous data. The Chi-square test was utilized for the categorical variables. The best
cutoff value, sensitivity, specificity, Area Under Curve (AUC), and the Receiver Operating
Characteristic were calculated to determine the prediction value of the proposed parameters.
A p-value threshold of less than 0.05 was set for statistical significance. All results were
double-checked through independent re-analysis to ensure accuracy and reliability.

3. Results
Background Characteristics

The study encompassed a sample of 215 children, split into two groups: those with
recurrent respiratory infections (1 = 141) and those without (n = 74). Regarding age, the
mean age of children with recurrent infections was slightly higher (3.78 years) compared to
those without recurrent infections (3.67 years), although the difference was not statistically
significant (p = 0.483).

A notable finding emerged in the assessment of vitamin D supplementation, where
a significant difference was observed. Only 22.70% of children with recurrent infections
received vitamin D supplementation above 600 Ul/week compared to 59.46% in the non-
recurrent group, yielding a highly significant p-value (<0.001). Further analysis of the
type of respiratory infection (upper versus lower tract) did not yield significant differences
(p = 0.503). Sun exposure time and daily sunscreen use did not significantly correlate to
respiratory infection recurrence, with p-values indicating no significant association, as seen
in Table 1.
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Table 1. Comparison of background characteristics.

Recurrent Respiratory

No Recurrent Respiratory

Variables Infections (n = 141) Infections (n = 74) p-Value
Age (mean =+ SD) 3.78 £ 0.95 3.67 +1.03 0.483
Age category, 11 (%) 0.675
2-3 years 68 (48.23%) 32 (43.24%)
4-5 years 73 (51.77%) 42 (56.76%)
BMI (mean =+ SD) 163 £ 1.6 165+ 1.3 0.389
Development, 1 (%)
Normal 108 (76.60%) 56 (75.68%) 0.847
Underweight 16 (11.35%) 12 (16.22%) 0.423
Overweight 11 (7.80%) 5 (6.76%) 0.765
Low weight for height 4 (2.84%) 1 (1.35%) 0.621
Low height for age 2 (1.42%) 0 (0.00%) 0.486
Place of living 0.822
Rural 58 (41.13%) 29 (39.19%)
Urban 83 (58.87%) 45 (60.81%)
Daily calorie intake, 1 (%)
Low (< 1400 kcal) 29 (20.57%) 16 (21.62%) 0.922
Moderate (1400-1600 kcal) 68 (48.23%) 36 (48.65%) 0.966
High (>1600 kcal) 44 (31.21%) 22 (29.73%) 0.882
Vitamin D supplemen(t;:)lon (>600 UI/week), n 48 % 10-5
Yes 32 (22.70%) 44 (59.46%)
No 109 (77.30%) 30 (40.54%)
Number of respiratory infections in the past 12 5
3.2 x 10
months, 1 (%)
1 0 (0.00%) 74 (100.00%)
2-3 89 (63.12%) 0 (0.00%)
>3 52 (36.88%) 0 (0.00%)
Type of respiratory infection 0.503
Upper tract infection 117 (83.00%) 64 (86.49%)
Lower tract infection 24 (17.00%) 10 (13.51%)
Sun exposure per day, 1 (%)
5-15 min 52 (36.88%) 25 (33.78%) 0.744
15-30 min 59 (41.84%) 34 (45.95%) 0.679
>30 min 30 (21.28%) 15 (20.27%) 0.888
Daily sunscreen use, 1 (%)
Frequently 23 (16.31%) 10 (13.51%) 0.648
Often 44 (31.21%) 28 (37.84%) 0.556
Rarely 58 (41.13%) 26 (35.14%) 0.419
Never 16 (11.35%) 10 (13.51%) 0.764
Antibiotic use in the past 6 months, 1 (%) 0.257
Yes 81 (57.45%) 37 (50.00%)
No 60 (42.55%) 37 (50.00%)

SD—standard deviation; BMI—body mass index; adjusted significance level (p-value threshold) after Bonferroni
correction = 0.0041; non-recurrent indicates only 1 respiratory infection.

The concentration of 25-hydroxyvitamin D3 (25-OHD) showed a significant difference
between the groups. Children with recurrent respiratory infections had a lower mean
concentration of 24.5 ng/mL, falling below the optimal range and significantly lower than
the 29.7 ng/mL observed in children without recurrent infections (p < 0.001). Parathyroid
hormone (PTH) levels were also higher in the group with recurrent infections, with a mean
value of 55.2 &= 15.3 pg/mL compared to 48.7 4= 14.8 pg/mL in the non-recurrent group,
which was statistically significant (p = 0.023). Other parameters, including calcitonin,
calcium, phosphate, and creatinine levels, were within normal ranges and did not show
significant differences between the two groups.

However, C-reactive protein levels were significantly higher in children with recurrent
respiratory infections (6.8 mg/L) compared to those without (3.1 mg/L), with a p-value
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of <0.001. ESR showed a moderate but statistically significant difference, with higher
rates in the recurrent infection group (18.5 mm/h) compared to the non-recurrent group
(14.7 mm/h), indicating a higher level of inflammation (p = 0.037). The study also found a
significant difference in white blood cell (WBC) counts, with higher counts in children with
recurrent respiratory infections (8.3 x 10°/L) compared to those without (7.2 x 10°/L)
(p = 0.004). The vitamin D assessment further highlighted the nutritional status, showing
a significantly higher percentage of children with optimal vitamin D levels in the non-
recurrent group (33.78%) compared to the recurrent group (12.77%) (p < 0.001), as presented
in Table 2. Conversely, a higher proportion of vitamin D deficiency was noted in children
with recurrent infections.

Table 2. Comparison of laboratory parameters between preschool children with and without recurrent
respiratory infections.

Recurrent Respiratory No Recurrent
Variables (Mean + SD) Normal Range Infections Respiratory Infections p-Value
(n =141) (n="74)

25-OHD (ng/mL) 30-55.5 245+53 29.7 £ 6.1 39 x 1074
PTH (pg/mL) 15-65 552 +15.3 48.7 £14.8 0.023
Calcitonin (pg/mL) <10 73+£25 6.9 +22 0.311
Calcium (mg/dL) 8.8-10.8 9.4+0.8 95+0.7 0.542
Phosphate (mg/dL) 34-55 42405 43+04 0.376
Creatinine (mg/dL) 0.3-0.7 054+0.1 054+0.1 0.890

CRP (mg/L) <5 6.8+23 31+12 6.1 x 1076
Ferritin (ng/mL) 15-150 60.3 +25.4 55.1+22.3 0.148
ESR (mm/h) 0-20 185+83 147 £79 0.037
Iron (ng/dL) 50-120 85.2 +23.7 913 +25.1 0.153
WBC (x10%/L) 4.0-10.0 83+21 724138 0.004
RBC (x10'2/L) 4.5-5.5 48 +0.6 49405 0.272
Lymphocytes (%) 20-40 352+ 84 371+79 0.154
Neutrophils (%) 40-60 546+75 52.8 +6.9 0.088
Hemoglobin (g/dL) 11.0-14.0 123+12 125+£1.1 0.229
Platelets (x10°/L) 150-450 310.5 +80.2 3253+ 754 0.197

Vitamin D assessment, 1 (%)

Optimal 30-55.5 ng/mL 18 (12.77%) 25 (33.78%) 5.0 x 10~
Insufficient 21-29 ng/mL 63 (44.68%) 34 (45.95%) 0.881

Deficient 20-16 ng/mL 52 (36.88%) 12 (16.22%) 6.6 x 1072
Severe deficiency <16 ng/mL 8 (5.67%) 3 (4.05%) 0.717

SD—Standard deviation; optimal level ranges from 30 to 55.5 ng/mL; insufficient level ranges from 21 to 29 ng/mL;
deficiency is indicated by levels of 20 ng/mL or less; severe deficiency is marked by levels of 16 ng/mL or less.
25-OHD—25-hydroxyvitamin D3; PTH—parathyroid hormone; CRP—C-reactive protein; ESR—erythrocyte
sedimentation rate; WBC—white blood cells; RBC—red blood cells; adjusted significance level (p-value threshold)
after Bonferroni correction = 0.0025; non-recurrent indicates only 1 respiratory infection.

A clear gradient was observed in the levels of 25-hydroxyvitamin D3 (25-OHD), with
children experiencing infections only once after having the highest mean concentration
of 29.7 £ 6.1 ng/mL, which decreased to 25.2 &= 5.4 ng/mL in children with two to three
infections, and further to 22.8 + 4.9 ng/mL in those with more than three infections
(p < 0.001). C-reactive protein levels escalated markedly with the frequency of infections,
from 3.1 + 1.2 mg/L in the group with one infection to 8.7 &+ 3.3 mg/L in the group with
more than three infections (p < 0.001). ESR followed a similar pattern, providing additional
evidence of increased inflammatory activity with more frequent infections (p = 0.002).
White blood cell counts also showed a significant increase, correlating with the frequency
of infections (p < 0.001).

Children who experienced respiratory infections only once had the highest proportion
of optimal vitamin D levels (33.78%), which is within the range of 30 to 55.5 ng/mL. In the
groups with multiple respiratory infections, the proportion of optimal vitamin D levels
was significantly diminished to 13.48% and 9.62%, respectively. Conversely, the proportion
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of children classified as vitamin D deficient (levels of 20 ng/mL or less) escalated with the
frequency of respiratory infections. This trend is especially notable in children who had
more than three infections, where 38.46% were found to be vitamin D deficient, compared
to 31.46% in the group with two to three infections and only 16.22% in the once-infected
group. Moreover, the analysis extended to children with severe vitamin D deficiency (levels
below 16 ng/mL), although the increases in proportions across groups from those infected
once (4.05%) to those with more than three infections (9.62%) did not reach the same level
of statistical significance, as presented in Table 3.

Table 3. Vitamin D and laboratory assessment based on the prevalence of respiratory infections in
preschool children in the past 12 months.

Variables (Mean + SD) 1 Time (n = 74) 2-3 Times (n = 89) >3 Times (n = 52) p-Value
25-OHD (ng/mL) 29.7 + 6.1 252 +54 22.8 £49 4.8 x 1074
PTH (pg/mL) 48.7 +14.8 549 £15.1 58.3 £16.2 0.004

Calcitonin (pg/mL) 6.9 +22 71+£23 75+24 0.218
Calcium (mg/dL) 9.5+0.7 93+0.8 92409 0.076
Phosphate (mg/dL) 43+04 41+£05 40+0.6 0.037
Creatinine (mg/dL) 0.5+0.1 0.5+0.1 0.6 +0.1 0.019
CRP (mg/L) 31+£12 6.5+21 8.7+33 42 x107°
Ferritin (ng/mL) 55.1 £22.3 61.7 +25.1 67.9 +27.5 0.031
ESR (mm/hr) 147 +79 18.4 +82 216 £94 0.002
Iron (ng/dL) 91.3 +25.1 86.4 +24.8 82.1 +23.6 0.053
WBC (x10%/L) 72+18 84 +20 91423 39 x107°
RBC (x10'2/L) 49+05 48 +0.6 47407 0.127
Lymphocytes (%) 37179 345+ 82 323 +85 0.010
Neutrophils (%) 52.8 +6.9 554+ 72 582 +75 0.003
Hemoglobin (g/dL) 125+ 1.1 122412 11.9+13 0.017
Platelets (x10°/L) 3253+ 754 308.2 4 80.1 296.7 + 82.3 0.044
Vitamin D assessment, 11 (%)
Optimal 25 (33.78%) 12 (13.48%) 5(9.62%) 3.6 x 1074
Insufficient 34 (45.95%) 41 (46.07%) 22 (42.31%) 0.912
Deficient 12 (16.22%) 28 (31.46%) 20 (38.46%) 0.001
Severe deficiency 3 (4.05%) 8 (8.99%) 5(9.62%) 0.258

SD—Standard deviation; optimal level ranges from 30 to 55.5 ng/mL; insufficient level ranges from 21 to
29 ng/mL; deficiency is indicated by levels of 20 ng/mL or less; severe deficiency is marked by levels of
16 ng/mL or less. 25-OHD—25-hydroxyvitamin D3; PTH—parathyroid hormone; CRP—C-reactive protein;
ESR—erythrocyte sedimentation rate; WBC—white blood cells; RBC—red blood cells; adjusted significance level
(p-value threshold) after Bonferroni correction = 0.0025; and non-recurrent indicates only 1 respiratory infection.

Figure 1 presents the recurrent versus non-recurrent respiratory infections and com-
pares these based on vitamin D supplementation levels (<600 UI weekly versus >600 Ul
weekly), illustrating a notable distinction in median vitamin D levels between the groups.
Specifically, children receiving more than 600 UI of vitamin D weekly tended to have
higher median vitamin D levels regardless of their infection recurrence status. The groups
receiving less than 600 UI and more than 600 Ul of vitamin D weekly displayed median
vitamin D levels of 24.5 ng/mL and 29.7 ng/mL, respectively.

It was observed that groups with more frequent respiratory infections exhibited lower
median vitamin D levels, accentuating the potential protective role of vitamin D against
such infections. Notably, the subgroup experiencing more than three respiratory infections
and receiving less than 600 Ul of vitamin D, weekly, showcased a median vitamin D level of
22.8 ng/mL with an IQR of 4.9 ng/mL, compared to their counterparts receiving more than
600 UI, who exhibited a slightly higher median of 26.15 ng/mL and an IQR of 6.31 ng/mL
(Figure 2).

93



Nutrients 2024, 16, 1595

p <0.05 p <0.05
45
40
o
<]
35 &
30 e
25-OHD (ng/mL)
25
L)
A
20
15 —
& e
N N\
o°°\ & o°°\ &
0 o K 0
& 6@0‘ & 69'&
N & N &
o <® & o
«® N

Figure 1. Boxplot analysis of vitamin D levels between preschool children with and without recurrent

respiratory infections in the past 12 months (non-recurrent indicates only 1 respiratory infection).
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Figure 2. Boxplot analysis by number of respiratory infections in the past 12 months.

Children with severe vitamin D deficiency levels were significantly more likely to
suffer from respiratory infections, with an odds ratio (Exp(B)) of 2.967, indicating that they
were almost three times as likely to have infections compared to those with optimal vitamin

D levels (p-value < 0.001).

Vitamin D supplementation greater than 600 IU/week was associated with a sig-
nificant decrease in the likelihood of respiratory infections, with an odds ratio of 0.523
(p-value < 0.001), indicating that children receiving this level of supplementation were
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about half as likely to experience respiratory infections as those who did not receive
supplementation, as presented in Table 4.

Table 4. Regression table.

. B Standard Exp(B)
Predictor (Coefficients) Error Wald df p-Value (Oddsp Ratio)

Vitamin D Status (Reference: Optimal)
Insufficient 0.143 0.193 0.549 1 0.469 1.154
Deficient 0.289 0.218 1.756 1 0.185 1.335
Severe Deficiency 1.087 0.304 12.785 1 <0.001 2.967

Vitamin D Supplementation
(5600 Hlj’fweek) —0.648 0.176 13,519 1 <0.001 0.523
Sun Exposure (Reference: >30 min)

5-15 min 0.132 0.251 0.276 1 0.599 1.141
15-30 min 0.098 0.205 0.228 1 0.633 1.103

Daily Sunscreen Use (Reference: Never)
Frequently 0.061 0.265 0.053 1 0.817 1.063
Often 0.034 0.184 0.034 1 0.853 1.035
Rarely —0.017 0.147 0.013 1 0.909 0.983

df—degrees of freedom.

4. Discussion
4.1. Literature Findings

The findings from our cross-sectional study found a potentially protective role of
vitamin D supplementation in reducing the incidence of respiratory infections among
preschool-age children. An interesting aspect of this study was the demonstrable effect of
vitamin D supplementation above 600 IU/week, which significantly reduced the likelihood
of respiratory infections. This correlation supports the hypothesis that vitamin D can have
an important role in enhancing immune resilience in this age group.

Critical to our discussion is the contrast in outcomes based on vitamin D status.
Children with severe vitamin D deficiency were found to be almost three times more likely
to experience respiratory infections compared to those with optimal levels. This significant
finding not only highlights the importance of maintaining adequate vitamin D levels
for immune health but also indicates the need for targeted interventions in populations
at risk of deficiency. Interestingly, our study also found a non-significant relationship
between sun exposure, daily sunscreen use, and the incidence of respiratory infections.
This finding suggests that the protective effects of vitamin D on respiratory health are not
undermined by limited sun exposure or sunscreen use, which are critical factors for skin
cancer prevention. It reinforces the importance of dietary supplementation as a reliable
method for maintaining adequate vitamin D levels, particularly in regions with limited
sunlight or in populations where outdoor activities are minimized.

Moreover, the study’s outcomes emphasize the importance of vitamin D supplementa-
tion as a public health strategy. The substantial reduction in infection with supplementation
greater than 600 IU/week underscores the potential for vitamin D as a preventive measure
against respiratory infections. These findings advocate for the incorporation of vitamin D
supplementation guidelines into public health policies, especially for children at preschool
age, to enhance their overall health status and immune resilience. Further research is
warranted to explore the optimal levels of supplementation and to evaluate the long-term
benefits of maintaining adequate vitamin D levels in preventing respiratory and other
infections in this demographic.

However, in addressing how our findings compare with the existing literature, par-
ticularly where they diverge from expected outcomes, it is crucial to consider potential
discrepancies. Differences in study design, participant demographics, or methodologies
may contribute to these variations. This analysis not only reflects a thorough engagement
with the field but also identifies specific areas that warrant further investigation.
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The findings from Balan et al. [29] and Esposito et al. [20] converge on the important
role of vitamin D in protecting against respiratory tract infections in children, which are a
leading cause of morbidity and mortality globally. Balan et al. emphasized the alarming
prevalence of vitamin D deficiency among infants and its association with heightened
risks of severe respiratory infections, including pneumonia, which is responsible for 19%
of all deaths in children under five years old. They advocate for the potential of vitamin
D supplementation and improved sun exposure guidelines to significantly reduce these
risks; however, no actual threshold values for (25(OH)D) were suggested, reinforcing the
novelty that our study brings. On the other hand, Esposito et al. [20]'s review further
substantiates the immunomodulatory properties of vitamin D and its link to various RTIs
in children, noting the absence of a consensus on the definition of vitamin D deficiency
and the adequate levels necessary for immune function. They suggest that maintaining
serum 25-hydroxycholecalciferol levels between 20 ng/mL and 50 ng/mL could provide
protective immunomodulatory effects against RT1s, including tuberculosis and severe
bronchiolitis, similar to our findings where serum levels above a threshold of 26.15 ng/mL
were considered protective for RTIs, and with the additional dose-dependent impact of
more than 600 UI/week.

Contrary to our findings, Sismanlar et al.’s case—control study [30] found no significant
correlation between vitamin D levels and the incidence or severity of lower respiratory
tract infections despite a widespread prevalence of vitamin D deficiency/insufficiency
among the children studied. On the contrary, Nicolae et al. [31], through a literature review,
highlighted the potential immunomodulatory and antiviral effects of vitamin D, suggesting
that its supplementation might lower the risk of acute respiratory tract infections, including
COVID-19. While Sismanlar et al. caution against assuming the direct protective role of
vitamin D against such infections due to their findings, Nicolae et al. advocate for the
potential benefits of vitamin D in mitigating the severity of RTIs, urging further research to
solidify these preliminary observations.

Similarly to our findings, Xiao et al.’s study on children with recurrent respiratory
tract infections showed a notable improvement in treatment outcomes with vitamin D
supplementation, including a significant total effective treatment rate of 96.67% in the
vitamin D group versus 71.19% in the control group [32]. This group also saw improvements
in immune function indicators, such as IgA, IgG, IgM, and CD4+ levels, and a reduction
in the number of respiratory infection episodes. Abioye et al. [33], examining adults,
found that vitamin D supplementation slightly reduced the risk of acute respiratory tract
infections with a risk ratio of 0.97 and shortened symptom duration of 6%. Their review
also highlights the effectiveness of vitamin C in reducing the risks of RTIs (RR = 0.96) and
zing, significantly shortening symptom duration by 47% and underscoring the potential of
micronutrients to enhance immune responses against respiratory infections across different
age groups.

Jolliffe et al. [18] and Martineau et al. [34] both underscore the efficacy of vitamin D
supplementation in reducing the risk of acute respiratory infections through their meta-
analyses, albeit with nuanced differences in their findings. Jolliffe et al., analyzing data from
45 RCTs and involving over 73,000 participants, concluded that vitamin D supplementation
offers a modest protective effect against acute respiratory infections (OR 0.91, 95% CI
0.84 to 0.99), with daily doses of 400-1000 IU for up to 12 months being particularly
effective. Martineau et al. [34], on the other hand, focusing on 25 RCTs with around
11,000 participants, highlighted that vitamin D supplementation significantly reduced the
risk of ARIs (adjusted odds ratio 0.88, 95% CI 0.81 to 0.96), especially in those very deficient
in vitamin D (baseline 25[OH]D levels < 25 nmol/L) and in recipients of daily or weekly
doses without bolus doses. While both analyses agree on the protective role of vitamin
D against ARIs and its safety, Martineau et al. provide a more detailed insight into the
effectiveness based on baseline vitamin D levels and dosing strategies.

Other studies, such as those conducted by Jat et al. [35] and Buendia et al. [36],
provide complementary insights into the role of vitamin D in pediatric respiratory health,
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underlining both clinical and economic benefits. Jat et.al’s systematic review points to
a significant correlation between low vitamin D levels and the increased incidence and
severity of lower respiratory tract infections in children, suggesting a potential protective
role of vitamin D against such infections. Buendia et al., through a cost-utility analysis,
further bolster the argument for vitamin D supplementation by demonstrating its cost-
effectiveness in preventing acute respiratory infections in children, showcasing not only
a reduction in healthcare costs (USD 1354 with supplementation vs. USD 1948 without)
but also a slight improvement in quality-adjusted life years (QALYs) (0.99 with vitamin D
supplementation vs. 0.98 without). Regarding the implications for a public health policy,
although our study did not include a detailed analysis of the costs of healthcare burden, it
should be considered in the context of the universal free healthcare in Romania, where this
study took place. Nevertheless, a campaign to supplement preschool-age children’s diet
with at least 600 UI of vitamin D can be considered according to our findings.

Our study, along with corroborating research, emphasizes vitamin D’s significant role
in combating respiratory infections in children. We found that children with recurrent
infections often had lower vitamin D levels, highlighting the potential protective effect
of vitamin D supplementation, particularly at doses over 600 IU/week. This aligns with
broader research suggesting vitamin D’s efficacy in preventing respiratory ailments across
different demographics. Our findings advocate for vitamin D supplementation as a viable
public health strategy to enhance immune defense among children. Given the accessible
nature and potential benefits of such supplementation, further research should aim to
optimize vitamin D intake guidelines for pediatric populations.

The current study findings might not be readily applicable to the general population
due to the observed lack of the effect of sun exposure, considering the temperate climate of
this country of study and the relatively minor differences in 25-OHD levels between groups,
which suggest that precise measurements are essential to discern any significant differences.
Moreover, the perceived limited availability of the study suggests that supplementing with
vitamin D could be a more feasible solution. To validate these findings in diverse regions, a
comparison between groups with and without supplements may offer clearer insights.

4.2. Limitations and Future Perspectives

Despite these insightful findings, our study acknowledges several limitations that
merit consideration. First, the cross-sectional design limits the ability to infer causality
between vitamin D status or supplementation and the incidence of respiratory infections.
Longitudinal studies are necessary to establish a temporal relationship and causality.
Additionally, the reliance on parental reports for data on sun exposure and supplementation
intake could introduce recall bias, potentially affecting the accuracy of these variables.
Another limitation is the study’s geographic focus on preschool-age children from specific
locations within Romania, which may limit the generalizability of the findings to other
climates or populations with different dietary habits and lifestyle factors. Furthermore, this
study did not account for all potential confounding variables, such as seasonal variations
in vitamin D, indoor air quality, exposure to secondhand smoke, and socioeconomic status,
which could influence the risk of respiratory infections.

Based on the findings of this study, future research should explore the optimal dosage
and duration of vitamin D supplementation necessary to prevent respiratory infections
in preschool-age children effectively. Additionally, longitudinal studies could investigate
the long-term effects of maintaining higher 25(OH)D serum levels through regular supple-
mentation, especially in different climatic and geographical settings. Given the observed
significant impact of vitamin D on reducing respiratory infections, further studies should
also consider the interaction between vitamin D supplementation and other preventive
health measures, such as vaccination and hygiene practices, to develop comprehensive
public health strategies.
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5. Conclusions

The findings from this research highlight the potential benefits of vitamin D in boosting
the immune defense against respiratory infections among preschool-age children. Evi-
denced by the positive impact of vitamin D supplementation, this approach appears to be
a promising public health intervention aimed at reducing the frequency of such infections
within susceptible pediatric groups. This study supports the idea of integrating vitamin D
supplementation recommendations into broader public health policies, especially targeting
children in areas with inadequate exposure to sunlight. To fully realize the health benefits
for this sensitive population group, additional studies are necessary to refine vitamin D
supplementation practices, ensuring they are tailored to effectively enhance the pediatric
immune system.

Author Contributions: Conceptualization, O.S.S. and L.M.M.; methodology, O.S.S. and LM.M;
software, LM.M., H.C.R. and S.T.G.; validation, EG.H.; formal analysis, FG.H. and E.T.; investigation,
A.PFE; resources, S.P.D., APF. and E.T; data curation, H.C.R., S.T.G. and E.T,; writing—original draft
preparation, O.S.S., LM.M., SPD.and F.G.H.; writing—review and editing, H.C.R., S.T.G., APFE and
D.I.H,; visualization, S.P.D., D.ILH. and C.P-B.; supervision, D.I.H. and C.P-B.; project administration,
F.G.H. and C.P.-B. All authors have read and agreed to the published version of the manuscript.

Funding: The article processing charge was paid by the “Victor Babes”, University of Medicine and
Pharmacy, Timisoara, Romania.

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Scientific Research Ethics Committee of the “Victor Babes”
University of Medicine and Pharmacy of Timisoara, (approval number 65 from 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sizar, O,; Khare, S.; Goyal, A.; Givler, A. Vitamin D Deficiency. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 2024. [PubMed]

2. Dominguez, L.J.; Farruggia, M.; Veronese, N.; Barbagallo, M. Vitamin D Sources, Metabolism, and Deficiency: Available
Compounds and Guidelines for Its Treatment. Metabolites 2021, 11, 255. [CrossRef] [PubMed] [PubMed Central]

3. Ao, T,; Kikuta, J.; Ishii, M. The Effects of Vitamin D on Immune System and Inflammatory Diseases. Biomolecules 2021, 11, 1624.
[CrossRef] [PubMed]

4. Martens, PJ.; Gysemans, C.; Verstuyf, A.; Mathieu, A.C. Vitamin D’s Effect on Immune Function. Nutrients 2020, 12, 1248.
[CrossRef] [PubMed] [PubMed Central]

5. Dahma, G.; Craina, M.; Dumitru, C.; Neamtu, R.; Popa, Z.L.; Gluhovschi, A.; Citu, C.; Bratosin, F; Bloanca, V.; Alambaram, S.; et al.
A Prospective Analysis of Vitamin D Levels in Pregnant Women Diagnosed with Gestational Hypertension after SARS-CoV-2
Infection. J. Pers. Med. 2023, 13, 317. [CrossRef]

6. Raju, A.; Luthra, G.; Shahbaz, M.; Almatooq, H.; Foucambert, P; Esbrand, ED.; Zafar, S.; Panthangi, V.; Cyril Kurupp, A.R.; Khan,
S. Role of Vitamin D Deficiency in Increased Susceptibility to Respiratory Infections Among Children: A Systematic Review.
Cureus 2022, 14, €29205. [CrossRef] [PubMed] [PubMed Central]

7. Hughes, D.A.; Norton, R. Vitamin D and respiratory health. Clin. Exp. Immunol. 2009, 158, 20-25. [CrossRef] [PubMed] [PubMed
Central]

8.  Taha, R.; Abureesh, S.; Alghamdi, S.; Hassan, R.Y.; Cheikh, M.M.; Bagabir, R.A.; Almoallim, H.; Abdulkhaliq, A. The Relationship
Between Vitamin D and Infections Including COVID-19: Any Hopes? Int. ]. Gen. Med. 2021, 14, 3849-3870. [CrossRef] [PubMed]
[PubMed Central]

9. de Hoog, M.L.; Venekamp, R.P,; van der Ent, C.K,; Schilder, A.; Sanders, E.A.; Damoiseaux, R.A.; Bogaert, D.; Uiterwaal, C.S.;
Smit, H.A_; Bruijning-Verhagen, P. Impact of early daycare on healthcare resource use related to upper respiratory tract infections
during childhood: Prospective WHISTLER cohort study. BMC Med. 2014, 12, 107. [CrossRef] [PubMed]

10.  Schuez-Havupalo, L.; Toivonen, L.; Karppinen, S.; Kaljonen, A.; Peltola, V. Daycare attendance and respiratory tract infections: A

prospective birth cohort study. BMJ Open 2017, 7, e014635. [CrossRef] [PubMed] [PubMed Central]

98



Nutrients 2024, 16, 1595

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shi, C.; Wang, X.; Ye, S.; Deng, S.; Cong, B.; Lu, B.; Li, Y. Understanding the risk of transmission of respiratory viral infections in
childcare centres: Protocol for the DISeases TrANsmission in ChildcarE (DISTANCE) multicentre cohort study. BMJ Open Respir.
Res. 2023, 10, €001617. [CrossRef] [PubMed] [PubMed Central]

Al Rajeh, A.M.; Naser, A.Y.; Siraj, R.; Alghamdi, A.; Alqahtani, J.; Aldabayan, Y.; Aldhahir, A.; Al Haykan, A.; Elmosaad, Y.M.
Acute upper respiratory infections admissions in England and Wales. Medicine 2023, 102, e33616. [CrossRef] [PubMed] [PubMed
Central]

Hon, K.L.; Leung, A K. Severe childhood respiratory viral infections. Adv. Pediatr. 2009, 56, 47-73. [CrossRef] [PubMed] [PubMed
Central]

Grimwood, K.; Chang, A.B. Long-term effects of pneumonia in young children. Preumonia 2015, 6, 101-114. [CrossRef] [PubMed]
[PubMed Central]

Grant, W.B.; Lahore, H.; McDonnell, S.L.; Baggerly, C.A.; French, C.B.; Aliano, J.L.; Bhattoa, H.P. Evidence that Vitamin D
Supplementation Could Reduce Risk of Influenza and COVID-19 Infections and Deaths. Nutrients 2020, 12, 988. [CrossRef]
[PubMed] [PubMed Central]

Gunville, C.F; Mourani, PM.; Ginde, A.A. The role of vitamin D in prevention and treatment of infection. Inflamm. Allergy Drug
Targets 2013, 12, 239-245. [CrossRef] [PubMed] [PubMed Central]

Wimalawansa, S.J. Controlling Chronic Diseases and Acute Infections with Vitamin D Sufficiency. Nutrients 2023, 15, 3623.
[CrossRef] [PubMed] [PubMed Central]

Jolliffe, D.A.; Camargo, C.A., Jr; Sluyter, ].D.; Aglipay, M.; Aloia, ].F.; Ganmaa, D.; Bergman, P.; Bischoff-Ferrari, H.A.; Borzutzky,
A.; Damsgaard, C.T; et al. Vitamin D supplementation to prevent acute respiratory infections: A systematic review and
meta-analysis of aggregate data from randomised controlled trials. Lancet Diabetes Endocrinol. 2021, 9, 276-292. [CrossRef]
[PubMed]

Fang, Q.; Wu, Y;; Lu, J.; Zheng, H. A meta-analysis of the association between vitamin D supplementation and the risk of acute
respiratory tract infection in the healthy pediatric group. Front. Nutr. 2023, 10, 1188958. [CrossRef] [PubMed]

Esposito, S.; Lelii, M. Vitamin D and respiratory tract infections in childhood. BMC Infect. Dis. 2015, 15, 487. [CrossRef] [PubMed]
Aranow, C. Vitamin D and the immune system. J. Investig. Med. 2011, 59, 881-886. [CrossRef] [PubMed] [PubMed Central]

Liu, Y.; Clare, S.; D’Erasmo, G.; Heilbronner, A.; Dash, A.; Krez, A.; Zaworski, C.; Haseltine, K.; Serota, A.; Miller, A.; et al. Vitamin
D and SARS-CoV-2 Infection: SERVE Study (SARS-CoV-2 Exposure and the Role of Vitamin D among Hospital Employees).
J. Nutr. 2023, 153, 1420-1426. [CrossRef] [PubMed] [PubMed Central]

Kearns, M.D.; Alvarez, J.A.; Seidel, N.; Tangpricha, V. Impact of vitamin D on infectious disease. Am. |. Med. Sci. 2015, 349,
245-262. [CrossRef] [PubMed] [PubMed Central]

Calvo, M.S.; Whiting, S.J. Perspective: School Meal Programs Require Higher Vitamin D Fortification Levels in Milk Products and
Plant-Based Alternatives-Evidence from the National Health and Nutrition Examination Surveys (NHANES 2001-2018). Adv.
Nutr. 2022, 13, 1440-1449. [CrossRef] [PubMed] [PubMed Central]

JaBaay, N.R.; Nel, N.H.; Comstock, S.S. Dietary Intake by Toddlers and Preschool Children: Preliminary Results from a Michigan
Cohort. Children 2023, 10, 190. [CrossRef] [PubMed] [PubMed Central]

Vargas Buonfiglio, L.G.; Cano, M.; Pezzulo, A.A.; Vanegas Calderon, O.G.; Zabner, J.; Gerke, A K.; Comellas, A.P. Effect of
vitamin D3 on the antimicrobial activity of human airway surface liquid: Preliminary results of a randomised placebo-controlled
double-blind trial. BM] Open Respir. Res. 2017, 4, €000211. [CrossRef] [PubMed]

Gombart, A.F. The vitamin D-antimicrobial peptide pathway and its role in protection against infection. Future Microbiol. 2009, 4,
1151-1165. [CrossRef] [PubMed] [PubMed Central]

Amrein, K.; Scherkl, M.; Hoffmann, M.; Neuwersch-Sommeregger, S.; Kostenberger, M.; Tmava Berisha, A.; Martucci, G.; Pilz, S.;
Malle, O. Vitamin D deficiency 2.0: An update on the current status worldwide. Eur. J. Clin. Nutr. 2020, 74, 1498-1513. [CrossRef]
[PubMed]

Balan, K.V.; Babu, U.S.; Godar, D.E.; Calvo, M.S. Vitamin D and respiratory infections in infants and toddlers: A nutri-shine
perspective. In Handbook of Vitamin D in Human Health; Wageningen Academic: Wageningen, The Netherlands, 2013; Volume 4,
pp. 276-297. [PubMed Central]

Sismanlar, T.; Aslan, A.T.; Giilbahar, 0O.; Ozkan, S. The effect of vitamin D on lower respiratory tract infections in children. Tiirk
Pediatri Arsivi 2016, 51, 94-99. [CrossRef] [PubMed] [PubMed Central]

Nicolae, M.; Mihai, C.M.; Chisnoiu, T.; Balasa, A.L.; Frecus, C.E.; Mihai, L.; Lupu, V.V,; Ion, I; Pantazi, A.C.; Nelson Twakor, A.;
et al. Inmunomodulatory Effects of Vitamin D in Respiratory Tract Infections and COVID-19 in Children. Nutrients 2023, 15,
3430. [CrossRef] [PubMed] [PubMed Central]

Xiao, J.; He, W. The immunomodulatory effects of vitamin D drops in children with recurrent respiratory tract infections. Am. J.
Transl. Res. 2021, 13, 1750-1756. [PubMed] [PubMed Central]

Abioye, A.L; Bromage, S.; Fawzi, W. Effect of micronutrient supplements on influenza and other respiratory tract infections
among adults: A systematic review and meta-analysis. BM] Glob. Health 2021, 6, €003176. [CrossRef] [PubMed] [PubMed Central]
Martineau, A.R.; Jolliffe, D.A.; Hooper, R.L.; Greenberg, L.; Aloia, ].F.; Bergman, P.; Dubnov-Raz, G.; Esposito, S.; Ganmaa, D.;
Ginde, A.A; et al. Vitamin D supplementation to prevent acute respiratory tract infections: Systematic review and meta-analysis
of individual participant data. BM]J 2017, 356, i6583. [CrossRef] [PubMed] [PubMed Central]

99



Nutrients 2024, 16, 1595

35. Jat, K.R. Vitamin D deficiency and lower respiratory tract infections in children: A systematic review and meta-analysis of
observational studies. Trop. Dr. 2017, 47, 77-84. [CrossRef] [PubMed]

36. Buendia, J.A.; Patifio, D.G. Cost-utility of vitamin D supplementation to prevent acute respiratory infections in children. Cost Eff.
Resour. Alloc. 2023, 21, 23. [CrossRef] [PubMed] [PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

100



INg utrients MoPY

Review

Renal Health Through Medicine-Food Homology: A
Comprehensive Review of Botanical Micronutrients and
Their Mechanisms

Yi Zhao !, Jian-Ye Song !, Ru Feng !, Jia-Chun Hu !, Hui Xu !, Meng-Liang Ye !, Jian-Dong Jiang !, Li-Meng Chen 2*
and Yan Wang 1-*

State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia Medica,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China
Department of Nephrology, State Key Laboratory of Complex Severe and Rare Diseases, Peking Union
Medical College Hospital, Chinese Academy of Medical Science and Peking Union Medical College,

Beijing 100730, China

*  Correspondence: chenlimeng@pumch.cn (L.-M.C.); wangyan@imm.ac.cn (Y.W.)

Abstract: Background: As an ancient concept and practice, “food as medicine” or “medicine—food
homology” is receiving more and more attention these days. It is a tradition in many regions to
intake medicinal herbal food for potential health benefits to various organs and systems including the
kidney. Kidney diseases usually lack targeted therapy and face irreversible loss of function, leading
to dialysis dependence. As the most important organ for endogenous metabolite and exogenous
nutrient excretion, the status of the kidney could be closely related to daily diet. Therefore, medicinal
herbal food rich in antioxidative, anti-inflammation micronutrients are ideal supplements for kidney
protection. Recent studies have also discovered its impact on the “gut-kidney” axis. Methods: Here,
we review and highlight the kidney-protective effects of botanicals with medicine—food homology
including the most frequently used Astragalus membranaceus and Angelica sinensis (Oliv.) Diels,
concerning their micronutrients and mechanism, offering a basis and perspective for utilizing and
exploring the key substances in medicinal herbal food to protect the kidney. Results: The index for
medicine—food homology in China contains mostly botanicals while many of them are also consumed
by people in other regions. Micronutrients including flavonoids, polysaccharides and others present
powerful activities towards renal diseases. Conclusions: Botanicals with medicine—food homology
are widely speeded over multiple regions and incorporating these natural compounds into dietary
habits or as supplements shows promising future for renal health.

Keywords: botanicals; medicine-food homology; kidney protection; gut-kidney axis

1. Introduction

The kidneys are indispensable for human physiological functions, including the excre-
tion of drugs and nutrients. The kidneys maintain the balance of water, electrolytes, and
endogenous metabolites throughout the body through the processes of glomerular filtration,
tubular reabsorption, and tubular secretion. Additionally, they serve as the predominant
organ responsible for the excretion of exogenous substances, including drugs and food
nutrients [1]. However, this feature also renders the kidneys highly susceptible to acute
or chronic injuries caused by these exogenous substances [2]. For example, drug-induced
nephrotoxicity (DIN) accounts for up to 60% of cases of acute kidney injury (AKI) and the
correlation increases in elder patients [1,3]. Dietary-resourced substances could also lead to
abnormal renal status, for instance, oxalate and oxalate precursors as key determinants of
urinary oxalate excretion and stone disease. In addition to certain substances that induce
injury, the kidney is also affected by metabolic disorders (e.g., diabetic kidney disease)
and immune abnormalities (e.g., membranous glomerulonephritis and immunoglobulin
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A nephropathy). The underlying molecular mechanism of kidney disorders is a complex
phenomenon involving oxidative stress, inflammation, fibrosis, and mitochondrial dysfunc-
tion. Recently, the vital role of the “gut-kidney” axis, which is closely related to daily diet,
has been identified and investigated [4]. However, contemporary renal disease therapy is
predominantly supportive, comprising diuretics, renin—-angiotensin—aldosterone system
inhibitors, and immunosuppressants with a paucity of targeted pharmaceutical agents [2].
Meanwhile, these treatments could hardly reverse the continuous decline in renal function
and the formation of end-stage renal disease (ESRD) [5]. Compared to drug treatment, cer-
tain daily diet patterns may also have an impact on renal function [6,7]. Natural food plants
are extremely wealthy in nutrients and biological active compounds worth exploring and
utilizing. Therefore, there is a promising future to explore botanicals with medicine—food
homology to alleviate or prevent kidney disease.

In fact, the concept of food as medicine, or “Yao Shi Tong Yuan” in Chinese, is a
fundamental tenet of Traditional Chinese Medicine (TCM). It underscores the dual function
of specific foods in offering both nutritional and therapeutic advantages. The use of
herbal food for medical purposes has a long and illustrious history in numerous other
regions, including Japan, Korea, South America, and Europe. Despite the complexity
of its ingredients, preparation methods, and active components, medicinal herbal food
has been shown to have significant effects on a number of disorders, including diabetes
mellitus, allergic diseases, pancreatitis, depression, and renal disease [8-11]. In the context
of renal disease, a considerable number of botanical foods have been observed to exert
a protective effect, as evidenced by a reduction in serum creatinine, blood urea nitrogen,
histopathological injury, and fibrosis degree [12-14]. Early in 2002 [15], the National
Health Commission (NHC) of the People’s Republic of China had published the list of
natural medical food including mostly different kinds of herbal ones. Being up to date,
the list has expanded to 102 kinds of natural food including Astragalus membranaceus,
Codonopsis tangshen Oliv., and Poria cocos (Schw.) Wolf. These herbal foods are frequently
consumed by Chinese people either for their flavors or their potential health benefits. Many
of them had also demonstrated renal-protective effects through anti-inflammation [16],
antioxidation [17,18], and regulating mitochondria [19] and gut microbiota [20] with various
micronutrients in them. The Food and Drug Administration (FDA) of the US have also
established guidelines for the safety and efficacy of dietary supplements for medical
use [21]. The 2020-2030 strategic plan for nutrition research by National Institutes of Health
(NIH) had even placed “food as medicine” as one of the strategic goals [22], indicating the
potential of medicine—food homology.

Here, we reviewed the frequently used medicinal herbal food in China, the US, and
Europe, and summarized the potential renal-protective effects and mechanism of these
medicinal herbal foods as shown in Figure 1, providing a better basis for utilizing and
exploring the key substances in botanicals with medicine—food homology.
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“Botanical Medicine-Food Homology”
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Figure 1. Illustration abstract drawn by authors.

2. Botanical Ingredients with Medicine-Food Homology in China, the US, and Europe

The use of botanical ingredients for dietary supplements or even for food is a widespread
tradition around the world. In addition to China, the popularity of botanical dietary supple-
ments is also evident in various European countries. Dietary supplements represent 15-20%
of the total botanical market [23]. However, the complex compounds present in botanical
ingredients also pose a potential risk. One of the most illustrative examples of a botanical-
induced health risk is the aristolochic acid nephropathy (AAN) incident that occurred in the
early 1990s [24]. The ingestion of aristolochic acids present in certain herbs had resulted in
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the development of AAN in numerous patients, leading to chronic renal failure and ESRD
in Belgium, China, and Korea [24-26]. Considering the widespread and covert use of herbs,
some researchers estimated that the AAN was still underestimated and called for a stronger
and systematic supervision system of herbal medicine or ingredients [25]. To ensure the safety
and efficiency of botanical ingredients and supplements, many regulations and standards
have been published to restrict the addition of botanical ingredients in dietary supplements.
In 2002, the NHC of China had published the first index of ingredients that could be both food
and medication [15]. The initial version contained 92 unique edible parts including mostly
botanical ingredients. Many of them have long been thought to have kidney-protective effects
like Astragalus membranaceus and Lycium barbarum L. [16,27,28]. In recent years, there has
been a growing interest in botanical dietary supplements, leading the NHC to edit the index
in 2019 [29] and 2023 [30]. This resulted in the addition of 15 new botanical ingredients. In
2021, the NHC had also published related regulations for this index including the criteria
for botanical ingredients as both food and medication [31]. The fundamental criteria consist
of the following requirements: (i) have been traditionally consumed as food; (ii) have been
listed in the Pharmacopoeia of the PRC; (iii) no food safety problems have been found in the
safety assessment; (iv) comply with relevant laws and regulations on the protection of Chinese
herbal medicines, wild animals, plants, and ecological resources. For the first rule, it also
requires evidence for the ingredients to have been consumed as food for more than 30 years.
Concurrently, all of these ingredients are also included in the Pharmacopoeia of the People’s
Republic of China, which demonstrates their efficacy as medicinal agents. In addition to
botanicals that are regarded as both food and medicine, the NHC had also delineated a list of
medicinal herbs that may be included in dietary supplements (Table S1) [15]. With regard to
the European countries, the regulation of botanical ingredients is also divided into two distinct
categories: medicine and food supplements. The European Medicines Agency (EMA) bears
the responsibility of assessing the safety and efficacy of herbal preparations when utilized as
medicines, while the European Food Safety Authority (EFSA) is tasked with the oversight of
herbal preparations employed as food supplements. The evaluation of botanicals used in food
products was initiated in 2004, when the EFSA mandated its Scientific Committee to develop
a science-based toolkit for the safety assessment of botanicals and botanical preparations [32].
Subsequently, in 2009, the EFSA published the inaugural edition of the Compendium of
Botanicals, which provided information regarding the safety risks associated with botanical
ingredients in dietary supplements [32]. In the United States, the Dietary Supplement Health
and Education Act (DSHEA) of 1994 initially delineated the status of herbs in dietary supple-
ments, alongside that of vitamins, minerals, amino acids, and other substances [33]. While
there is no comprehensive list of ingredients used in dietary supplements by the FDA, the
NIH has established a Dietary Supplement Label Database (DSLD) [34] that includes as many
of these supplements as possible.

Table 1 shows a full list of botanicals in the China index for botanicals with medicine—
food homology. It contains a total of 91 botanicals, the majority of which are also included
in dietary supplements in the United States and the European Union, as indicated by
the EFSA Compendium of Botanicals and the DSLD. However, only a limited number
of the listed botanicals are regarded as herbal medicines in accordance with the EMA
standard. This is a markedly different situation from that in China, where all the botanicals
in Table 1 are also included in the country’s Pharmacopoeia. Additionally, botanicals such
as clove, ginkgo, and ginger are present in all four lists or databases, which suggests their
widespread popularity and efficacy as both food and medicine.

104



Nutrients 2024, 16, 3530

Table 1. The full list of botanicals in the China index for medicine-food homology.

Latin Name English Common EMA I.-I‘?rbal EFSA. NIH DSLD
Name Medicine Compendium
Eugenia caryophyllata Thunb. Clove v v

v

Hllicium verum Hook. f. Star anise Vv v

Canavalia gladiata (Jacq.) DC. Sword bean v

Foeniculum vulgare Mill. Fennel vV v Vv
Cirsium setosum (Willd.) MB. Thistle

Dioscorea opposita Thunb.

Chinese yam

Crataegus pinnatifida Bge. var. major
N.E.Br./Crataegus pinnatifida Bge.

Hawthorn

Portulaca oleracea L.

Purslane

Prunus mume (Sieb.) Sieb. et Zucc.

Japanese apricot

ARG L

Chaenomeles speciosa (Sweet) Nakai

Flowering quince

] <

Cannabis sativa L.

Hemp

<

Citrus aurantium L. var. amara Eng]l.

Bitter orange

Polygonatum odoratum (Mill.) Druce

Solomon’s seal

<

Glycyrrhiza uralensis Fisch./Glycyrrhiza
inflata Bat./Glycyrrhiza glabra L.

Licorice

Angelica dahurica (Fisch. ex Hoffm.)
Benth. et Hook. f./Angelica dahurica
(Fisch. ex Hoffm.) Benth. et Hook. f. var.
formosana (Boiss.) Shan et Yuan

Chinese angelica

<~

Ginkgo biloba L. Ginkgo Vv Vv Vv

Dolichos lablab L. Hyacinth bean v vV

Dimocarpus longan Lour. Longan v Vv
Cassia obtusifolia L./ Cassia tora L. Sicklepod v

Lilium lun;y;(;l;ibltynglér}b. /Lilium Tiger lily N N

Myristica fragrans Houtt. Nutmeg Vv Vv

Cinnamomum cassia Presl Cassia v v v
Phyllanthus emblica L. Amla v

Citrus medica L. var. sarcodactylis Swingle

Fingered citron

Prunus armeniaca L. var. ansu
Maxim / Prunus sibirica L./ Prunus
mandshurica (Maxim) Koehne/ Prunus
armeniaca L.

Chinese apricot

Hippophae rhamnoides L. Sea buckthorn
Euryale ferox Salisb. Euryale ferox v
Zanthoxylum schinifolium Sieb. et .
Zucc./ Zanthoxylum bungeanum Maxim. Sichuan pepper v
Vigna umbeuata Ohwi et Ohashi/ Vigna .
angularis Ohwi et Ohashi Azuki bean
Hordeum vulgare L. Barley Vv 4
Laminaria japonica Aresch./Ecklonia Kunbu
kurome Okam.
Ziziphus jujuba Mill. Jujube V4 Vv
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Table 1. Cont.

Latin Name

English Common
Name

EMA Herbal
Medicine

EFSA
Compendium

NIH DSLD

Siraitia grosvenorii (Swingle.) C.Jeffrey ex
A.M. LuetZ. Y.Zhang

Luohanguo siraitia
fruit

<~

Prunus japonica Thunb.

Pruni semen

Lonicera japonica Thunb.

Japanese honeysuckle

Canarium album Raeusch.

White canarium

Houttuynia cordata Thunb.

Fish mint

Zingiber officinale Rosc.

Ginger

Hovenia dulcis Thunnb./Hovenia acerba
Lindl./Hovenia trichocarpa Chun

Japanese raisin tree

et Tsiang
Lycium barbarum L. Goji berry
Gardenia jasminoides Ellis Cape jasmine

Amomum villosum Lour./ Amomum
villosum Lour. var. xanthioides T. L. Wu
et Senjen/ Amomum longiligulare T. L. Wu

Villus amomum

Sterculia lychnophora Hance

Malva nut tree

S LS R AN AN AL

< =

Poria cocos (Schw.) Wolf

Poria, fu ling

Citrus medica L./ Citrus wilsonii Tanaka

Citron

<

Mosla chinensis Maxim./Mosla chinensis
Maxim. cv. Jiangxiangru

Chinese mosla

Prunus persica (L.) Batsch/Prunus
davidiana (Carr.) Franch.

Peach

Morus alba L.

White mulberry

Citrus reticulata Blanco

Mandarin orange

Platycodon grandiflorum (Jacq.) A. DC.

Balloon flower

Alpinia oxyphylla Miq. Sharp-leaf galangal
Nelumbo nucifera Gaertn. Lotus leaf
Raphanus sativus L. Radish seed

Alpinia officinarum Hance

Lesser galangal

PO <

Lophatherum gracile Brongn. Lophatherum
Glycine max (L.) Merr. Soybean Vv
Chrysanthemum morifolium Ramat. Chrysanthemum
Cichorium glandulosum Boiss. et Chicory

Huet/Cichorium intybus L.

S SO NG S NG NG S S NG S SO S B S U

Polygonatum kingianum Coll.et
Hemsl./Polygonatum sibiricum
Red./Polygonatum cyrtonema Hua

Polygonati rhizoma

v
Sinapis alba L. White mustard Vv Vv
Perilla frutescens (L.) Britton Perilla v v
Pueraria lobata (Willd.) Ohwi/Pueraria
thomsonii Benth. Kudzu v v
Sesamum indicum L. Sesame v Vv
Piper nigrum L. Black pepper v Vv
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Table 1. Cont.

Latin Name Englislillai?em e El\l\//lll:dl;lc?;l:al Comil:ei?iium NIHDSLD
Sophora japonica L. Sophora v Vv
Mazz./ Toasseunm boalisense Ktam, Dandelion v v v
Torreya grandis Fort. Torreya Vv Vv
Ziziphus jujILiIblc; Z[(lgl‘;:arc i;:)izosa (Bunge) Chinese date
Imperata cylindrical Beauv. var. major Cogongrass
(nees) C. E. Hubb.
Phragmites communis Trin. Reed v Vv
Mentha haplocalyx Briq. Chinese mint vV Vv v
Coix lucr(anz)z;{;)flz. )LS..t\;‘e;rf mayuen Job's tears Y Y
Allium macrostemén gge./ Allium chinense Chinese onion J
.Don
Rubus chingii Hu Chinese raspberry Vv Vv Vv
Pogostemon cablin (Blanco)
Benth./Agastache rugosus (Fisch. et Mey.) Patchouli v Vv
O. Ktze.
Angelica sinensis (Oliv.) Diels Angelica root Vv Vv v
Kaempferia galanga L. Aromatic ginger vV Vv
Crocus sativus L. Saffron Vv Vv
Amomum tsao-ko Crevost & Lemarié Cardamom Vv vV
Curcuma longa L. Turmeric v v Vv
Piper longum L. Long pepper vV vV
Codonopsis pilosula (Franch.)
Nannf./Codonopsis pilosula Nannf. var. Dangshen Y Y

modesta (Nannf.) L. T. Shen/Codonopsis
tangshen Oliv.

Cistanche deserticola Y. C. Ma

Desert cistanche

Dendrobium officinale Kimura et Migo

Chinese orchid

Panax quinquefolius L.

American ginseng

Astragalus membranaceus (Fisch.) Bge.

Mongolian milkvetch
(huanggqi)

<X

<X

Ganoderma lucidum (Leyss. ex Fr.)
Karst./Ganoderma sinense Zhao, Xu
et Zhang

Ganoderma

Cornus officinalis Sieb. et Zucc.

Japanese cornel

v

dogwood
Gastrodia elata Bl. Gastrodia v vV
Eucommia ulmoides Oliv. Hardy rubber tree v Vv

EMA: European Medicines Agency; EFSA: European Food Safety Authority; NIH: National Institutes of Health;

DSLD: Dietary Supplement Label Database; 1/: Indicating this botanical also appears in the index or database of

ingredients; var.: Variety; f.: Form; cv.: Cultivar.
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3. Nutrients from These Botanical Food Ingredients with Kidney-Protective Effects
3.1. Flavonoids

Flavonoids are polyphenolic compounds that are widely distributed in a variety of botani-
cal foods. The basic chemistry structure of flavonoids consists of two benzene rings with a phe-
nolic hydroxyl group and a heterocyclic ring forming a C6-C3-C6 basic carbon framework [35].
The structure can be further categorized into flavanones, flavones, flavonols, flavanols, dihy-
droflavonols, and anthocyanins based on different functional groups and their positions [36].
It is one of the most bioactive and common compounds in food resources, especially botanicals.
As demonstrated in Table 2, flavonoids that have been validated to have kidney-protective
effects include quercetin [37-39], kaempferol [40], myricetin [41,42], isorhamnetin [43,44],
fisetin [45,46], icariin [47,48], apigenin [49,50], baicalein [51,52], baicalin [53,54], nobiletin [55],
vitexin [56,57], hesperidin [58,59], and hesperetin [60,61]. Quercetin and kaempferol appear
in the majority of vegetables and fruits, which accounts for their status as the most prevalent
dietary supplement ingredients. A review of the DSLD revealed that dietary supplements
containing quercetin constituted 2.3% of the total products [29]. As illustrated in Table 2, citrus
botanicals such as Citrus medica L. var. sarcodactylis Swingle and Citrus reticulata Blanco exhibit
a notable content of flavonoids, including hesperidin, hesperetin, naringin, quercetin, and
kaempferol [62—-64]. The flavonoids present in citrus fruits have been demonstrated to possess
potent antioxidant properties, making them a promising avenue of research for the develop-
ment of novel therapeutic agents for the treatment of diabetes, neurodegenerative disorders,
and kidney diseases such as AKI and diabetic nephropathy (DN) [65-69]. In addition to citrus,
Glycine max (L.) Merr. (soybean) in Table 1 contains a unique kind of isoflavones called soy
isoflavones, or “phytoestrogens” due to their structural similarity with 17-f3-estradiol [70].
Though most of the studies of soy isoflavones fell into their endocrine regulation impacts, one
recent study had discovered that the intake of soy isoflavones exhibited favorable effects on
renal function and kidney morphology [71]. Puerarin, derived from Pueraria lobata (Willd.)
Ohwi, is also an isoflavone. Recent studies have demonstrated its influence on the toll-like
receptor (TLR) 4/MyD88 pathway and the M1 macrophage differential [72]. Later, flavonoids
in Pueraria thomsonii Benth. were further found to decrease inflammation in the kidney by
regulating the level of Clostridium in the gut [73]. Hesperidin from citrus botanicals could
also alter gut microbiota against Zn-induced nephrotoxicity [58], indicating the potential of
the gut-kidney axis.

Table 2. Nutrients from these botanical food ingredients with kidney-protective effects.

Botanical Resources Compounds Models Effects Ref.
Flavonoids
Allium macrostemon . | PI3K/AKT signaling
Bge., Crocus sativus L., Quercetin DN rats, ochratoxin + Nrf2/HO-1, fatty [37-39,74,75]
L S A-induced AKI mice . o
Plantago asiatica L. acid oxidation

Glycine max (L.) Merr.,

. . . CLP-induced AKI mice, J} ICAM-1, VCAM-1, MCP-1,
Lonicera japonica

DN mice, caspase-3, Bax, MAPK signaling,

ThL“rg;’% G;’Z';f;’rﬁijlf L Kaempferol DOX-induced TGF-p1, and a-SMA [40.76-78]
4 JATHI S AKI mice 1 Bcl-2, SOD, and GSH
Plantago asiatica L.
Myricaceae, JIL-13, TNF-«,
Polygonaceae, - DN mice, EG-induced ROCK1/ERK/P38 signaling,
Primulaceae, Pinaceae, Myricetin AKI mice and NF-«B signaling [41,42,79]
and Anacardiaceae 1 Nrf2, CAT, and SOD
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Table 2. Cont.

Botanical Resources Compounds Models Effects Ref.
Ginkgo biloba L.,
Hippophae rhamnoides L., J IL-1B3, IL-6, and TNF- and M1
Citrus reticulata Blanco, Isorhamnetin LPS-induced AKI mice macrophage [43,44]
Citrus aurantium L., and 1T M2 macrophage
Citrus medica L.
o . _ Adenine/UUO- | TGF-B, a-SMA, and
Epimedium brevicornu . induced CKD rats, heri
Maxim. 5 Icariin DOX-induced E-cadherin [47,48,80-82]
AKI mice 1 Nrf2/HO-1, SOD, CAT
oG oanme. L e it
Plantago asiatica L. 5 Apigenin induced AKI mice, ! g . ! [49,50,83-87]
. caspase-1, IL-13, TGF-§3,
UAN mice L .
Wnt/ 3-catenin signaling
Citrus reticulata Blanco,
Citrus aurantium L., Nobiletin IRI-induced AKI mice 1 PI3K/AKT signaling [55]
Citrus medica L.
Crataegus pinnatifida Vitexin ngctéoc;;r;?;z?igti]z d L NLRP3, caspase-1, and IL-13 [56,57]
Bge. ! . 1 Nrf2/HO-1, SOD, GSH ’
AKI mice
. . P 1 P53, caspase-3
Cztr.us retzculutq Blanco, Hesperidin, LPS /Zn mdgced AKI 4 Nrf2/HO-1, SOD, GSH,
Citrus aurantium L., . mice, DDP-induced [58-61]
. . hesperetin and CAT
Citrus medica L. HK-2 cells . . .
Regulating gut microbiota
: Ca/HgClh /1oCra0; IR e
Plantago asiatica L. Luteolin induced glfclemlce, LN 4 Nrf2/HO-1, GSH, SOD, CAT, [88-92]
and AMPK/mTOR autophagy
. . DN mice, 1 Nrf2, cAMP/PKA /CREB
Pueraria g’ﬁﬁf (Willd.) Puerarin UUO-induced CKD | TLR4/MyD8, and M1 [72,93-95]
mice macrophage
Polysaccharides
/ DDP-induced AKI mice + ROS generation and [19]
mitochondrial vacuolation
Astragalus J Caspase-3/9 and Bax
membranaceus / LPS-induced AKI mice P 4 Bel-2 [96]
(Fisch.) Bge. Regulating gut microbiota
/ LPS-induced AKI mice 1 SCFAs [97]
) s Mw: 260 kDa Ang II-induced HMCs J ROS generation and NOX4 [18]
Bletilla striata / TGF-B-induced HMCs | TGE-B, and a-SMA [98]
Mw: 72.9 kDa; J Collagen-1, fibronectin,
Ara:Gal:Rha:Glc = DN mice «-SMA, TGF- 3, and [99]
Ganoderma lucidum 0.08:0.21:0.24:0.47 MAPK/NF-«B signaling
(Leyss. ex Fr.) Karst. 1 p53, caspase-3, Bax,
/ IRI-induced AKI mice cytochrome ¢, and ER stress [100]
1 Bcl-2
Ara:Gal:Glc:GalA:Man:Rha
= 12.25: 8.66: 7.66: DN mice { TNIEE’_"KLL; Bn:ﬁn(’ and [16]
Lycium barbarum L. 2.86: 1.70: 1.00 & &
/ Lead-induced J Bax and caspase-3 [101]

AKI mice

1 Bcl-2
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Table 2. Cont.

Botanical Resources Compounds Models Effects Ref.
IRI-induced | p53, Bax, MMP, and
Mw: 7 kDa . cytochrome ¢ [102]
AKI mice
1 Bcl-2
Mw: 1960 kDa DOX—md}lced AKI J TNF-«, IL-1p3, MCP—L and [103]
mice podocyte injury
Mw: 8.84 kDa; . .
Laminaria japonica Fuc:Gal:Man:Glc:Rha:Xyl = DN mice ' collagen—(lx,_;lll\j/[rgnectm, and [104]
Aresch./Ecklonia 1:0.057:0.041:0.008:0.029:0.019
kurome Okam. J a-SMA, fibronectin, and
Mw: 7 kDa DN mice TGF-/Smad [105]
1 E-cadherin
/ DOX-induced CKD J a-SMA, fibronectin, and [106]
mice TGF-/Smad
Mw: 7.774 kDa AGE-induced HRMCs J Fibronectin [107]
TGF-p1- or
Mw: 8.84 kDa FGF-2-induced } a-SMA, MMP9, and EMT [108]
HK-2 cells
Polygonatum kingianum
Coll.et
Hemsl. / Polygonatum Mw: 141 kDa; Uranium-induced J ROS
. Gal:GalA:Ara:Glc = [17]
sibiricum HK-2 cells T GSK-38 /Fyn/Nrf2
57.67:26.82:4.59:4.54
Red./Polygonatum
cyrtonema Hua
. P . 1 p53, caspase-3, caspase-6, and
Panax ginseng C. A GleGal:Ara.GalARhaMan — 1ypys 5141 cod AKT mice ER stress by PERK/eIF2u/ [109]
Mey. =76.7:6.5:5.1:9.2:1.4:1.1 . .
ATF4 signaling
Mw: 164 kDa;
Paeonia x suﬁ"ruticosas D-Glc:L-Ara = 3.31:2.25; DN rats + TGF-B, ICAM-1, and VCAM-1 [110]
Mw: 164 kDa; Regulating gut microbiota
Ara =331:2.25 DN rats + SCFASs (1]
.. Adenine-induced rats J IL-6, TNF-«, NLRP3, and
S 7 y 7 ’
Plantago asiatica / UAN caspase-1 [112]
Dendrobium officinale / HG-induced HK-2 cells, J} TGF-3, and x-SMA [113]
Kimura et Migo db/db mice 1 SIRT1
Salvia miltiorrhiza / Florfenicol-induced 1 p53, caspase-3 [114]
Bunge 5 AKI broilers 1T Nrf2/HO-1
. . Regulating gut microbiota
S . g g8
Phyllostachys nigra Mw: 34 kDa DN mice + Lactobacillales [20]
Terpenoids
. . S .
Rehmannia glytzlnoga , DN mice, DQX/ Ang | TRPC6, NF-kB, TGF-B1/Smad,
Plantago asiatica”, 1I/Fru/DDP-induced ; .
Scrophulari Catalpol AKI mi TLR4/MyD88 signaling, [115-121]
_ ocTopaiana arlpo e RAGE/RhoA /ROCK signaling
ningpoensis>, and Crocus adenine-induced 4+ AMPK signalin
sativus L. CKD mice & &
DN mice,
Cornus officinalis Sieb. . IRI/DOX/CLP- L NLRP3, AGE/RAGE signaling
et Zucc. Loganin induced AKI 1 Nrf2/HO-1 [122-125]
mice
Gardenia jasminoides
Ellis, Eucommia DN mice, CLP-induced LICAM-L, TNF-o, IL-1, IL-6,
ulmoides Oliv. AKI mice NF-«B, and NETs
. g Geniposide . ! 1 GSK33, AMPK-PI3K/ [126-132]
Rehmannia glutinosa >, H,O;-induced AKT. Bal2
and Scrophularia HK-2 cells s

ningpoensis S

Regulating gut microbiota
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Table 2. Cont.

Botanical Resources Compounds Models Effects Ref.
Cornus officinalis Sieb. Morroniside H,0O05-induced | NOX4 [133]
et Zucc. podocytes
Canarium album DN mice, J} TNF-«, IEN-y, IL-2, IL-6,
Raeusch Oleuropein acrylamide-induced and IL-17« [134,135]
’ AKI mice 1 SOD, GSH-Px, and CAT
Poricoic acid (A, B, C, .
Poria cocos (Schw.) D,E, F G, H, AM, AE, UUO-induced + MMP-13, Wnt/ 3-catenin,
. TGF-f/Smad3/MAPK [136-142]
Wolf. BM, DM, CKD mice
A 1 AMPK, Nrf2
and derivatives)
. . . J NF-kB/TNF-«, TGF-B
Ligustrum lucidium Oleanic acid UUO-induced CKD 1 Nrf2/SIRT1/HO-1 [143-147]
Ait. mice, DN mice . . .
Regulating gut microbiota
. . . IRT/DDP-induced AKI ¥ 1CAM-1, MCP-1, COX-2, iNOS,
Alisma orientatle (Sam.) Alisol (A, B, and . . IL-6, TNF-«, FXR activation,
S L mice, UUO-induced [148-150]
Juzep. derivatives) CKD mice TGF-f/Smad3
1 SOD and GSH and HO-1
DDP-induced AKI
Panax vinsen mice, renal carcinoma, J ER stress, lipid peroxidation,
o AgMe 8 Ginsenosides DN mice, PPARy, and NOX4-MAPK [151-158]
F e UUO-induced pathways and TGF-f3
CKD mice
Ganoderic acid ADPKD mice, J} Ras/MAPK, TGF-f3/Smad,
Ganoderma lucidum ano dermanontri,ol IRI-induced AKI mice, IL-6, COX-2, and iNOS [159-161]
(Leyss. ex Fr.) Karst. 8 . ! UUO-induced | TLR4/MyD88/NF-«B,
lucidenic acid .
CKD mice and caspase-3
Glycyrrhiza uralensis Glycyrrhizinic acid DN mice, | ROS, IL-18, TL-6, TNF-o, CCR2
yey ik 51’ z e TAC/PC-induced + AMPK /SIRT1/PGC-1a [162-167]
' syey AKI mice Regulates autophagy
Alkaloids
Ligusticum sinense . PC/IRI-induced AKI | CCL2/CCR2, ROS, NLRPS,
Chuanxiong S Tetramethylpyrazine rats. DN rats TNF- [168-172]
! 1 AKT, Bcl-2
DDP/LPS/vancomycin-
Leonurus japonicus induced AKI mi T Nrf2
P8 Leonurine s °“ | TLR4/MyD88/NF-xB, INF-«,  [173-177]
Houtt. UUO-induced IL-18, TGF-B/Smad3
CKD mice !
IRI/DOX/DDP/MTX/ ¥ 176 IL-10, TGF-B/Smads,
L mitochondrial stress, and
gentamicin-induced ER stress
Coptis chinensis Berberine AKI, ]?N mice, and 4 Nif2, MDA, SOD, CAT, GSH, [178-190]
UUO-induced CKD
mice, UAN mice and Bel-2
’ Regulating gut microbiota
Trigonella . . . . } EMT, ROS, «-SMA
foenum-graecum L. S Trigonelline ON mice, DN mice + AMPK pathway [191-196]
. . .. UUO-induced
S
Piper longum L. Piperlonguminine CKD mice 1 TRPC6 [197]
IRI/DDP/gentamicin-
. . . . induced AKI mice,
Sophora japonica L. Matrine, oxymatrine UUO-induced CKD J IL-6, IL-10, TGF-3 /Smad3 [198-200]
mice
Nelumbo nucifera Liensinine IRI-induced AKI rats,
o LPS-induced J TGF-$1/Smad3 [201,202]
Gaertn. Isoliensinine .
AKI mice
. UAN rats,
Nelumbo nucifera Neferine, nuciferine ~ LPS/IRI-induced AKI ¥ 1-R4/MyD88/NF-«B, IL-18 [203-210]

Gaertn.

mice, DN mice

1 Bcl-2
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Table 2. Cont.

Botanical Resources Compounds Models Effects Ref.
Others
LN mice, 1 Nrf2 /FOXO-3a, GSH
. patulin-induced AKI J} PI3K/AKT/NEF-«kB, .
Curcuma longa L. Curcumin mice, CKD patients, TGE-B, ROS [211-215]
UAN rats Regulating gut microbiota
Emodin, aloe emodin, UUO-induced CKD J IL-1B, TGF-p, PERK-elF2
Rhetum palmatum L. rhein mice/rats, DN mice Regulating gut microbiota [216-220]
Eugenia caryophyllata IRI/patulin-induced L TGF-
Thunb. Eugenol AKI mice 1+ Nrf2 [221,222]
CKD mice,
Sesamum indicum L. Sesamin DDP/LPS-induced T GSI_.I’ CAT, anFi SOP [223-226]
. Regulating gut microbiota
AKI mice
Ligusticum sinense L . | TLR4/NF-«B
Chuanxiong ° Ferulic acid UAN mice Regulating gut microbiota [227]
Lonicera japonica Thunb. Chlorogenic acid UAN mice +IL-1B, TNF-a IL-6 [228-230]

Regulating gut microbiota

S: These botanicals are medical herbs that could be added to dietary supplements in the index of Table S1;
Tupregulating or promoting; |: downregulating or inhibiting; PI3K: Phosphoinositide 3-kinase; AKT: Protein
kinase B; Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase 1; ICAM: Intercellular
adhesion molecule; VCAM: Vascular cell adhesion molecule; NLRP3: NOD-, LRR-, and pyrin domain-containing
protein 3; Bax: BCL2-associated X; Bcl-2: B-cell lymphoma 2; MAPK: Mitogen-activated protein kinase; AMPK:
Adenosine monophosphate-activated protein kinase; NF-«B: Nuclear factor kappa-B; mTOR: Mammalian target
of rapamycin; cAMP: Cyclic adenosine monophosphate; PKA: Protein kinase A; CREB: cAMP-response element
binding protein; TLR: Toll-like receptor; RAGE: Receptor for AGEs; AGEs: Advanced glycation end products;
RhoA: Ras homolog family member A; Ras: Rat sarcoma; ROCK: Rho-associated coiled-coil-containing protein
kinase; TGF: Transforming growth factor; iNOS: Inducible nitric oxide synthase; COX: Cyclooxygenase; CCR:
Chemokine (C-C motif) receptor; CCL/MCP: Chemokine (C-C motif) ligand; PGC: Peroxisome proliferator-
activated receptor-gamma coactivator; FXR: Farnesoid X receptor; x-SMA: x-Smooth muscle actin; ROS: Reactive
oxygen species; GSK-3f3: Glycogen synthase kinase 3 beta; SOD: Superoxide dismutase; GSH: Glutathione;
CAT: Catalase; HIF: Hypoxia-inducible factor; NOX: NADPH oxidase; IL: Interleukin; TNF: Tumor necrosis
factor; FOXO: Forkhead box O; ERK: Extracellular regulated protein kinase; MMP: Matrix metalloproteinase;
ER: Endoplasmic reticulum; PERK: Protein kinase R-like endoplasmic reticulum kinase; e[F2«: Phosphorylation
of eukaryotic initiation factor-2c;; ATF4: Activating transcription factor 4; SIRT1: Silent information regulator
1; TRPC: Transient receptor potential canonical; SCFAs: Short-chain fatty acids; CKD: Chronic kidney disease;
IRI: Ischemia/reperfusion injury; ADPKD: Autosomal dominant polycystic kidney disease; UUO: Unilateral
ureteral obstruction; UAN: Uric acid nephropathy; CLP: Cecum ligation puncture; DOX: Doxorubicin; DDP:
Cisplatin; LPS: Lipopolysaccharide; EG: Ethylene glycol; LN: Lupus nephritis; Ang II: Angiotensin II; HMCs:
Human mesangial cells; HK-2 cells: Human kidney-2 cells; Fru: Fructose; TAC: Tacrolimus; PC: Post-contrast;
MTX: Methotrexate; ON: Oxalate nephropathy.

3.2. Polysaccharides

Natural polysaccharides are a class of complex macromolecules that are formed from
a variety of monosaccharide units and diverse glycosidic linkages. The monosaccharide
units can be classified into several categories, including hexose, which includes glucose,
galactose, and mannose; N-acetyl-hexose (HexNac), which encompasses GalNac and
GluNac; pentose (e.g., xylose and arabinose); deoxyhexose (e.g., fucose); and numerous
terminal modifications, such as phosphorylation, sulfation, and sialylation. Up to the
present date, the identification and isolation still remain a critical challenge. However, the
polysaccharides were found to be the principal compounds in some of the botanicals in
Table 1 and the pharmacological effects of polysaccharides have also long been confirmed.
Table 2 illustrates the representative polysaccharides from botanicals in Tables 1 and S1,
along with their impact on kidney diseases.

Laminaria japonica Aresch. is a widespread food ingredient in China with a significant
amount of polysaccharides. It contains polysaccharides weighing from 5 kDa to 10* kDa [231]
with great potential in anti-fibrosis effects, which revealed its capacity to treat CKD [106].
In many kidney diseases including the DN model [104,105], DIN model [103,106], and IRI
model [102], polysaccharides from Laminaria japonica Aresch. showed strong impact on
fibrosis- and apoptosis-related molecules like TGF-f3, x-SMA, and Bax/Bcl-2. Polysaccharides
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are also identified to be the primary compounds in Polygonatum sibiricum Red [232]. Polygonat
Rhizomai polysaccharides were discovered to be protective against uranium-induced AKI
with 141 kDa polysaccharides in them [17]. The polysaccharides from other traditional kidney-
protective botanical food like Lycium barbarum L. [101] and Astragalus membranaceus [19,96,97]
showed protective effects against DIN as well.

In consideration of the gut-kidney axis, polysaccharides derived from these botanical
ingredients also play a significant role in the intricate interplay of gut-kidney crosstalk.
The polysaccharides derived from Phyllostachys nigra [20], Paeonia x suffruticosa (Moutan
Cortex) [111], and Astragalus membranaceus (Fisch.) Bge. [97] have been observed to possess
the capacity to regulate the gut-kidney axis, thereby conferring benefit to the kidney. The
mechanisms involved in remodeling the gut microbiota composition include an increase in
the abundance of probiotics, such as Lactobacillales, and an upregulation of SCFAs.

3.3. Terpenoids

Terpenoids, which are derived from isoprene, encompass a diverse range of chemical
compounds, including monoterpenoids, sesquiterpenoids, diterpenoids, sesterterpenes,
triterpenoids, and polyterpenoids [233]. Considering the ingredients in Table 1 and Table
S1, Panax ginseng C. A. Mey. (ginseng), Glycyrrhiza uralensis Fisch. (Liquorice), Alisma
orientatle (Sam.) Juzep., and Ganoderma lucidum (Leyss. ex Fr.) Karst. (Ganoderma) are
representative for their great amount and variety of terpenoids.

Ganoderma triterpenoids isolated from Ganoderma are some of the major chemical
constituents in Ganoderma and could be further divided into C30 (ganoderic acid, gano-
dermanontriol, applanoxidic acids, and their derivatives), C27 (lucidenic acid, ganolactone,
and their derivatives), and C24 (lucidones and their derivatives), and others according to
their skeleton carbons [234]. Among the compounds identified, ganoderic acids had been
proven to possess protective properties in the context of ADPKD [159], renal fibrosis [160],
and IRI [161]. Licorice is another ingredient that has been demonstrated to possess renal-
protective terpenoids, the most prominent of which are glycyrrhizic acid and glycyrrhetinic
acid [235]. Glycyrrhizic acid possesses surprising protective effects in DN [162,163] and
DIN including tacrolimus [164], contrasts [165], and triptolide [166]-induced kidney injury.
Similar effects were also found in glycyrrhetinic acid in DN [162] and IRI [167]. Alisma
orientatle (Sam.) Juzep. and Panax ginseng C. A. Mey. are two botanicals in Table S1, which
means that they are not considered daily food but could be added to dietary supplements.
However, they have been traditionally used to treat renal disorders in TCM, especially Al-
isma orientatle (Sam.) Juzep. Alisols and their derivatives are tetracyclic triterpene alcohols
isolated from Alisma orientatle (Sam.) Juzep. and play a significant role in its pharmacologi-
cal effects [236]. Recent studies had demonstrated the potential of alisols in protecting the
kidney from DPP-induced injury and IRI by targeting the farnesoid X receptor and soluble
epoxide hydrolase [148,149]. Additionally, alisol B 23-acetate was observed to regulate the
gut microbiota, thereby improving renal function in CKD mice [150]. Ginsenosides, the
representative compounds in ginseng, are a big family of triterpenoid saponins with a four-
ring rigid steroid skeleton [237]. Early in 1998, a study revealed that ginsenoside Rd could
protect against IRI by affecting proximal tubule cells [238]. Later, numerous studies had
demonstrated that ginsenosides could alleviate AKI [151,152], renal carcinoma [153,154],
DN [155,156], and renal fibrosis [157,158].

Iridoids constitute a large and distinctive class of monoterpenoids that are ubiquitous
in botanical sources and have been demonstrated to exhibit notable bioactivity [239].
Iridoids are receiving increasing attention for their great pharmacological effects in the
liver, kidney, and nervous disorders [240-243]. Catalpol, one of the most common iridoids,
for example, showed strong antioxidation and anti-inflammation effects in DN-, CKD-,
and DIN-induced AKI models [115-121]. Cornus officinalis Sieb. et Zucc. was found to be
abundant in iridoids [244], in which loganin and morroniside were shown to be protective
for the kidney [122-125,133]. The representative terpenoids including triterpenoids and
iridoids from botanicals with medicine—food homology are also shown in Table 2.
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3.4. Alkaloids

Isolated from natural herbs, alkaloids are a diverse group of naturally occurring
organic compounds that primarily contain basic nitrogen atoms [245]. Structurally, they
could be characterized by a heterocyclic ring that incorporates nitrogen, and they often
possess complex and varied molecular frameworks, for example, isoquinoline, pyrrolidines,
pyridines, indole, and others. Dietary botanicals also contain variable bioactive alkaloids
for renal protection. Table 2 provides a list of the principal representative alkaloids with
kidney-protective effects derived from the botanicals included in Tables 1 and S1.

Tetramethylpyrazine, the characteristic alkaloid of Ligusticum sinense Chuanxiong, has
been clinically utilized to inhibit platelet aggregation and reduce blood viscosity [246]. Its
renal-protective effects were also validated in multiple models including DIN-induced
AKI [168,169], IRI [170], and DN [171,172] with classical mechanisms targeting inflam-
mation and oxidation markers. Leonurine from Leonurus japonicus Houtt. also showed
protective effects in lipopolysaccharide-, DDP-, and vancomycin-induced AKI [173-177].
Besides AKI, trigonelline, the characteristic alkaloid in Trigonella foenum-graecum L. (Fenu-
greek) and Coffea arabica (coffee) was demonstrated to maintain a strong protective effect
on oxalate nephropathy (ON) [191,192], which is closely related to diet oxalate. Nelumbo
nucifera Gaertn. is well known for its abundant alkaloids, especially in its seeds. Liensi-
nine, isoliensinine, neferine, and nuciferine are all alkaloids with kidney-protective effects
isolated from Nelumbo nucifera Gaertn. Besides AKI and DN, neferine was also revealed
to alleviate hyperuricemic nephropathy by targeting the inflammasome pathway [208].
Another alkaloid that has been widely studied for its protective effects on the kidneys
is berberine. This isoquinoline alkaloid was initially isolated from Hydrastis canadensis
and is primarily found in Coptis chinensis. Although these botanicals are not typically
included in dietary regimens, berberine itself is a frequently utilized compound in dietary
supplements. In DSLD, dietary supplements containing berberine reached 865 records. The
renal-protective effects and mechanism of berberine have long been studied since 2011 in
the DN model [247,248]. Later, the extraordinary effects of berberine were found in multiple
nephropathy models including DIN-induced AKI [178-182], IRI-induced AKI [183-185],
DN [186-188], and UUO-induced renal fibrosis [189]. The mechanisms involved in the
treatment of berberine contained traditional anti-inflammation, oxidation, apoptosis, and
also the regulation of gut bacteria. With the increasing interest in the gut microbiota, the
interaction between the gut microbiota and berberine in the treatment of renal diseases has
shown great promise. Recent studies demonstrated that berberine could improve chronic
kidney disease by inhibiting the production of enterogenous toxins such as trimethylamine
oxide (TMAO) and p-cresol (pCS), which are metabolites from gut microbiota [190]. Berber-
ine could also increase the abundance of Coprococcus, Bacteroides, Akkermansia, and Prevotella
to alleviate UAN [249-251]. A growing body of evidence suggests that the mechanisms of
renoprotective effects through the gut-renal axis deserve further investigation.

Though many alkaloids possess renal-protective effects, a few studies have yielded
contradictory results for the same compounds, for example, matrine from Sophora japonica L.
Some studies [252,253] found that matrine could lead to kidney injury with mitochondria
dysfunction and oxidation while another study demonstrated its protective effect on the
DDP-induced AKI model [198]. Its derivate, oxymatrine, was also found to alleviate
gentamicin-induced AKI [199], IRI [200], and renal fibrosis [254]. It again reinforces the
necessity for the scientific research and regulation of the dietary utilization of botanicals
with medicine-food homology.

3.5. Others

In addition to the aforementioned classes of compounds, botanicals with medicine—
food homology also contain many other abundant bioactive nutrients including various
kinds of polyphenols and anthraquinones, among which some showed great potential in
benefiting the kidney as shown in Table 1. Simple phenylpropanoids are a kind of natural
polyphenols with a three-carbon side chain linked to a phenyl ring, forming a C6-C3 skele-
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ton. The primary structure also makes them precursors to many other natural compounds,
such as flavonoids, lignans, and polyphenols [255]. Simple phenylpropanoids, including
the widely distributed ferulic acid and chlorogenic acid, were both found to remodel the
composition of the gut microbiota, thereby alleviating UAN [227-229]. Curcumin, the
most bioactive and abundant polyphenol [256] in Curcuma longa L., has been extensively
investigated for its potent antioxidant effects [213]. Together with its derivatives, curcumin
displayed potential in treating LN [212], DIN-induced AKI [211], DN [215], and even
focal segmental glomerulosclerosis (FSGS) [214]. Additionally, research has indicated that
curcumin may mitigate renal impairment by modulating the microbiota in conditions such
as CKD and UAN [257,258]. Sesamin, a lighan from dietary sesame, was also demonstrated
to decrease uremic toxins by inhibiting the gut microbiota indole pathway [223], indicating
importance of the gut-kidney axis. Anthraquinone compounds, for example, emodin and
its derivatives, are the most important chemical compounds in Rheum palmatum L., which
has long been used in TCM and added to dietary supplements [259]. The anthraquinone
compounds in Rheum palmatum L. also possess renal-protective effects on DN, CKD, and
UUO models, mainly targeting TGF-3 secretion [216-220]. Interestingly, emodin was found
to decrease uremic toxins as well by targeting gut microbiota [260]. An increasing body of
evidence is emerging that demonstrates the significance of the gut-kidney axis in relation
to dietary nutrients.

4. Mechanisms Involved in the Kidney-Protective Effects of Botanical Ingredients
with Medicine-Food Homology

4.1. Antioxidation, Anti-Inflammation, and Anti-Fibrosis

Previous studies had focused on the inflammation/oxidation-oriented mechanisms,
which are key pathological changes in kidney diseases. Oxidative stress is characterized by
an initial injury in the kidney due to the activities of intra- and extracellular oxygen-derived
radicals and the resultant inflammatory response [261]. When the kidney is exposed to
harmful stimuli, ROS such as superoxides and hydroxyl radicals are produced in excess
and interact with the molecular components and functions of a nephron such as the cell
membrane, DNA methylation, histone modifications, and micro-RNAs, which are crucial
mechanisms for fetal programming [262]. The production and scavenging of oxygen-
derived radicals are in a dynamic balance through enzymatic (SOD, CAT, HO-1) and
non-enzymatic (vitamin C, vitamin E, glutathione) antioxidant systems [263]. To deal with
increased oxidative stress, several redox signaling response cascades, including Nrf2, could
be activated to regulate this antioxidative gene expression [263]. Due to the existence
of the oxygen shunt diffusion, the kidney is highly susceptible to oxidative stress and
hypoxia [264]. Abnormalities in oxidative stress have been observed in a range of kidney
diseases, including CKD, DN, and DIN-induced AKI and CKD [265-268].

The critical role of inflammation in the development of AKI, CKD, and DN was
also widely confirmed in animal and clinical studies. The inflammation in the kidney
is activated by various mechanisms including endothelial injury, drugs, and infection
and causes glomerular, interstitial, and vascular damage [269]. The process of neutrophil
infiltration is accompanied by an increase in multiple pro-inflammatory chemotaxes, ad-
hesion factors, and chemokines, including ICAM-1, P- and E-selectin, and IL-1§3, IL-6,
IL-18, and TNF-«. This process is strongly correlated with fibrosis, autophagy, oxidative
stress, and mitochondrial dysfunction [270]. In primary glomerular disease including acute
glomerulonephritis, IgA nephropathy, and nephrotic syndrome, complement activation and
immune complex deposition, which elicit strong inflammation, were also identified as key
pathogenesis [271,272]. Pro-inflammatory signaling pathways include the TLR4/MyD88
signaling pathway, which is also closely related to gut microbiota due to its recognition
of pathogen-associated molecular patterns [273]. The activation of TLR4 could lead to the
upregulation of another key pro-inflammatory signal, the NF-«B-related pathway [273],
which is also the target for most of the anti-inflammation effects in Table 2.
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Fibrosis represents another pivotal pathological process following inflammation, espe-
cially chronic inflammation. With continuous inflammatory stimulation, various stromal
cells in the kidney are transformed to myofibroblasts, which contribute to excessive extra-
cellular matrix production and deposition in the renal parenchyma, eventually leading
to loss of renal function [274]. The increase in the secretion of TGF-f3 and the fibroblast
growth factor (EGF) and the secretion of type I collagen, fibronectin, chondroitin sulfate,
and other components of the extracellular matrix (ECM) are also directly involved in the
epithelial-mesenchymal transition (EMT) and fibrosis [275]. Recent studies had discovered
that MMP also contributes to renal fibrosis [276]. There are several severe molecules and
pathways involved in the complicated process of renal fibrosis, for instance, the Wnt/3-
catenin and TGF-f31/Smad pathways, which are also key targets for botanicals. As the most
vital target, Smad3-mediated TGF-f3 stimulation not only induces collagen production and
the inhibition of ECM degradation, but also depresses fatty acid oxidation, leading to a
profibrotic phenotype [275].

Botanicals with medicine-food homology happen to be abandoned in natural antioxi-
dant, anti-inflammation, and anti-fibrosis compounds regulating the above pathways and
inflammatory cytokines as shown in Table 2. The majority of the mechanisms underlying
the protective effects are associated with these mechanisms, underscoring the significant
potential and importance of incorporating daily dietary botanicals and supplements into
one’s routine.

4.2. Regulating the “Gut—Kidney Axis”

In addition to the classical molecular pathological processes centered on inflammation,
oxidative stress, and cellular autophagy and apoptosis, a large number of studies have
recently revealed a relationship between intestinal disorders and renal disease, a link that
has been increasingly emphasized and investigated under the term “gut-kidney axis” [4].
It has been suggested that the gut-renal axis can be subdivided into metabolism-dependent
and immunologic pathways [277]. Metabolism-dependent pathways are mainly mediated
by metabolites produced by the gut microbiota that have the ability to modulate host
physiological functions. For example, alterations in the gut microbiota can lead to intestinal
metabolism and dysfunction, thereby increasing uremic toxin production and renal dys-
function [190,278]. On the other hand, kidney disease also affects the composition of gut
bacteria and could cause gastrointestinal dysfunction [279,280]. In addition to uremic toxins
like pCS, the gut microbiota produces a large number of physiologically active substances
such as SCFAs, and bile acids (BAs), which play an important role in the regulation of
renal disease and function [4]. Studies have found a reduction in SCFA-producing gut
bacteria including Lactobacillaceae and Prevotella species in ESRD patients compared to
healthy individuals [281,282]. However, in some models of kidney disease, a high-fiber
diet that promotes the growth of SCFA-producing bacteria and direct supplementation
with SCFAs attenuated renal fibrosis [283]. As for the immune pathway, components
of the immune system (e.g., lymphocytes, monocytes, and cytokines) play a key role in
the communication between the gut and the kidney [284]. A growing number of studies
have demonstrated that gut flora play a crucial role in mucosal immunity and systemic
inflammation, and that changes in gut flora induce changes in inflammatory cytokine
profiles in the bone marrow [285], which are further associated with the development of
autoimmune nephropathy [286]. Lymphocytes could even migrate from the gut to the
injured kidney via the chemokine pathway [284]. Recent studies have also found that the
aberrant galactose-deficient IgA, which is key in the pathogenesis of IgA nephropathy,
is associated with aberrant hydrolysis by intestinal bacteria, and is recognized in vivo
through the metabolism of the intestinal bacteria exposing aberrant antigenic epitopes,
which leads to the formation of immune complexes and renal deposition [286].

As attention is increasingly focused on the gut microbiota, their interaction with
botanicals has been discovered and showed a promising future [287-292]. As shown in
Table 2, almost all kinds of compounds have the potential in regulating gut microbiota.
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Panax notoginseng saponins, the bioactive components of a well-known and widely used
botanical, Panax notoginseng, in Table S1, could regulate intestinal microorganisms and
therefore ameliorate inflammation and fibrosis. Similarly to terpenoids, the renal protection
by oleanic acid was also found to be associated with its regulation on gut microbiota [147].
Berberine had also been found to ameliorate chronic kidney disease through inhibiting
the production of gut-derived uremic toxins, for example, TMAO and pCS in the gut
microbiota [190]. Astragalus membranaceus, of which the anti-inflammation and fibrosis
effects were confirmed, was also found to influence the gut microbiota, with Akkerman-
sia muciniphila and Lactobacillus being the main driving bacteria [97]. More and more
renal-protective effects of botanicals are found to be associated with the gut-kidney axis.
Meanwhile, the gut microbiota exhibit rapid alterations in response to daily diets [293,294],
indicating the potential for dietary nutrients to intervene in the gut-kidney axis.

5. Conclusions and Perspective

The concept of “food as medicine” underpins the traditional use of these botanicals, espe-
cially within the framework of TCM. This approach, which integrates dietary and medicinal
uses, provides a unique and holistic perspective on disease prevention and health mainte-
nance. The review emphasizes that many botanicals have been traditionally used for both
food and therapeutic purposes, demonstrating their dual benefits. The diverse bioactive com-
pounds found in these botanicals, such as flavonoids, polysaccharides, saponins, alkaloids,
and polyphenols, demonstrate a range of protective effects on renal health. These effects are
primarily mediated through antioxidation, anti-inflammation, anti-fibrosis, the modulation of
the immune response, and enhancement in mitochondrial function as shown in Figure 2. The
integration of these botanicals into modern therapeutic regimes could offer a complementary
approach to conventional treatments for kidney diseases, which often focus on symptom
management rather than disease reversal. The promising results from experimental studies
suggest that incorporating these natural compounds into dietary habits or as supplements
could contribute to better renal health outcomes.

A particularly notable aspect highlighted in this review is the interplay between
these botanicals and the gut-kidney axis. This emerging area of research emphasizes the
complex relationship between gut microbiota and renal function. Botanical compounds
can influence the composition and activity of gut microbiota, which in turn affects systemic
inflammation, immune responses, and metabolic processes relevant to kidney health. For
instance, the modulation of gut microbiota by polysaccharides and polyphenols can lead
to the production of beneficial metabolites, such as short-chain fatty acids, which have
protective effects on the kidneys. Considering the close relation between daily diets and
gut microbiota, the potential for dietary nutrients to intervene in the gut-kidney axis is
worth deeper exploration.

In summary, botanical ingredients with medicine-food homology present a valuable
resource for developing new strategies in the prevention and management of kidney
diseases. By leveraging their effects on the gut-kidney axis and other pathways, these
botanicals hold promise for enhancing renal health and improving patient outcomes.
Continued research and clinical validation are essential to fully realize their potential in
this domain.
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Figure 2. Mechanisms involved in the interplay of dietary medical botanicals and kidney function,
drawn by authors using Figdraw (www.figdraw.com).
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