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Abstract

Background: Obesity affects 23.1% of Saudi adults aged ≥15 years and alters the bioavailability of micronutrients, such as Mg, essential
for many physiological processes. This study assessed associations of serum and dietary Mg with obesity markers in Saudi adults.
Methods: A cross-sectional study was conducted during 2021 to 2023 among 776 Saudi adults aged 18 to 64 years, including females
(n = 490) and males (n = 286) recruited from community sites and clinics in Riyadh and Al Madinah, Saudi Arabia. Data included
demographic characteristics, medical history, lifestyle factors (smoking and physical activity), anthropometric measurements [weight,
height, body mass index (BMI), fat mass index (FMI), body fat percentage, waist and hip circumferences, waist–hip ratio, and waist–
height ratio (WHtR)], biochemical parameters (serum Mg), and dietary intake (via a validated Saudi food frequency questionnaire, an
Mg-specific food frequency questionnaire, and 24-h recall). Linear regression models were applied and were adjusted for age, smoking
status, education, marital status, physical activity, and Mg from supplements. Results: Among females, higher BMI and FMI were
associated with lower serum Mg, with coefficient expressed in 10–2 mg/dL units [BMI: –7.7, 95% confidence interval (CI): –14.2 to –
1.2, p = 0.02; FMI: –4.5, 95% CI: –8.5 to –0.6, p = 0.02]. Larger hip circumference was also associated with lower serumMg (expressed
in 10–2 mg/dL) in females [–54.3, 95% CI: –91.5 to –17.1, p = 0.001]. No statistically significant associations between serum Mg
and adiposity markers were observed among males. Dietary Mg showed limited associations. In males, higher hip circumference was
associated with higher dietary Mg (mg/1000 kcal) [0.08, 95% CI: 0.04 to 0.14, p = 0.02]. In females, higher body fat percentage was
associated with lower dietary Mg [–0.18, 95% CI: –0.31 to –0.09, p = 0.03]. No other adiposity markers were significantly associated
with dietary Mg in adjusted models. Conclusions: Serum and dietary Mg captured distinct aspects of adiposity. Notably, lower serum
Mg was associated with higher adiposity in females whereas no serum associations were observed in men. Further longitudinal and
clinical studies with additional Mg biomarkers are warranted.
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1. Introduction
Obesity is a chronic, multifactorial disease character-

ized by excess adiposity and elevated cardiometabolic risk
[1]. In 2022, 16% of adults worldwide had obesity (~890
million individuals), and adult obesity has more than dou-
bled since 1990 [2]. Saudi Arabia reflects this trend: the
2019 World Health Survey reported obesity in 20.2% of
Saudi adults, with 38.2% being overweight [3]. Since 2019,
obesity rose by 3.1% (from 20% to 23.1%) and overweight
prevalence increased by 6.9% (from 38.2% to 45.1%) [4].
A meta-analysis of over 280 studies using waist circum-
ference (WC) found that the estimated global central obe-
sity prevalence was 41.5% among adults aged ≥15 years
and 36.0%–45.5% in Saudi Arabia [5]. Furthermore, in the
2019 World Health Survey, abnormal waist circumference
rose with age, from 23% at 15–29 years to 58% at 80 years
and older, and was higher in women than men, 34% versus
27% [6].

Obesity results from interacting genetic, environmen-
tal, behavioral, and pharmacologic factors, including phys-

ical inactivity, psychological conditions, medications, and
unhealthy dietary patterns (e.g., high-energy diets, excess
processed foods, and poor-quality diets) [7,8,9,10,11]. Di-
etary micronutrient quality may modify obesity risk. Many
adults fail to meet recommended intakes for key micronu-
trients, including Mg [12,13,14,15]. Mg supports energy
metabolism, nucleic acid and protein synthesis, and ion
transport, serving as a cofactor for at least 300 enzyme
systems and likely over 600 reactions [16]. Serum Mg
alone may underestimate deficiency because levels can ap-
pear normal despite low intracellular stores, complicat-
ing clinical and epidemiologic assessment [17]. Mg bal-
ance is affected by diet and medications: proton pump in-
hibitors, certain antibiotics, calcineurin inhibitors, cisplatin
and other antineoplastics, and loop or thiazide diuretics
can cause drug-induced hypomagnesemia, whereas high-
phytate foods and some minerals at pharmacologic doses
reduce absorption [18].

Mg is essential for insulin secretion and signaling. It
also affects cardiometabolic pathways beyond insulin as
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it acts as a natural calcium antagonist, relaxes vascular
smooth muscle, improves endothelial nitric oxide availabil-
ity, and modulates the renin–angiotensin–aldosterone sys-
tem, which together lower vascular tone and blood pressure
[19]. Furthermore, it reduces oxidative stress and NF-κB
driven inflammation that link adiposity to atherogenesis. It
also influences lipid handling and adipokine biology, with
effects on fat storage and metabolic risk [20]. These path-
ways connect magnesium status to obesity-related hyper-
tension, dyslipidemia, and cardiovascular disease. Thus,
low Mg levels impair insulin receptor tyrosine kinase ac-
tivity, decrease insulin sensitivity, and promote insulin re-
sistance, a hallmark of metabolic syndrome [21].

Several mechanisms may explain why lower magne-
sium levels may be observed in individuals with obesity.
First, magnesium intake may be lower when diets contain
fewer magnesium-rich foods, such as green leafy vegeta-
bles, legumes, nuts, seeds, and whole grains, and more re-
fined foods, because grain refining removes much of the
magnesium-rich germ and bran [17]. Second, effective
magnesium absorption may be lower even at similar re-
ported intakes, because intestinal magnesium bioavailabil-
ity varies with dose, food matrix, and dietary enhancers or
inhibitors [17]. Third, obesity commonly coexists with in-
sulin resistance and hyperinsulinemia, and human studies
suggest that insulin can increase renal magnesium excre-
tion; hyperglycemia can also increase urinary magnesium
losses [22]. Together, these pathways suggest that lower
magnesium in obesity may reflect a combination of lower
intake, lower effective absorption, and greater renal losses
rather than a single mechanism.

Although magnesium is mechanistically linked to
insulin action, inflammation, vascular tone, and lipid
metabolism [19,20,21], epidemiologic evidence relating
magnesium status to adiposity remains inconsistent [23,24].
This heterogeneity likely reflects differences in study de-
sign, population characteristics, and how magnesium sta-
tus is assessed. Serum magnesium represents a tightly reg-
ulated compartment that accounts for <1% of total body
stores [17,25], whereas dietary intake estimates are prone
to reporting error and do not capture absorption or losses.
Evidence from Saudi Arabia and the broader Middle East
is limited, and few studies have concurrently examined
serum magnesium, dietary magnesium intake, detailed adi-
posity/body composition measures, and cardiometabolic
biomarkers in the same cohort. Given the high and ris-
ing burden of obesity in Saudi Arabia and recent dietary
shifts that may lower magnesium density [26], clarifying
these relationships is important for generating hypotheses
for longitudinal and intervention studies. This study aimed
to evaluate sex-stratified associations of serum magnesium
and dietary magnesium intake with general and central adi-
posity markers in Saudi adults.

2. Materials and Methods
2.1 Study Design

The study was part of an ongoing project on lifestyle
scores and blood pressure among Saudi adults [27]. Data
were collected at community sites in Riyadh and Al Mad-
inah as well as clinics at the College of Applied Medical
Sciences, King Saud University (KSU). The KSU Institu-
tional Review Board approved the protocol (KSU-IRB-21-
314), and written informed consent was obtained from all
participants.

2.2 Recruitment
Participants were recruited through portable clinics es-

tablished in Riyadh and Al madinah as well as at KSU
Applied Medical Sciences clinics. Invitations were dis-
tributed via WhatsApp messages, posters on social media,
brochures in malls, and posters displayed near clinics. Re-
cruitmentmaterials described the study’s purpose, inclusion
criteria, methods, setting, and potential benefits.

2.3 Eligibility Criteria
Inclusion criteria were Saudi adults aged ≥18 years.

Exclusion criteria included pregnancy or lactation, use of
medications that inhibit Mg absorption or increase Mg ex-
cretion, and medical conditions affecting Mg absorption,
excretion, or redistribution (e.g., chronic or acute diarrhea,
recent bariatric surgery, intestinal malabsorption, type 1 and
2 diabetes mellitus, kidney disease, inherited renal tubu-
lar disorders, hyperthyroidism, hypercalcemia, hyperaldos-
teronism, hungry bone syndrome, or acute pancreatitis). In
total, 1104 adults were screened: 165 did not meet the in-
clusion criteria, 28 had incomplete data, and 35 withdrew.
Ultimately, 876 participants were recruited, and 776 adults
aged 18 to 64 years completed biochemical testing, includ-
ing females (n = 490) and males (n = 286) (Fig. 1).

2.4 Sample Size
The sample size calculation was used to estimate the

minimum required overall sample. Using an obesity preva-
lence of 23.1% (obesity prevalence in Saudi adults) [3],
with d = 0.05 and Z = 1.96, the minimum required sample
was 273 participants; after allowing 20% for nonresponse,
the target sample was approximately 328. Recruitment con-
tinued beyond this minimum because the study was embed-
ded within an ongoing community-based project and be-
cause additional participants were needed to offset exclu-
sions, incomplete biochemical data, and attrition from the
final analytic sample. The final sample was therefore larger
than the calculated minimum. Sex-specific quotas were not
prespecified at the design stage.

The adequacy of the final analytic sample for the re-
gression analyses was evaluated using a sensitivity power
analysis for linear multiple regression, fixed model, R2 in-
crease, with alpha = 0.05 and 80% power [28]. Because the
main analyses tested one adiposity marker at a time after
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Fig. 1. Study enrollment flowchart.

covariate adjustment, the number of tested predictors was
set to 1. The most conservative model included up to 10 to-
tal predictors, comprising the adiposity marker, age, smok-
ing status, education, marital status, physical activity, and
Mg from supplements. Under these assumptions, the over-
all sample (n = 776) could detect a minimum Cohen’s f2 of
0.010, equivalent to a unique partial R2 of approximately
1.0%. The female-stratified sample (n = 490) could de-
tect f2 = 0.016, partial R2 approximately 1.6%. The male-
stratified sample (n = 286) could detect f2 = 0.028, par-
tial R2 approximately 2.7%. Thus, the overall and female-
stratified samples were adequately powered to detect effects
at or below Cohen’s conventional small-effect threshold (f2
= 0.02), whereas the male-stratified sample was powered to
detect effects slightly larger than this threshold. Therefore,
null findings in males should be interpreted cautiously.

2.5 Data Collection

Data were collected during November 2021–July
2023 (21 months). Trained dietitians conducted inter-
views at data collection sites. They completed protocol-
based training in questionnaire administration andmeasure-
ment standardization, using the World Health Organization
STEPS [29] andNational Health andNutrition Examination
Survey (NHANES) [30] procedure manuals as references.
Training covered instrument flow, skip patterns, probing,
role-play, and field certification. We pilot tested the ques-
tionnaire on ten adults to refine wording and timing. Field
supervisors observed early interviews and provided correc-
tive feedback.

Anthropometric measurements were obtained first,
followed by structured, interviewer-administered question-
naires covering demographic, health, and lifestyle informa-
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tion. Standardized procedures were used for anthropomet-
ric, blood pressure, and biochemical assessments.

2.6 Lifestyle Measures
2.6.1 Sociodemographic and Health History

Age, sex, birthplace, education, income, occupation,
marital status, housing, smoking status, medication and
supplement use, surgical history, and personal and family
medical history were recorded.

2.6.2 Physical Activity
The validated Arabic Global Physical Activity Ques-

tionnaire [31] was used to assess occupational, transport-
related, and discretionary or leisure-time physical activity,
covering intensity, duration, and frequency.

2.6.3 Dietary Intake
Trained dietitians collected data during a structured in-

terview using the validated Saudi Food and Drug Author-
ity Food FrequencyQuestionnaire (SFDA-FFQ) [32] for di-
etary intake during the past year as well as two 24-h dietary
recalls [33] to improve the accuracy of food intake estima-
tions [34]. SFDA-FFQ, developed in Arabic, lists 133 food
and beverage itemswith intake frequency (per day, week, or
month) and includes questions regarding traditional Saudi
food as well cooking fats and vitamin/mineral supplemen-
tation [32]. A validated Mg-specific FFQ (Mg-FFQ) with
33 Mg-rich food items was also administered to better cap-
ture intake of Mg-dense foods [35]. The 24-h dietary re-
calls, collected on two consecutive days (one in person on
the recruitment day and one by phone), provided detailed
quantitative intake data over the past 24 h. Food models
and hand-size portion guides helped estimate portions and
minimize portion misreporting. Nutrient intakes from the
SFDA-FFQ and from the mean of the two 24-h recalls were
compared as a quality check; correlations for macronutri-
ents were high for protein (r = 0.52) and fat (r = 0.61),
indicating good agreement between the assessment meth-
ods. DietaryMg intake used in the present analyses was de-
rived from the SFDA-FFQ (food sources). Dietary compo-
nents were analyzed using ESHA’s Food Processor Nutri-
tion Analysis software® (Version 11.14, ESHA Research,
Salem, OR, USA) with the US Department of Agriculture
standard reference database. This software has an exten-
sive food, beverage, and recipe database, and new recipes
can be added based on their ingredients if a food item is
unavailable. For Saudi recipes, data were derived from the
Nutrition Assessment Guide for Saudi Arabia by the Obe-
sity Research Center at KSU [36].

2.6.4 Calculation of Dietary Mg intake
Dietary magnesium intake used in the present analy-

ses was derived from the validated SFDA-FFQ, which as-
sessed usual food intake over the previous year. For each
food item, the reported frequency of intake was converted

to servings/day, multiplied by the standard portion size, and
matched to nutrient composition data to calculate magne-
sium intake. Total dietary magnesium intake was expressed
as mg/day. Food-derived Mg intake (mg/day) was calcu-
lated from the 133-item SFDA-FFQ by summing the item-
specific Mg contribution for 85 food and beverage items
with nonzero Mg values assigned in Food Processor Nu-
trition Analysis software, with local Saudi recipes entered
when needed. Items with zero assigned Mg content or no
reported consumption contributed 0 mg/day:

Dietary Mg (mg/day) = sum over items [frequency
(servings/day) × portion (g/serving) × Mg content (mg/g)].

For the 24-h recalls, Mg intake for each recall day was
calculated as the sum of Mg across all foods consumed that
day, and the mean of the two days was computed for com-
parison with the FFQ-based estimate. The FFQ-derived di-
etary magnesium estimate showed a correlation with the
mean 24-hour recall-derived magnesium estimate (r = 0.5).
Mg from supplements was recorded separately and was not
included in the food-derived dietary Mg calculation. How-
ever, Mg supplement use was adjusted for in the multivari-
able regression analyses.

2.6.5 Anthropometric and Body Composition
Measurements

Measurements were recorded twice by trained dieti-
tians using standardized methods; averages were used in
the final analyses. Participants wore light clothing and no
footwear. Height (cm) was measured using a digital height
meter (cm). Bodyweight (kg) and body fat percentage were
measured using a bioelectrical impedance analysis (BIA)
scale (InBody technology), employing the TANITA BC-
418 body composition analyzer (Tanita Corporation, Japan)
after a minimum 2-hour period without food intake. Mea-
surements were obtained during the scheduled study visit,
either in the morning or afternoon depending on appoint-
ment time. BMI was calculated as weight (kg) / height
(m2). Fat mass index (FMI) was calculated as fat mass (kg)
/ height (m2) [37,38,39]. WC, hip circumference (HC), and
waist–hip ratio (WHR) were measured using a nonstretch-
able measuring tape. WCwas measured at the midpoint be-
tween the lower rib margin and the top of the iliac crest. HC
was measured around the greater trochanter. Measurements
were takenwith the participant standing upright and the tape
tight around the body (without being constricting); if read-
ings differed by >2 cm, a third measurement was taken, and
the mean of the two closest values was used.

2.7 Biochemical Analyses

Fasting peripheral blood (~10 mL) was collected and
centrifuged at 1200 ×g for 15 min and the serum was stored
at −80 °C. All biochemical tests were performed in one ses-
sion per participant after an 8−10 hour fast. Serum mag-
nesium concentration was measured in fasting serum using
an automated xylidyl blue colorimetric assay on a Diatron
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P500 clinical chemistry analyzer (Diatron, Budapest, Hun-
gary). Serum magnesium results were expressed in mg/dL.

Biochemical analyses were performed in the same
clinical laboratory under standard quality assurance proce-
dures. Commercial internal QC materials at two concen-
tration levels were analyzed at the beginning of each an-
alytical run and after calibration, reagent-lot changes, or
maintenance. Runs were accepted only when QC values
met predefined acceptance criteria; otherwise, calibration,
troubleshooting, and repeat analysis were undertaken. Cali-
bration and calibration verification were performed accord-
ing to the manufacturer’s instructions. The laboratory also
participated in external proficiency testing. Assay impreci-
sion was summarized as CV (%) = 100 × SD / mean from
repeated QC measurements, and bias, when available, was
estimated relative to the assigned target or peer-group mean
[40].

2.8 Statistical Analysis
Analyses were performed using IBM SPSS software

v28 (Armonk, New York, USA). Participants were catego-
rized according to serum magnesium concentration as <1.8
mg/dL and ≥1.8 mg/dL. p-values were calculated using
independent-samples t-tests for continuous variables and
Pearson chi-square tests for categorical variables. Poten-
tial effect modification by sex was assessed using formal
interaction terms in the adjusted linear regression models.

Spearman rank correlation coefficients were calcu-
lated to assess sex-stratified bivariate associations between
serumMg concentration and adiposity markers (BMI, WC,
FMI, HC, WHR, body fat percentage, and WHtR). Corre-
lation coefficients and two-sided p values were reported.

Linear regression was used to examine associations
between serum and dietary Mg and a 1 SD increase in each
adiposity marker (BMI = 6, FMI = 4.7, WC = 17.2, HC =
13.8, WHR = 0.13, body fat percent = 10.5, WHtR = 0.1).
Models were adjusted for age, smoking status, education,
marital status, physical activity, Mg from supplements, and
energy intake when dietary Mg was included. We checked
linear model assumptions. For normality, we inspected his-
tograms and Q-Q plots of standardized residuals and ran
the Shapiro–Wilk test. We assessed multicollinearity us-
ing variance inflation factors and tolerance, and reviewed
condition indices with variance-decomposition proportions
[41].

3. Results
3.1 Participant Characteristics by Serum Mg Status

In total, 776 adults were analyzed, including 474 and
302 with serum Mg levels ≥1.8 and <1.8 mg/dL, respec-
tively. The two groups did not differ significantly by age,
sex, marital status, education level, smoking status, or en-
ergy intake. For obesity-related markers, participants with
serum Mg <1.8 mg/dL had significantly higher WC, FMI,
WHR, body fat percentage, and WHtR. No significant dif-

ferences were observed for BMI or hip circumference (Ta-
ble 1).

3.2 Correlations
Sex-stratified correlation analyses showed that serum

magnesium was inversely correlated with several adiposity
markers in females but not in males. In females, weak in-
verse correlations were observed for BMI, r = –0.10, p =
0.02, FMI, r = –0.09, p = 0.04, and hip circumference, r =
–0.21, p = 0.01. In males, no statistically significant corre-
lations were identified between serum magnesium and any
adiposity marker (Table 2).

3.3 Association of Serum Magnesium With Adiposity
Markers

Sex-interaction testing showed evidence of interaction
for several adiposity indicators. Serum magnesium interac-
tion p-values were significant for BMI, p = 0.04, FMI, p =
0.03, and hip circumference, p = 0.04. Dietary magnesium
interaction p-values were significant for FMI, p = 0.04, and
reached the conventional threshold for BMI and hip circum-
ference, both p = 0.05. No significant interactions were ob-
served for waist circumference, WHR, body fat percentage,
orWHtR, with serummagnesium interaction p-values rang-
ing from 0.08 to 0.81 and dietary magnesium interaction p-
values ranging from 0.10 to 0.85. Therefore, sex-stratified
estimates are presented.

Amongmales, none of the adiposity markers were sig-
nificantly associated with serum Mg (all p ≥ 0.05). Among
females, higher BMI and FMI were each associated with
lower serumMg, with results expressed in 10–2 mg/dL units
(mean difference for BMI: −7.7, 95% confidence interval
[CI] = −14.2 to −1.2, p = 0.02; FMI: −4.5, 95% CI = −8.5
to −0.6, p = 0.02). Larger HC was also associated with
lower serum Mg (results expressed in 10–2 mg/dL ) in fe-
males (mean difference: −54.3, 95% CI = −91.5 to −17.1,
p = 0.001). No other markers showed significant relations
in females (all p ≥ 0.06; Table 3).

3.4 Associations Between Dietary Mg and Adiposity
Markers

In males, higher HC was associated with higher di-
etary Mg (mg/1000 kcal) (mean difference: 0.08, 95% CI
= 0.04 to 0.14, p = 0.02), whereas other markers showed no
significant associations (all p ≥ 0.05). In females, higher
body fat percentage was associated with lower dietary Mg
(mean difference: −0.18, 95% CI = −0.31 to −0.09, p =
0.03). No other markers had significant associations (all p
≥ 0.05; Table 4).

4. Discussion
This cross-sectional study examined serum Mg, di-

etary Mg, and multiple adiposity markers in Saudi adults.
In sex-stratified models, females showed inverse associa-
tions between serum Mg and BMI, FMI, and hip circum-
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Table 1. Descriptive statistics according to serum Mg levels in Saudi adults, (n = 776)1 .
Variables Serum Mg <1.8 mg/dL Serum Mg ≥1.8 mg/dL p value

N 302 474
Age (years) 30.2 (10.6) 31.1 (11.5) 0.27
Male 34.5 39.8 0.13
Marital status
Single 31.9 38.1 0.06
Married 57.2 56.7
Divorced 10.9 5.2

Education
High school 36.1 32.9 0.40
Bachelor 48.9 53.6
Graduate 15.0 13.5

Smoker
Yes 14.2 11.4 0.23

Serum Mg (mg/dL) 1.31 (0.43) 2.00 (0.22) <0.001
Energy intake (kcal/day) 4089 (1266) 3980 (1400) 0.25
Dietary Mg (mg/day) 471 (133) 440 (135) 0.10
Dietary Mg (mg/1000 kcal) 118.8 (43.7) 119.3 (39.2) 0.88
Obesity markers
BMI (kg/m²) 27.0 (6.0) 26.4 (6.1) 0.17
WC (cm) 84.6 (16.2) 78.3 (14.5) <0.001
FMI 10.1 (4.7) 9.4 (4.7) 0.04
HC (cm) 105.58 (13.48) 103.75 (13.93) 0.07
WHR 0.90 (0.09) 0.78 (0.13) <0.001
Body fat percentage 36.0 (10.3) 33.5 (9.0) 0.005
WHtR 0.55 (0.10) 0.49 (0.09) <0.01

1 Data are mean (SD) or %. p-values were calculated using independent-samples t-tests
for continuous variables and Pearson chi-square tests for categorical variables.
Abbreviations: BFP, body fat percentage; BMI, body mass index; FMI, fat mass in-
dex; HC, hip circumference; WC, waist circumference; WHR, waist–hip ratio; WHtR,
waist-to-height ratio.

Table 2. Sex-stratified Spearman correlations between serum
magnesium concentration and adiposity markers in Saudi

adults, (n = 776)1 .

Variable
Males Females

r p value r p value

BMI (kg/m2) –0.07 0.18 –0.10 0.02
WC (cm) –0.05 0.32 –0.08 0.06
FMI –0.02 0.45 –0.09 0.04
HC (cm) 0.05 0.73 –0.21 0.01
WHR –0.02 0.74 –0.03 0.49
Body fat percentage –0.09 0.09 –0.08 0.06
WHtR –0.06 0.28 –0.06 0.15
1 Data are Spearman’s coefficients and corre-
sponding p values.
Abbreviations: BMI, body mass index; WC,
waist circumference; FMI, fat mass index;
HC, hip circumference; WHR, waist–hip ratio;
WHtR, waist-to-height ratio.

ference, whereas no statistically significant serumMg asso-
ciations were observed among males. Dietary Mg showed
few associations, with a positive association with hip cir-
cumference in males and an inverse association with body
fat percentage in females. Overall, these findings suggest
sex-stratified patterns in the association between Mg status
and adiposity, and they highlight that serum and dietary Mg
may reflect different aspects of Mg biology.

4.1 Serum Mg and Adiposity

The inverse associations observed in females align
with reports showing lower serum Mg in individuals with
greater adiposity. Studies in Canadian and South Asian fe-
males reported reduced serum Mg among those with obe-
sity and insulin resistance, with weaker or absent findings
in males, consistent with the female-stratified pattern ob-
served in the present study [42]. Rotter et al. [43] reported
inverse associations of serumMgwith BMI,WC, andWHR
in older men, although estimates varied across cohorts.
Other research, including studies from China, reported pos-
itive or null results, underscoring heterogeneity by setting
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Table 3. Mean differences in serum Mg levels per 1 SD increase in obesity markers in Saudi adults, (n = 776)1 .

Variable
Males Females

Difference, 10−2 mg/dL 95% CI p Difference, 10–2 mg/dL 95% CI p

BMI (kg/m2) −0.9 (−8.1, 6.4) 0.81 −7.7 (−14.2, −1.2) 0.02
WC (cm) 2.3 (−50.0, 54.6) 0.93 −37.5 (−80.1, 5.0) 0.08
FMI −1.4 (−5.7, 2.8) 0.51 −4.5 (−8.5, −0.6) 0.02
HC (cm) 3.2 (−31.5, 37.9) 0.86 −54.3 (−91.5, −17.1) 0.001
WHR 0.01 (−0.02, 0.9) 0.91 0.01 (−0.02, 0.8) 0.42
Body fat percentage −8.6 (−29.6, 12.3) 0.42 −16.9 (−34.6, 0.8) 0.06
WHtR 0.01 (−0.08, 0.9) 0.89 0.04 (−0.01, 0.6) 0.23
1 Data are presented asmean difference (95%CI) in serummagnesium concentration per 1 SD increase in each adiposity
marker, expressed as 10−2 mg/dL (BMI = 6, FMI = 4.7, WC = 17.2, HC = 13.8, WHR= 0.13, fat percent = 10.5, WHtR =
0.1). Models were adjusted for age, smoking status, education, marital status, physical activity, Mg from supplements.
Abbreviations: CI, confidence interval; BMI, body mass index; WC, waist circumference; FMI, fat mass index; HC,
hip circumference; WHR, waist–hip ratio; WHtR, waist-to-height ratio.

Table 4. Mean differences in dietary Mg levels per 1 SD increase in obesity markers in Saudi adults, (n = 776)1 .

Variable
Males Females

Difference 95% CI p Difference 95% CI p

BMI (kg/m2) 0.09 (−0.03, 0.12) 0.07 0.08 (−0.03, 0.12) 0.34
WC (cm) 0.10 (−0.02, 0.20) 0.11 0.01 (−0.10, 0.10) 0.66
FMI 0.05 (−0.02, 0.10) 0.24 0.05 (–0.01, 0.08) 0.06
HC (cm) 0.08 (0.04, 0.14) 0.02 0.08 (−0.10, 0.10) 0.89
WHR 0.06 (−0.03, 0.09) 0.45 0.04 (−0.04, 0.08) 0.70
Body fat percentage −0.15 (−0.4, 0.10) 0.42 −0.18 (−0.31, −0.09) 0.03
WHtR 0.04 (−0.01, 0.07) 0.21 0.05 (−0.03, 0.09) 0.66
1 Data are presented as mean difference (95% CI) per 1 SD increase in each adiposity marker
(BMI = 6, FMI = 4.7, WC = 17.2, HC = 13.8, WHR = 0.13, fat percent = 10.5, WHtR = 0.1).
Models were adjusted for age, smoking status, education, marital status, physical activity, and
Mg from supplements.
Abbreviations: CI, confidence interval; BMI, body mass index; WC, waist circumference;
FMI, fat mass index; HC, hip circumference; WHR, waist–hip ratio; WHtR, waist-to-height
ratio.

and design [44]. Biologically, Mg supports insulin recep-
tor signaling and post receptor processes. Low intracellu-
lar Mg impairs insulin activity, promotes insulin resistance,
and favors fat accumulation, especially in metabolically ac-
tive depots. Sex differences in body fat distribution may
also have contributed to the observed findings. Women
generally have a higher body fat percentage and relatively
greater gluteofemoral and subcutaneous fat accumulation,
whereas men tend to have greater visceral fat deposition.
These depot-specific differences may influence how adi-
posity relates to circulating magnesium [45]. However, be-
cause we did not directly measure regional fat depots, this
interpretation should be considered tentative.

Although the inverse associations between serum
magnesium and adiposity markers were observed only in
women, the mechanisms underlying this sex-specific pat-
tern remain uncertain. Experimental studies suggest that
estrogen can influence TRPM6-mediatedmagnesium trans-
port, and some clinical reports have linked estrogen status

and hormonal contraceptive exposure with circulating mag-
nesium levels [46,47]. However, our study did not measure
menopausal status, reproductive hormones, oral contracep-
tive use, or hormone therapy. Therefore, any estrogen-
related explanation remains speculative and should be in-
terpreted cautiously. Future studies should directly mea-
sure these factors to clarify whether they contribute to sex-
specific associations between magnesium status and adi-
posity.

4.2 Dietary Mg and Adiposity

Dietary Mg showed few associations with adiposity,
contrasting with cohorts where higher Mg intake correlated
with lower BMI and WC, such as Mexican adults and US
individuals in NHANES data based on quantile regression
[48]. Three factors may explain these differences. First,
dietary assessment remains challenging; even with com-
bined FFQs and repeated 24-h recalls, reporting errors per-
sist. Second, residual confounding is likely, as Mg-rich
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foods covary with energy intake, fiber levels, and overall
diet quality [24]. Third, our relatively young sample may
weaken diet–body composition associations. A fourth fac-
tor is diet and water in Saudi Arabia. Diets have shifted to-
ward refined grains, sweets, and ultra-processed foods, with
lower intakes of fruits, vegetables, fish, nuts, and dairy, pat-
terns that track with higher adiposity and lower magnesium
density per calorie [26,49]. This can weaken or confound
diet/Mg adiposity links when Mg-rich foods co-occur with
higher energy intake or poor overall quality. In addition,
much drinking water is desalinated and often contains lit-
tle magnesium, although national utilities have begun rem-
ineralization programs, so background Mg exposure from
water can vary by region and time [50,51]. These cultural
and environmental features may blunt simple associations
between reported Mg intake and adiposity. These factors
suggest the need for caution when interpreting weak dietary
relationships from a single study.

4.3 Dietary Mg and Circulatory Mg

Dietary magnesium is the primary exogenous source
of Mg and therefore upstream of the extracellular (serum)
Mg pool. After ingestion, Mg is absorbed along the gas-
trointestinal tract via two complementary mechanisms: (i)
a passive paracellular pathway driven by electrochemical
gradients (predominantly in the small intestine) and (ii)
an active transcellular pathway mediated by epithelial Mg
channels (e.g., TRPM6/7), which becomes relatively more
important when luminal Mg is low [17,47,52]. Fractional
absorption is adaptive and non-linear; it increases under low
habitual intake and decreases when intake is high, limiting
large diet-induced fluctuations in serum Mg [52]. Impor-
tantly, the amount absorbed depends not only on intake but
also on bioavailability, which is influenced by the food ma-
trix and other exposures (e.g., phytate/oxalate-rich patterns,
gastrointestinal conditions, or medications such as proton
pump inhibitors that can reduce Mg absorption) [18,53].

Once absorbed, Mg enters the extracellular fluid and
circulatory compartment, but serum Mg is not a simple
proxy for dietary intake because whole-bodyMg homeosta-
sis is tightly regulated [17,25]. Most total bodyMg is stored
in bone and intracellular compartments, while only a small
fraction is present in blood, allowing buffering of short-
term intake variation [17]. The kidney is the principal reg-
ulator of circulating Mg: filtered Mg is largely reabsorbed
along the nephron, and urinary excretion can be rapidly ad-
justed to conserve Mg during low intake or to increase Mg
losses when intake is high [53,54]. As a result, serum Mg
may remain within the reference range despite chronically
low intake and depleted stores, and tends to fall mainly
when deficiency is prolonged or when renal/gastrointestinal
losses exceed compensatory mechanisms [25].

These physiological features help interpret the dif-
ferent patterns observed for dietary versus serum Mg in
our study. Dietary Mg estimated from FFQs captures

usual exposure to Mg-rich foods and broader diet qual-
ity, whereas serum Mg reflects the current extracellu-
lar pool shaped by absorption efficiency, renal handling,
redistribution between compartments, inflammation, and
medication-related losses [17,18]. Therefore, the unad-
justed dietaryMg values in Table 1 should not be interpreted
as evidence of higher bioavailable Mg intake among par-
ticipants with low serum Mg. Dietary Mg and serum Mg
provide complementary, not interchangeable, measures and
may be jointly informative for understanding Mg-related
metabolic risk.

4.4 Limitations and Strengths

The key strengths of this study include a large, well-
characterized, community-based sample of Saudi adults,
assessment of both serum and dietary Mg levels, and com-
prehensive evaluation of adiposity and body composition
indices. Excluding individuals with medical conditions af-
fecting Mg metabolism strengthened internal validity. Re-
peated measurements, standardized protocols, and the use
of portion models also improved measurement quality.

This study’s limitations include the cross-sectional
design, which precludes causal inference. Additionally,
serumMg is an imperfect biomarker, as circulatingMg rep-
resents ≤1% of body Mg [25,52,53]. The gold-standard
Mg loading test, typically employed to identify hypomag-
nesemia [25] was not feasible in our work.

Furthermore, participants were recruited from com-
munity sites and clinics in Riyadh and Al Madinah, and
the sample was not designed to be nationally representa-
tive. Therefore, the findings should be interpreted as ap-
plying to adults recruited from these two urban settings,
and generalizability to the wider Saudi population is lim-
ited. In addition, body composition was assessed using BIA
rather than more precise methods such as DXA or CT/MRI.
Although BIA is practical for epidemiologic field studies,
DXA provides more accurate estimates of whole-body fat
and lean mass, while CT/MRI more precisely assesses vis-
ceral adiposity. As for anthropometrics, although standard
adult criteria were applied across participants aged 18 to 64
years and age was included as a covariate in the adjusted
models, body composition changes with age, particularly
in relation to lean mass and fat distribution. Therefore,
the use of uniform adult criteria may not fully capture age-
related heterogeneity, and future studies should consider
age-stratified analyses or age-specific reference values, es-
pecially for body-composition indices such as FMI. More-
over, although formal sex-interaction testing supported sex-
stratified interpretation for the outcomes, the sex-stratified
results should still be interpreted with caution. Men ac-
counted for 37% of the sample, and sex-specific quotas
were not prespecified. This imbalance may have reduced
precision and statistical power in the male-stratified anal-
yses. Therefore, the lack of statistically significant serum
Mg associations in males should be considered inconclu-
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sive rather than evidence of a true absence of association.
Future studies should use sex-balanced recruitment to con-
firm whether these sex differences persist. Finally, dietary
intake data collected by FFQ and 24-hour recall remain sub-
ject to recall error and misestimation, and the frequency of
specific Mg-rich food groups, such as whole grains, nuts,
legumes, and dark-green vegetables, was not analyzed sep-
arately.

4.5 Implications and Next Steps
Our findings suggest that lower serum Mg is linked

to higher adiposity in females, whereas dietary Mg shows
minimal associations in either sex. Prospective studies and
intervention trials in Saudi populations should test whether
improving Mg status reduces central adiposity or enhances
insulin sensitivity. Future research should incorporate in-
tracellular or functionalMg biomarkers, such asMg loading
tests, and employ repeated dietary assessments with objec-
tive recovery markers. Mechanistic studies should also ex-
plore sex-specific pathways, including fat distribution and
insulin regulation.

To test these pathways, use designs that can separate
direction and mechanism. First, run a double-blind ran-
domized trial in Saudi adults with central adiposity and low
serum or ionized Mg. Give oral magnesium, for example
300 to 400 mg elemental per day, versus placebo for 16 to
24 weeks. Stratify by sex. Also, add a short crossover feed-
ing study. Provide isocaloric dietary plans that differ only in
magnesium density for 4 weeks per period with a washout.
Finally, complement trials with a longitudinal cohort that
repeats diet, biomarkers, and adiposity every 3 to 6 months,
then model bidirectional links. Include a genetic compo-
nent to enable causal inference using variants in magnesium
transport loci.

5. Conclusions
Overall, this cross-sectional study found evidence of

sex modified selected associations between Mg status and
adiposity markers in Saudi adults. In women, lower serum
magnesium was associated with higher BMI, fat mass in-
dex, and hip circumference. In men, no significant associa-
tions were observed between serummagnesium and adipos-
ity markers. Dietary magnesium intake showed weaker and
inconsistent associations with adiposity and body composi-
tion. Because participants were recruited from community
sites and clinics in Riyadh and Al Madinah, these findings
may not be generalizable to all Saudi adults. Longitudinal
and clinical studies incorporating additional biomarkers of
magnesium status are warranted to confirm these findings
and clarify underlying mechanisms.
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