Taylor & Francis
Taylor & Francis Group

FNcIcal Annals of Medicine
Medicine

ISSN: 0785-3890 (Print) 1365-2060 (Online) Journal homepage: www.tandfonline.com/journals/iann20

Changes in hemoglobin levels and
cardiometabolic health in adults with metabolic
syndrome - a secondary outcome analysis of a
six-month randomized controlled trial

Jasmina Gassner, Jooa Norha, Tanja Sjoros, Taru Garthwaite, Tiia Koivula,
Saara Laine, Mikko Koivumaki, Henri Vaha-Ypya, Petri Kallio , Maria
Saarenhovi, Eliisa Léyttyniemi, Harri Sievanen, Noora Houttu, Kirsi Laitinen,
Kari K. Kalliokoski, Tommi Vasankari, Peppi Koivunen, Juhani Knuuti & llkka
Heinonen

To cite this article: Jasmina Gassner , Jooa Norha, Tanja Sjéros, Taru Garthwaite, Tiia Koivula,
Saara Laine, Mikko Koivumaki, Henri Vaha-Ypya, Petri Kallio , Maria Saarenhovi, Eliisa
Loyttyniemi, Harri Sievanen, Noora Houttu, Kirsi Laitinen, Kari K. Kalliokoski, Tommi Vasankari,
Peppi Koivunen, Juhani Knuuti & Ilkka Heinonen (2026) Changes in hemoglobin levels

and cardiometabolic health in adults with metabolic syndrome - a secondary outcome
analysis of a six-month randomized controlled trial, Annals of Medicine, 58:1, 2635205, DOI:
10.1080/07853890.2026.2635205

To link to this article: https://doi.org/10.1080/07853890.2026.2635205

A
© 2026 The Author(s). Published by Informa h View supplementary material (&'
UK Limited, trading as Taylor & Francis

Group
ﬁ Published online: 28 Feb 2026. Submit your article to this journal &
. . A
||I| Article views: 255 & View related articles &'

Py

(!) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=iann20


https://www.tandfonline.com/journals/iann20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://www.tandfonline.com/doi/suppl/10.1080/07853890.2026.2635205
https://www.tandfonline.com/doi/suppl/10.1080/07853890.2026.2635205
https://www.tandfonline.com/action/authorSubmission?journalCode=iann20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=iann20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/07853890.2026.2635205?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/07853890.2026.2635205?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2026.2635205&domain=pdf&date_stamp=28%20Feb%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2026.2635205&domain=pdf&date_stamp=28%20Feb%202026
https://www.tandfonline.com/action/journalInformation?journalCode=iann20

Elevate

Series
ANNALS OF MEDICINE
2026, VOL. 58, NO. 1, 2635205
https://doi.org/10.1080/07853890.2026.2635205
RESEARCH ARTICLE 3 OPEN ACCESS ) creckforupdats

Changes in hemoglobin levels and cardiometabolic health in
adults with metabolic syndrome - a secondary outcome analysis
of a six-month randomized controlled trial

Jasmina Gassner?, Jooa Norha? (®, Tanja Sjoros® (@, Taru Garthwaite® (&, Tiia Koivula® (®,
Saara Laine? (®, Mikko Koivumaki® (@, Henri Vaha-Ypya® (®, Petri Kallio9, Maria Saarenhovi,
Eliisa Loyttyniemi® @), Harri Sievanen® (®, Noora Houttu® (®, Kirsi Laitinen (), Kari K.
Kalliokoski®9 ), Tommi Vasankari®" @), Peppi Koivunen' (), Juhani Knuuti? and llkka
Heinonen3?

2Turku PET Centre, University of Turku, Abo Akademi University, and Turku University Hospital, Turku, Finland; "The UKK
Institute for Health Promotion Research, Tampere, Finland; “Department of Clinical Physiology and Nuclear Medicine,
University of Turku and Turku University Hospital, Turku, Finland; 9Paavo Nurmi Centre and Unit for Health and Physical
Activity, University of Turku, Turku, Finland; ®Department of Biostatistics, University of Turku and Turku University Hospital,
Turku, Finland; fInstitute of Biomedicine and Food and Nutrition Research Center, University of Turku, Turku, Finland;
9Department of Biomedical Engineering, Huazhong University of Science and Technology, Wuhan, Hubei, China; "Faculty of
Medicine and Health Technology, Tampere University, Tampere, Finland; 'Biocenter Oulu and Faculty of Biochemistry and
Molecular Medicine, Oulu Center for Cell-Matrix Research, University of Oulu, Oulu, Finland

ARTICLE HISTORY
ABSTRACT Received 28 November

Background: Lower hemoglobin (Hb) levels within the normal range have been 2025
> . . Lo . . . Accepted 17 February
associated with favorable metabolic traits in cross-sectional studies. This study 2026

investigated whether changes in Hb levels correlated with changes in physiological and

cardiometabolic parameters during a six-month behavioral intervention in individuals KEYWORDS

with metabolic syndrome. Hemoglobin; insulin
Methods: The six-month randomized controlled trial aimed to reduce sedentary sensitivity; metabolic
behavior in adults with metabolic syndrome (n=64). Key measurements included f)yr;]d“?m?’ shedgntlary
fasting blood samples, insulin sensitivity during a hyperinsulinemic-euglycemic clamp, aceti\?i\g/?r, physica
insulin-stimulated liver glucose uptake, liver fat content (LFC), indirect calorimetry, hyperin’sulinemic—
cardiorespiratory fitness, and cardiac function. Correlations between changes in these euglycemic clamp
variables and changes in Hb levels at baseline, three, and six months were examined.

Results: Cross-sectionally, higher Hb levels correlated with lower insulin sensitivity (r=-

0.35, p=0.005), higher resting O, consumption (r=0.41, p<0.001), higher resting energy

expenditure (r=0.49, p<0.001), higher LFC (r=0.40, p=0.011), and greater left ventricular

wall thickness (r=0.42, p=0.001). The intervention did not significantly impact Hb

levels, and changes in Hb levels did not correlate with most cardiometabolic changes.

However, reduced Hb levels correlated with reduced fasting blood glucose (r=0.29,

p=0.032), improved insulin sensitivity (r = -0.26, p=0.045), and increased cardiorespiratory

fitness (r = -0.29, p=0.033).

Conclusions: Changes in Hb levels did not consistently correlate with changes in

cardiometabolic markers during the intervention. However, reductions in Hb levels may

relate to improved insulin sensitivity and fitness. Along cross-sectional correlations, this

may be clinically relevant for individuals with metabolic syndrome. Further studies are

merited to clarify the role of Hb levels in this high-risk group.
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Introduction

Red blood cells (RBCs) and their hemoglobin (Hb) are essential components for transporting oxygen to
peripheral tissues in the human body and therefore play a crucial part in energy metabolism. This process
is impaired in anemia, when Hb levels are below the normal range. However, many studies have shown
that within the normal reference values (134-167 and 117-155g/l for Finnish men and women, respec-
tively) [1], lower Hb is beneficially and higher Hb detrimentally associated with health [2-15]. In particular,
higher Hb levels have been associated with increased body adiposity and metabolic derangements, such
as impaired glucose tolerance, insulin resistance, and dyslipidemia [2-6]. Those metabolic derangements
are key features of metabolic syndrome and contribute to increased cardiometabolic risk [16]. Consistent
with this, evidence shows that higher Hb levels are associated with a higher prevalence [15] and inci-
dence [17] of metabolic syndrome and its components [2,4,6,15]. In addition, higher Hb levels have been
associated with larger retinal vascular caliber [7], worse periodontal status [8], a higher risk of gestational
diabetes [9,10], lower baroreflex sensitivity and heart rate variability [12], increased large artery stiffness
[18], cardiac dysfunction [11,13], a higher prevalence of polycystic ovary syndrome [14], and increased
oxygen consumption at rest [2]. However, most of these associations are based on cross-sectional popu-
lation studies which cannot establish causality. A Finnish study of 967 adults investigated the prognostic
value of Hb levels and revealed that individuals with Hb levels in the highest quartile had increased
overall and cardiovascular-related mortality rates over a 20-year follow-up period [15].

While there is a growing body of evidence that elevated Hb levels are linked to worse cardiometabolic
health and worse survival, the causality behind these associations remains unclear. Recent evidence sug-
gests a potential mediation by tissue oxygenation and the hypoxia-inducible factor pathway [2] but it
has not yet been studied if within-individual changes in Hb levels are associated with changes in car-
diometabolic markers over time.

We have performed a six-month randomized controlled trial aimed at a sedentary behavior (SB) reduc-
tion in adults with metabolic syndrome and overweight or obesity [19-26]. Both the intervention and
control groups showed minor improvements in body weight and composition [25]. Although the inter-
vention was not primarily aimed at reducing Hb levels, it provided a controlled setting with comprehen-
sive repeated measurements, allowing us to examine the relationship between changes in Hb levels and
markers of cardiometabolic health. This approach can yield valuable information beyond cross-sectional
analyses, even in the absence of significant differences between groups. Measurements included body
composition, comprehensive blood analyses, whole body insulin sensitivity during hyperinsulinemic-
euglycemic clamp (HEQ), liver insulin sensitivity using ['®F]fluoro-deoxy-glucose positron emission tomog-
raphy (['FIFDG-PET) and liver fat content based on magnetic resonance spectroscopy (MRS), resting
energy consumption and metabolic flexibility by calorimetry, maximal aerobic fitness, echocardiographic
measures, self-reported dietary assessments, and accelerometer-measured physical activity (PA) and SB,
and the associations of all above-mentioned with Hb levels and other RBC-related measures based on
blood count measured at baseline, three-month, and six-month time points.
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The rationale behind the present study was that if a causal relationship existed, Hb levels, body adi-
posity, and the associated cardiometabolic derangements would correlate with each other during the
intervention. From a clinical perspective, it is important to better understand the connection between
Hb levels and metabolic function. Hb levels are routine measurements and clarifying their role could
have implications for risk stratification and monitoring of cardiometabolic health, especially in individuals
at high-risk, such as those with metabolic syndrome.
We hypothesized that changes in Hb levels during the intervention would correlate with changes in
body adiposity and cardiometabolic derangements.

Methods

In this study, data from a randomized controlled trial (RCT) conducted at the Turku PET Centre, Turku,
Finland was used for secondary analysis. The parallel-group RCT aimed to reduce sedentary time in
free-living conditions over a six-month period, with the primary endpoint being whole-body insulin sensi-
tivity. The RCT was conducted between 04/2017 and 03/2020, was approved by the Ethics Committee of
the Hospital District of Southwest Finland (16/1801/2017), and adhered to the principles of the Declaration
of Helsinki (version 2013). The study was pre-registered at ClinicalTrials.gov (NCT03101228, April 5, 2017).
Prior to the enrolment, written informed consent was obtained from all participating individuals.

Study participants

The recruitment process and inclusion and exclusion criteria have been described in detail in previous
publications [25,27]. Briefly, participants volunteered, and the inclusion criteria were age of 40-65years,
body mass index (BMI) of 25-40kg/m? metabolic syndrome [28], less than 120min of self-reported
moderate-intensity PA per week, more than 10h or 60% of accelerometer wear time of SB per day mea-
sured during a four-week screening period. Exclusion criteria were diagnosis of diabetes, previous cardiac
events, depression or bipolar disorder, abundant alcohol use, use of narcotics or tobacco, and any con-
dition that would put the participant at risk or interfere with the study. Sample size calculation for the
primary outcome of the RCT (whole-body insulin sensitivity) resulted in the recruitment of sixty-four
participants [25].

Intervention

The six-month intervention phase was preceded by a one-month screening phase, after which random-
ization into intervention and control groups was performed by a statistician using SAS 9.4 (SAS Institute
Inc,, Cary, NC, USA) using random permuted block randomization in a 1:1 ratio for men and women
separately.

As previously reported [25], individuals in the intervention group had the goal of reducing their daily
SB by one hour for six months from their baseline SB measured during the screening month. SB was
replaced by standing, light physical activity (LPA) and moderate-to-vigorous physical activity (MVPA)
(maximum 20 min), based on participants’ preferences discussed during an individual counselling session.
No increase to any physical exercise training was encouraged, but daily non-exercise activities, such as
using standing desks or walking when on the phone, were recommended for replacing SB. The control
group was advised to maintain their usual behavior. All participants used accelerometers connected to a
mobile phone application (ExSed, UKK Terveyspalvelut Oy, Tampere, Finland) allowing them to self-monitor
their PA behavior. Additionally, the individualized goals for each PA intensity and SB were set on the
application to facilitate adherence to the intervention or control.

Measurements

Accelerometers were used continuously during the one-month screening period and the six-month inter-
vention period. Other measures were assessed at baseline (after the screening), after the six-month inter-
vention, and partially at three months (anthropometrics, blood parameters).



4 €> J.GASSNERETAL.

Blood variables

To measure RBC variables (Hb, RBC count, hematocrit (Hct), mean corpuscular volume (MCV), mean cor-
puscular hemoglobin (MCH)), glucose concentration, insulin, HbA1c, blood lipids (triglycerides, low den-
sity lipoprotein (LDL), high density lipoprotein (HDL) and total cholesterol), and liver enzymes (alanine
aminotransferase (ALT), aspartate aminotransferase (AST), y-glutamyltransferase (GGT)) venous blood
samples were drawn after >10h of fasting and analyzed at the Turku University Hospital Laboratory, as
specified before [3,25,29,30].

Anthropometrics

After=four hours of fasting, body weight, fat mass, fat-free mass (FFM), and body fat percentage were
assessed by air displacement plethysmography (Bod Pod, COSMED USA Inc., Concord, CA, USA). Height
was measured with a wall-mounted stadiometer, and waist circumference was measured with a tape
measure at the midpoint between the iliac crest and the lowest rib.

Sedentary behavior and physical activity

As described previously [25], to assess SB and PA, participants wore triaxial accelerometers at the hip
during waking hours during both the screening (UKK AM30, UKK Terveyspalvelut, Tampere, Finland) and
intervention periods (Movesense, Suunto, Vantaa, Finland). Wear time of 10-19h/day was considered valid.
Data was analyzed in epochs of 6s using the mean amplitude deviation method to convert the raw
acceleration data to metabolic equivalents (METs) [31]. Based on this, LPA (1.5 to <3.0 METs) and MVPA
(=3METs) were recognized. The angle for posture estimation method was used for epochs with MET
values below 1.5 to distinguish standing from SB [31,32].

Cardiorespiratory fitness

As reported in a previous study [22], a graded maximal exercise test was performed on a recumbent
cycle ergometer (eBike EL Ergometer and CASE v6.7, GE Medical Systems Information Technologies Inc.,
Milwaukee, WI, USA). Starting with 25W, the load was increased in increments of 25W every three min
until exhaustion or a medical reason for termination. Maximal oxygen uptake VO,, . (mL/kg/min), VO,, ...
per FFM (mL/kggg,/min), and maximal power output per body mass (W, ,./kg) and FFM (W, ,./kge,) were
assessed.

Dietary intake

Participants kept four-day food diaries (including one weekend day) to assess dietary intake, both before
and at the end of the intervention period. A qualified researcher assessed total daily energy intake and
intake of carbohydrates, proteins, total fat, saturated fatty acids, monounsaturated fatty acids, and poly-
unsaturated fatty acids using computerized software (AivoDiet, Aivo, Turku) based on the Finnish Food
Composition Database, Fineli (Fineli, https://finelifi/fineli/en/).

Hyperinsulinemic-euglycemic clamp

To assess insulin sensitivity, hyperinsulinemic-euglycemic clamp (HEC) was performed after an overnight
fast and according to a previously described protocol [25]. Briefly, after priming with higher doses of
insulin, an insulin infusion was administered at a continuous rate of 40mU/min/m? body surface area.
After four min, a 20% glucose infusion was started and adjusted every five to 10 min to maintain a blood
glucose level of approximately five mmol/L. The M-value, defined as whole-body glucose uptake in
micromoles per kilogram of body mass per minute, was calculated from steady-state glucose values and
glucose infusion rate values beginning 20 min after starting the clamp.
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Indirect calorimetry

As previously reported [33], a ventilated hood system (Quark RMR+OMNIA, COSMED, Rome, Italy) was
used for indirect calorimetry at rest and during insulin simulation with HEC. Resting values were deter-
mined for 20 (SD 2) min after overnight fasting. In addition, respiratory gas exchange was assessed for
15 (SD 2) min during HEC, starting at 29 (SD 8) min, as well as breath-by-breath throughout the cycle
ergometer test with a mask (Vyntus CPX, CareFusion, Yorba Linda, CA, USA). The obtained VO, and VCO,
values were used to calculate resting energy expenditure (kcal/d) and metabolic flexibility, defined as the
change in respiratory exchange ratio (RER=VCO,/VO,), from fasting to insulin-stimulation and from low-
to maximal-intensity exercise.

Liver measurements

The measurement of liver glucose uptake (LGU), endogenous glucose production (EGP), and liver fat
content (LFC) was described earlier in more detail [34-36]. LGU was measured during HEC, using ['éF]
FDG PET/CT imaging (GE D690, GE Healthcare, Milwaukee, US). ['®F]FDG was produced [37] and its uptake
analyzed according to previously published methods [38]. 168 (SD 11) MBq of the tracer was injected in
the antecubital vein 75 (SD 12) minutes after clamp start, and dynamic hepatic imaging was started at
time of injection. Tracer availability was derived from radioactivity in the left ventricle and blood samples.
To measure ['8F]FDG activity, a region of interest was drawn in the right liver lobe using CT for anatom-
ical reference. Technical correction and iterative reconstruction were done, and data was analyzed with
Carimas software (v2.71, Turku PET Centre, Turku, Finland). LGU (umol/ml/min) was calculated as Ki (tis-
sue fractional phosphorylation rate) * average plasma glucose, divided by the liver lumped constant of
1.0. For plasma radioactivity an automatic gamma counter (Wizard 1480 3", Wallac, Turku, Finland)
was used.

As previously described [35], EGP was calculated as the difference between the glucose rate of disap-
pearance and the space-corrected glucose infusion rate during HEC.

LFC measurement, as described [34-36] was done with magnetic resonance spectroscopy (MRS) and
magnetic resonance imaging (MRI) with a two-point Dixon (2PD) method. Measurements were performed
on a Philips 3T system (Ingenuity TF PET/MR) with Q-Body coil, with seven participants measured on a
Siemens Magnetom Skyra fit 3T system (Siemens Healthcare, Erlangen, Germany) with Siemens Body 30
and 18 channel coils, and 32 channel Spine coil due to scanner replacement. For each individual, pre-
and post-intervention scans were done on the same scanner.

For the Philips system, spectra were acquired with stimulated echo acquisition mode TH MRS (repeti-
tion time (TR)/echo time (TE)/mixing time (TM) = 2000/11/17 ms, 4 averages) during 12 breath holds. The
3D Ti-fast field echo sequence was acquired in the axial plane (TR/TE1/TE2=2.8/0.81/1.8ms, flip angle
10°) with respiratory gating. For the Siemens system, point resolved spectroscopy TH MRS was used (TR/
TE = 4000/30ms, 32 averages) with a respiratory navigator. A 3D gradient echo volumetric interpolated
breath-hold examination (VIBE Dixon) sequence was acquired axially (TR/TE1/TE2=3.97/1.23/2.46 ms, flip
angle 9°) with breath holds and controlled aliasing in parallel imaging results in higher acceleration
(CAIPIRINHA) technique. LC Model (Version 6.3-0C) quantified liver fat (spectrum type ‘liver-4') using lipid
signals at 1.6, 1.3, and 0.9ppm. Signals were corrected for T2 decay and molar concentrations of 1H
nuclei. LFC was defined as fat relative to total liver tissue weight. MRl images were analyzed with Carimas
software (v2.10, Turku PET Centre, Turku, Finland). Four representative regions of interest were manually
drawn on liver sections without main portal veins (left lateral and medial, right anterior and posterior),
and volume correction was applied.

Echocardiographic measurements

As previously described [39], two experienced clinical physiologists (M.S. and PK) performed transthoracic
echocardiographic measurements. Left ventricular (LV) wall thickness (posterior, septal), end-diastolic
diameter (EDD), aortic root diameter and left atrial (LA) diameter were measured at the end of the
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diastole from parasternal long axis M-mode images. Subsequent, relative wall thickness (RWT = (LV pos-
terior wall thickness * 2)/LVEDD) was calculated and LV mass and mass index (adjusted for body surface
area) estimated according to the American Society of Echocardiography formula [40]. LV end-diastolic
and end-systolic volumes (EDV and ESV), ejection fraction (EF) and stroke volume (SV=EDV-ESV), were
measured from apical two- and four-chamber views using the Simpson biplane method. Cardiac output
was calculated as stroke volume*hearth rate. Left atrial (LA) ESV index (adjusted for body surface area)
was estimated from apical two- and four-chamber views using the biplane area-length method. Diastolic
function was assessed by pulsed wave Doppler measurements of peak early (E) and peak late (atrial) (A)
diastolic filling velocities and their ratio, E/A, and by tissue Doppler of lateral early diastolic mitral annular
velocity (E') with calculation of the E/E’ ratio. Global longitudinal strain (GLS) was measured by speckle
tracking, averaging values from apical two-, three- and four-chamber views, at a frame rate above 50
frames per second. Image quality was assessed visually. In addition, GLS was assessed during the before
described graded maximal exercise test on a recumbent cycle ergometer, starting at 25W with load
increments of 25W every 3min. GLS was measured after 2min of each load level.

During transthoracic echocardiography single-lead electrocardiography was used to assess the heart
rate and to synchronize image acquisition to the cardiac cycle. Transthoracic echocardiography was per-
formed with Vivid E9 (GE Vingmed Ultrasound AS, Horton, Norway), and analyzed with Echopac plugin
ViewPoint v6.12 (GE Healthcare, Solingen, Germany).

Statistics

Baseline characteristics are reported separately for the intervention and control groups as absolute fre-
quencies (%) for categorical variables and as mean (SD) for normally distributed variables and median
(IQR) for non-normally distributed variables. The effects of the intervention, including group, time, sex
and group*time, on the variables of interest, including Hb, Hct, RBC count, MCV, and MCH, were assessed
using a linear mixed model for repeated measurements. The residual distribution was checked visually
for normality. Akaike’s information criterion was used to choose between compound symmetry and
unstructured covariance structure. Tukey-Kramer adjustment for multiple comparisons was used, and a
two-sided significance level of p<0.05 was used. Effects are reported as model-based means (95% Cl).
Correlations, at baseline and between changes, were calculated using Pearson’s correlation, unless the
data deviated from normal distribution, in which case Spearman’s rank correlation was performed. Visual
inspection was used to determine normal distribution. To adjust for BMI, partial correlation was per-
formed. For variables requiring Spearman correlation, data was rank transformed prior to partial correla-
tion analysis. SAS V.9.4 for Windows (SAS Institute Inc., Cary, NC, USA) and IBM SPSS Statistics for Windows,
v30.0.0.0 (IBM Corp., Armonk, N.Y., USA) were used for statistical analyses.

Results
Baseline characteristics

A total of 64 participants (mean age: 58years; 37 women) were included in the study, of whom 33 were
allocated to the intervention group and 31 to the control group. One and three participants of the
groups, respectively, discontinued the study. The flow of participants is shown in a study flow chart
(Supplemental Figure 1). RBC parameters at baseline are presented in Table 1. Three participants had Hb
levels below and two participants had Hb levels above the Finnish reference values but were still included
as the study’s main aim was to compare changes in Hb levels over time. Baseline characteristics, includ-
ing data on anthropometrics, PA, dietary intake, metabolic parameters, liver parameters, and echocardio-
graphic parameters, are presented in Supplemental Table 1.

Baseline correlations

Baseline cross-sectional correlations are represented in Supplemental Table 2. Correlations indicated that
before the intervention individuals with lower Hb levels had lower total body weight (r=0.27, p=0.031)
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Table 1. Baseline characteristics of participants.

Intervention Control
n (%) 33 (52) 31 (48)
Sex, women, n (%) 20 (61) 17 (55)
Age, years 59.3 (6.0) 57.2 (7.5)
Red blood cell parameters
RBC count,10'%/L 4.64 (0.4) 4.57 (0.44)
Hb, g/L 141 (11) 139 (12)
Hct, % 41.7 (3.1) 41.0 (3.2)
MV, fl 89.9 (4.2) 89.8 (3.1)
MCH, pg 30.4 (1.6) 30.5 (1.3)

RBC=red blood cell; Hb=Hemoglobin; Hct=Hematocrit; MVC=mean corpuscular volume; MCH=mean corpuscular hemoglobin.
Values are presented as mean (SD).

and waist circumference (r=0.27 p=0.032) as well as lower fat-free mass (r=0.44, p<0.001) and higher
body fat percentage (r = -0.31, p=0.013). Higher Hb levels correlated with less time spent standing (r=-
0.35, p=0.005). Whole body glucose uptake during HEC showed a negative correlation with Hb levels,
while HOMA-IR showed a positive association (r, = -0.35, p=0.004 and r,= 0.27, p=0.031, respectively),
suggesting that individuals with lower Hb levels had higher insulin sensitivity. Both resting O, consump-
tion and resting energy expenditure were positively correlated with Hb levels (r=0.41, p<0.001 and r, =
0.49, p<0.001, respectively) and exercise-stimulated metabolic flexibility was negatively correlated with
Hb levels (r = -0.34, p=0.010).

The variables mentioned above that correlated with Hb levels were also statistically significantly cor-
related with RBC count. Hct showed similar patterns, except for non-significant correlations with body
weight and exercise-stimulated metabolic flexibility (Supplemental Table 2). In addition, higher RBC count
correlated with more sedentary time, higher fasting insulin levels and with lower HDL. MCV correlated
negatively with weight, FFM, sedentary time, and resting O, consumption and positively with body fat
%, LPA, cholesterol and HDL. MCH correlated positively with LPA (Supplemental Table 2).

Dietary assessment showed that higher Hb levels correlated with higher energy intake in kcal/d
(r=0.28, p=0.028) and with higher carbohydrate intake in g/d (r=0.25, p=0.043).

Among the liver parameters, higher LFC correlated with higher Hb levels (r,= 0.40, p=0.011) and Hct.
RBC count correlated negatively, and MCV positively with LGU. Higher RBC count and Hct correlated with
higher GGT levels. MCH showed a negative correlation with EGP (Supplemental Table 2).

Echocardiographic measurements at baseline showed that higher Hb levels correlated with higher wall
thicknesses, including septum (r=0.34, p=0.007), LV posterior wall (r=0.42, p=0.001), and relative wall
thickness (r=0.34, p=0.007) and with higher LV mass, both as absolute mass (r=0.32, p=0.010) and
indexed to body surface area (r=0.29, p=0.021), and a higher aortic root diameter (r=0.34, p=0.006).
These variables also correlated significantly with RBC count and Hct. Higher Hb levels correlated with
higher, thus worse, resting GLS (r=0.27 p=0.041), but this correlation was reversed during exercise at
50W and 75W intensity (r = -0.43 p=0.004 and r = -0.40, p=0.013, respectively). MCV showed a negative
correlation with septum and LV posterior wall thickness, LV mass and aortic root diameter, and LVESV
and MCH correlated positively with LVESV only (Supplemental Table 2).

Intervention effects and changes over time

Sedentary behavior and physical activity

As previously reported [25], during the 6-month intervention period, the intervention group reduced
daily sedentary time by 40 (95% Cl: 17, 65) min/day and increased MVPA by 20 (95% Cl: 11, 28) min/day,
compared with nonsignificant changes in the control group. LPA and daily steps increased in both
groups, with greater changes in steps in the intervention group. However, the reduction in SB varied
considerably among participants [25].

Hemoglobin and red blood cell parameters
Over the six-month period, there were no differences in Hb levels between the intervention and the
control group (group*time p>0.05) (Figure 1A and Supplemental Table 3). Among all participants, Hb


https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205

8 €> J.GASSNERETAL.

160+ 1604
150 150+
< 1404 &0 1404
= =
e T
1309 group p =0.4601 1304
time p <0.0001 — Intervention
group*time p=0.7527 - Control time p <0.0001
120 120 T T

Baseline 3 months 6 months Baseline 3 months 6 months

Figure 1. Hb level changes during the six-month intervention period. A: Comparison of the changes in Hb levels (g/I)
between intervention (n=33) and control (n=31) group B: Changes in Hb levels (g/l) of all participants over time.

levels increased on average by 7.24 g/l (95% Cl: 5.59, 8.89) from baseline to 3 months (time p<0.001), but
returned close to baseline by 6 months, resulting in a non-significant mean overall change of —1.2g/I
(95% Cl: —2.90, 0.50) (Figure 1B). As individuals were continuously enrolled over more than two years
(Supplemental Figure 2), seasonal effects or systemic issues during blood collection are unlikely to have
contributed to the changes in Hb levels.

Consistent with the data on Hb levels, there were no differences between groups in RBC count, Hct,
MCV and MCH. (Supplemental Table 3).

Correlations between changes from baseline to 3 months

Correlation coefficients for available parameters between the changes over three months are depicted in
Supplemental Table 4. An increase in fasting blood glucose levels correlated with an increase in Hb levels
(r=0.28, p=0.031), otherwise no other statistically significant correlations with changes in Hb levels, Hct,
or RBC count were found. However, decreased body fat % and fat mass and increased FFM correlated
with an increase in MCV. MCH showed a similar pattern, with a negative correlation with body fat % and
a positive correlation with FFM.

Correlations between changes from baseline to 6 months

Anthropometrics

At six months, reductions in body weight and BMI correlated with decreases in Hct (r=0.31, p=0.021 and
r=0.32, p=0.014, respectively). Additionally, changes in BMI and RBC count correlated positively (r=0.28,
p=0.038). The correlations between changes in anthropometric measures and MCV or MCH observed at
three months were non-significant after six months. All correlation coefficients are shown in Table 2.

Physical activity
No statistically significant correlations were seen between changes in PA or SB measures and RBC-related
outcomes, except for a positive correlation between change in step count and change in MCH. However,
increased maximal power output correlated with decreased Hb levels (W, ,./kg: r, = -0.29, p=0.033 and

W, 2/ KGeem: 1o = -0.38, p=0.005) and decreased RBC count (W, ,./kgeey: 1, = -0.31, p=0.024) (Figure 2). All
correlation coefficients are shown in Supplemental Table 5.

Dietary intake

Changes in total energy and macronutrient intake showed no correlation with changes in Hb levels or
other RBC parameters. Positive correlations were detected for changes in polyunsaturated fatty acids
intake in g/d with changes in Hct and RBC count, and additionally in % of total energy intake with
changes in Hb levels. Changes in monounsaturated fatty acid intake correlated positively with changes
in RBC count and negatively with changes in MCH. (Supplemental Table 6).


https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205
https://doi.org/10.1080/07853890.2026.2635205

ANNALS OF MEDICINE €» 9

Table 2. Correlation coefficients between changes in RBC parameters and anthropometric variables after six-month
intervention (n=57).

Anthropometrics AHb, g/L AHct, % ARBC count,10'%/I AMCV, fl AMCH, pg
AWeight, kg 0.25 0.31* 0.26 0.01 -0.11
ABMI, kg/m? 0.26 0.32% 0.28* 0.01 -0.13
AWaist circumference, cm t —0.06 —0.01 -0.07 —0.01 -0.02
ABody fat-% 0.03 0.02 0.09 -0.23 -0.04
AFat mass, kg 0.11 0.12 0.16 —0.21 —0.08
AFat-free mass, kg 0.18 0.17 0.1 0.25 0.00

Red indicates positive and blue negative correlation. Pearson’s correlation was performed unless data deviated from normality, in which case
Spearman’s rank correlation (marked with=rs) was used. Bold values indicate statistical significance: * = p<0.05. =n=52.
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Figure 2. Correlations between changes after the six-month intervention in maximal power output (W,
Hb levels and B: RBC count.

/kQeey) and A:

max’

Insulin sensitivity and blood lipids

Changes in the M-values, i.e. whole-body insulin sensitivity under insulin-clamp condition, correlated
negatively with the changes in Hb levels (r, = -0.26, p=0.045) (Figure 3A) suggesting that increased insu-
lin sensitivity is associated with decreased Hb levels. In addition, decreased HOMA-IR correlated with
decreased Hct (r, = 0.28, p=0.036) (Figure 3B) and decreases in fasting blood glucose levels correlated
with decreases in Hb levels (Figure 3C), Hct and RBC count (r=0.29, p=0.028, r=0.28, p=0.032, and
r=0.29, p=0.026, respectively). Decreased HbA1c correlated with an increase in MCV (Supplemental Table
7). No significant correlations were observed between changes in Hb levels and other RBC parameters
and changes in O, consumption and energy expenditure at rest, or changes in insulin- and
exercise-stimulated metabolic flexibility. Among blood lipid levels, increases in HDL correlated with
increases in Hb levels (Figure 3D), Hct and RBC count (r, = 0.28, p=0.032, r, = 0.28, p=0.037, and r, =
0.28, p=0.036, respectively) (Supplemental Table 7).

Liver parameters

Among the liver parameters, shown in Supplemental Table 8, the positive correlation between changes
in LFC and RBC count (r,= 0.36, p=0.039) was the only statistically significant finding as the changes in
LGU, EGP and liver enzymes, including AST, ALT, and GGT, were not correlated with changes in RBC
parameters.

Echocardiographic parameters
In contrast to baseline, no correlations were observed between changes in echocardiographic variables
and changes in Hb levels, Hct, or RBC count over the six months. Increases in MCV correlated with
decreased LV posterior wall thickness and relative wall thickness and with increased LVEDD and LVESV.
Also, changes in MCH correlated negatively with changes in relative wall thickness and positively with
LVEDD (Supplemental Table 9).
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Figure 3. Correlations between changes after six months of A: Hb levels and M-value, B: Hct and HOMA-IR, C: Hb levels
and fasting blood glucose levels, D: Hb levels and HDL.

BMI adjustment

In an additional analysis (Supplemental Table 10), the correlations between changes observed during the
intervention period were adjusted for changes in BMI, which turned most of the correlations statistically
non-significant. However, correlations that appeared to be independent of BMI changes included those
between changes in step count and MCH, changes in maximal power output per FFM and Hb levels, and
changes in HDL and Hb levels, Hct, and RBC count. Furthermore, changes in monounsaturated fatty acid
intake (in g/d or % of total energy intake) remained correlated with changes in MCH and RBC count after
adjusting for BMI changes, as did correlations between changes in Hb or MCV and changes in echocar-
diographic parameters. Also, the correlation between changes in HbAlc and MCV remained strong
regardless of changes in BMI. In addition, after adjustment for BMI changes, the correlations of changes
in MCV with changes in FFM and monounsaturated fatty acid intake turned significant.

Discussion

In the present study we aimed to test the hypothesis that changes in Hb levels, body adiposity, and
associated cardiometabolic derangements would correlate with each other if they were causally related.
While there were numerous significant correlations between Hb levels and cardiometabolic outcomes
assessed cross-sectionally at baseline, many of these associations did not persist when changes between
these variables were investigated. Nevertheless, over the time of the intervention, reductions in Hb levels
correlated significantly with improved whole-body insulin sensitivity during the gold-standard insulin
clamp measurement. Interestingly, decreases in Hb levels were also correlated favorably with increased
exercise capacity, and decreased blood glucose levels. Similar trends were found for RBC count and Hct.
Most correlations were, however, not independent of changes in BMI, suggesting that adiposity plays a
crucial role within this association.
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No significant changes in Hb levels or other RBC parameters were detected by the six-month SB reduc-
tion intervention in these individuals with metabolic syndrome and no differences were found between
the intervention and control groups. As the SB reduction was not designed to induce substantial Hb level
changes, this may have limited the ability to detect stronger correlations over time. However, modest
within-individual changes were observed and their correlations with changes in glucose metabolism and
exercise capacity indicate that even small changes within physiological ranges may be clinically relevant
in individuals with metabolic syndrome. Although we cannot provide mechanistic evidence for a causal
inference, some of our findings align with recent evidence that suggests a potential causal role of Hb
levels on cardiometabolic outcomes, mediated by tissue oxygenation and the hypoxia-inducible factor
(HIF) pathway [2]. This recent comprehensive study [2] proposed that a mild hypoxic state due to lower
Hb levels may lead to the upregulation of HIF target gene expression, causing changes in energy metab-
olism, such as reduced oxidative phosphorylation and increased glycolysis and glucose uptake [41]. Those
alterations are associated with benefits for metabolic health. Although Mendelian randomization analyses
showed mixed results [2,42], gene expression data and Hb level manipulation in animal models support
a potential causal relationship [2]. In addition, several preclinical studies have shown that the inhibition
or knockout of HIF prolyl 4-hydroxylases (HIF-P4Hs), in particular its isoenzyme 2 [43], has beneficial
effects on metabolic outcomes in mice [43-47]. In humans, lipid profiles improved in patients receiving a
pan-HIF-P4H inhibitor [48], which has been approved to treat anemia in patients with chronic kidney
disease [49]. Improved glucose metabolism and a lower prevalence of obesity have been observed in
individuals residing at higher altitudes, further suggesting a potential beneficial effect of hypoxia [50-53].

Hb levels and metabolic changes

One of our main findings was the relationship between decreased Hb levels and improved insulin sen-
sitivity. Our baseline data revealed significant correlations between Hb levels and metabolic parameters,
similar to previous cross-sectional studies [2-6]. While in our findings, insulin and blood glucose levels
were not significantly correlated at baseline, HOMA-IR score and whole-body insulin sensitivity showed
that low Hb levels associated with better insulin sensitivity and importantly also over time, changes in
these parameters correlated. In combination with the correlation between decreased blood glucose lev-
els and decreased Hb levels, RBC count, and Hct, these correlations suggest that decreases in Hb levels
may contribute to improved insulin sensitivity, or conversely, that improvements in metabolic health may
lead to reduced Hb levels.

Hb levels and physical activity

Interestingly, decreases in Hb levels were correlated with increased power output during cycle ergometer
tests, scaled to total body weight and FFM. This is in contrast with the usual link between higher Hb
levels and better exercise performance [54], suggesting that in individuals with metabolic syndrome, the
systemic metabolic improvements associated with decreased Hb levels, may outweigh its classical role in
oxygen transport capacity. Notably, the changes in VO,max did not correlate significantly with the
changes in Hb levels, suggesting that increased power output may be driven by adaptations other than
improved maximal aerobic capacity.

Prolonged sedentary time has been associated with adverse effects on cardiometabolic health in pre-
vious studies [33,55,56]. However, the effect of SB independent of PA has also been questioned, empha-
sizing that PA, including innovative approaches [57,58], is necessary for improving cardiometabolic
outcomes [20,59,60]. While higher SB was correlated with higher Hb levels at baseline, no correlation was
detected over time. The six-month reduction in SB did not have a significant impact on Hb levels, sug-
gesting that the magnitude of SB reduction was likely insufficient and baseline correlations may reflect
long-term behavior, not modified within six months. Clinically, this suggests that for individuals at risk,
changes in Hb levels, and potentially related metabolic benefits, may require larger and sustained reduc-
tions in sedentary time combined with increased PA.
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Hb levels and anthropometrics

Similar to previous cross-sectional reports [3,4], at baseline, higher Hb levels were correlated with
higher body weight and waist circumference, though not significantly with BMI. In a previous study
[2], this correlation was attributed to higher fat and lower lean mass, conflicting with our data, in
which higher Hb levels were associated with lower body fat percentage and higher FFM. Over time,
however, decreasing RBC count and Hct levels were correlated with decreases in BMI in the present
study. Together with the fact that many of the longitudinal correlations were attenuated after BMI
adjustment, these findings suggest that changes in body composition may mediate both Hb level
changes and metabolic improvements.

Hb levels and liver health

Previously, high Hb levels have been linked to an increased risk of metabolic dysfunction-associated
steatotic liver disease [61]. In addition, iron metabolism is closely linked to liver function, with elevated
iron levels adversely affecting hepatic health [62]. In our data, the positive correlation between LFC and
Hb levels at baseline, and between changes in LFC and RBC over six months, suggests a potential link
with hepatic steatosis. However, changes in liver insulin sensitivity and liver enzyme levels showed no
correlation with changes in RBC parameters over time. As concluded in a previous analysis using the
same dataset (34), sedentary reduction alone may be insufficient to significantly change liver parameters,
potentially also limiting correlations with Hb levels.

Hb levels and cardiac function

Two recent cross-sectional studies [11,13] reported an association between higher Hb levels and increased
GLS values, indicating impaired cardiac function, in both healthy individuals [11] and individuals with
metabolic syndrome [13]. Our data agreed with these findings and also showed a correlation between
higher Hb levels and worse cardiac function, as indicated by higher GLS, wall thicknesses, and LV mass.
Additionally, we found a correlation with aortic root diameter. Moreover, we also examined GLS values
during exercise. Surprisingly, the correlation changed: higher Hb levels were significantly associated with
lower GLS values, indicating better cardiac function, at light intensity (50W and 75W). This may be
explained by the increased importance of the benefits of increased oxygen-carrying capacity during
exercise. Over time, changes in echocardiographic parameters only correlated with changes in MCV and
MCH, not with Hb levels, RBC count, or Hct.

Clinical implications

Hb levels are routinely measured and usually evaluated in the context of anemia. Our findings suggest
that Hb levels within the reference range may also reflect cardiometabolic health. Since metabolic syn-
drome is highly prevalent and associated with an increased risk of cardiovascular events and mortality,
proper risk stratification and monitoring are essential. Further studies are needed to assess if including
Hb levels improves risk prediction compared to existing models. However, our findings suggest that even
subtle changes in Hb levels may reflect changes in metabolic health and could help track responses to
lifestyle modifications. Hb levels at the high end of the reference range could prompt a closer assess-
ment of cardiometabolic risk factors. Our study also showed that SB reduction alone is not sufficient to
change Hb levels and highlights the role of body adiposity. Finally, while we could not establish causality
in this study, the observed correlations align with evidence suggesting that Hb levels and tissue oxygen-
ation may modulate metabolic pathways. Future clinical interventions could explore whether interven-
tions that modulate Hb levels or tissue oxygenation, such as altitude or hypoxic exposure, might offer
additional metabolic benefits.
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Strengths and limitations

The strengths of our study include its randomized controlled intervention design with longitudinal
follow-up, which allows for analysis over time compared to previous cross-sectional data. Additionally,
our study included a comprehensive assessment of multiple cardiometabolic parameters, including HEC
for insulin sensitivity, MRS for liver fat content, and GLS during exercise. In addition, the study provided
continuous accelerometer data over six months, allowing objective measurement of PA behavior.
Furthermore, the study population of individuals with metabolic syndrome is highly relevant in today’s
clinical context. It represents a population at high cardiovascular risk which is enhancing the translational
potential of our findings. The strength of our study does not lie in one single observation but in its
broad approach of evaluating hematological, cardiometabolic, and behavioral outcomes allowing the
detection of trends and the generation of hypotheses.

Limitations include the relatively small sample size, as the study was powered for the primary out-
come of whole-body insulin sensitivity rather than the secondary analysis presented here. The ability to
detect significant correlations may have been further limited by the modest effect size of the SB reduc-
tion. Six-months may have been too short to detect adaptations in Hb levels, RBC parameters and their
effect on cardiometabolic outcomes. To address this issue, larger studies that are powered to detect
small longitudinal associations or RCTs aimed directly at Hb level changes, such as altitude exposure,
would be valuable. Further, no correction for multiple testing was applied. This decision was made delib-
erately to preserve sensitivity for detecting potential trends, however, findings should be seen as
hypothesis-generating and need to be further evaluated. Hb concentration measurements may be influ-
enced by plasma volume changes, which can mask changes in total Hb mass, which cannot be deter-
mined by Hb concentration measurement. It might be that the total blood volume does not increase
linearly with the BMI and thus total Hb mass measurements would provide more insights [63]. We did
not assess further RBC- and iron-related factors or inflammatory parameters which could help to under-
stand underlying pathways even further.

Conclusions

In individuals with metabolic syndrome, a six-month SB reduction intervention did not significantly impact
Hb levels or other RBC parameters. While baseline correlations supported an association between higher
Hb levels and poorer cardiometabolic health, changes during the intervention did not consistently cor-
relate. Nevertheless, reduced Hb levels during the intervention correlated with improved whole-body insu-
lin sensitivity and maximal aerobic fitness, with body adiposity being a key factor in this relationship.
Although we could not establish causality, these longitudinal results suggest that high Hb levels may be
both a marker and a driver of metabolic dysfunction, and that subtle changes in Hb levels could be clini-
cally relevant. Given the high prevalence of metabolic syndrome and its associated risks, Hb level changes
may be useful for risk stratification and monitoring of affected individuals. However, further mechanistic
and intervention studies with more pronounced effects and total Hb mass determinations are needed to
further assess this potential relationship and explore diagnostic and therapeutic applications.
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