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Abstract

Background/Objectives: Lipedema is a chronic adipose tissue disorder characterized by
disproportionate fat accumulation, pain, microvascular dysfunction, and low-grade inflam-
mation. Although low-carbohydrate, high-fat (LCHF) dietary approaches are increasingly
used in clinical practice, their longer-term associations with vascular, lymphatic, and im-
munometabolic pathways in lipedema remain insufficiently understood. This preliminary
exploratory study evaluated clinical outcomes and circulating mediators during a 7-month
LCHF dietary intervention. Methods: Twenty-four women with lipedema (median age:
39 years) underwent a 7-month individualized, calorie-restricted LCHF diet under medical
supervision. Outcomes included body mass index (BMI), leg volume, and adipose tissue
pain assessed using a visual analogue scale (VAS). Fasting serum samples collected at
baseline and follow-up were analyzed for angiogenic, inflammatory, endothelial, and lipid
mediators using Luminex assays and liquid chromatography–tandem mass spectrometry
(LC-MS/MS). Results: The intervention was associated with significant reductions in BMI,
leg volume, and adipose tissue pain (p < 0.001). These changes were accompanied by
increased vascular endothelial growth factor A (VEGF-A), vascular endothelial growth
factor D (VEGF-D), and angiopoietin-2 (Ang-2), together with decreased pro-inflammatory
cytokines and endothelial adhesion molecules. Several endocannabinoid-related lipid
mediators, including oleoyl ethanolamide (OEA), arachidonoyl ethanolamide (AEA), and
palmitoyl ethanolamide (PEA), also decreased. Baseline OEA and AEA concentrations,
as well as reductions in OEA over time, were associated with greater BMI reduction.
Change in interleukin-8 (IL-8) showed a nominal association with leg volume reduction,
while pain improvement was associated with decreases in P-selectin and VEGF-A and
increases in interleukin-13 (IL-13). Conclusions: A 7-month calorie-restricted LCHF di-
etary intervention in women with lipedema was associated with clinical improvement
and changes in circulating vascular, inflammatory, and lipid mediators. These findings
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reflect systemic changes accompanying the intervention; however, causal relationships and
specific mechanisms cannot be established.

Keywords: lipedema; low-carbohydrate; high-fat diet; angiogenic mediators; lymphatic
function; endocannabinoid-related lipids; adipose tissue pain; leg volume

1. Introduction
Lipedema is a chronic disorder of adipose tissue, characterized by the bilateral and

symmetrical accumulation of subcutaneous fat, most commonly affecting the lower ex-
tremities and, less frequently, the arms. Disproportionate subcutaneous fat accumulation
is accompanied by adipose tissue pain, tenderness, and easy bruising [1,2]. Clinically,
lipedema is diagnosed based on characteristic features, including symmetrical fat distribu-
tion, pain in the affected tissue, an increased bruising tendency, and a negative Stemmer’s
sign. It is further classified into five types and four stages reflecting fat distribution and
disease progression [2].

Lipedema predominantly affects women and is often resistant to conventional weight-
loss strategies, including calorie-restricted diets or physical activity [2].

Lipedema is estimated to affect up to 10% of women worldwide. However, the true
prevalence remains uncertain due to underdiagnosis and the lack of standardized diagnostic
criteria. Comparable estimates have been reported in Europe, while country-specific data,
including those from Poland, remain limited [2].

Although the etiology of lipedema remains unclear and no specific molecular biomark-
ers have yet been established for its diagnosis, growing evidence suggests that microvas-
cular dysfunction and chronic low-grade inflammation are key contributors to disease
development and progression [3–5].

Increased capillary permeability, impaired lymphatic drainage, and accumulation of
interstitial fluid are consistently reported features of the affected adipose tissue in patients
with lipedema, suggesting dysregulation of angiogenic and lymphangiogenic signaling
pathways [3–5]. Vascular endothelial growth factor A (VEGF-A), VEGF-C, and VEGF-D
are major mediators involved in the formation and remodeling of blood and lymphatic
vessels [5,6]. Therefore, they may represent candidate markers of the microangiopathy and
fluid imbalance associated with lipedema [3–6]. Recently, platelet factor 4 (PF4) has been
identified as a biomarker of lymphatic vascular dysfunction [7]. Elevated PF4 levels have
been detected in circulating blood plasma-derived exosomes of patients with lipedema,
further supporting the hypothesis that lymphatic dysfunction may contribute to disease
pathology [7].

Lipedema is also recognized as a chronic adipose tissue disorder characterized by low-
grade inflammation and immune cell infiltration within subcutaneous adipose tissue [3,6,8].
In most patients with stage 3 disease, elevated circulating inflammatory mediators such as
tumor necrosis factor ligand superfamily member 14 (TNFSF14), caspase 8 (CASP8), EN-
RAGE (S100A12), 4E-BP1, adenosine deaminase (ADA), monocyte chemoattractant protein-
1 (MCP-1), as well as oxidative stress markers including malondialdehyde, superoxide
dismutase, and catalase have been reported [8]. Another study demonstrated higher
systemic levels of interleukin-11 (IL-11), interleukin-28A (IL-28A), and interleukin-29 (IL-
29) in patients with lipedema [9]. Plasma interleukin-6 (IL-6) and C-reactive protein (CRP)
levels were normal in some cohorts [6,10], although advanced disease stages of lipedema
were associated with increased systemic CRP concentrations [11]. Thigh adipose tissue
biopsies revealed significantly differentially expressed genes in stages II and III, including
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increased expression of inflammatory markers such as IL6 and tumor necrosis factor-alpha
(TNFα), as well as macrophage markers CD86 and mannose receptor C-type 1 (MRC1;
CD206) [8]. Histological assessment further identified elevated numbers of M2-polarized
macrophages in lipedema subcutaneous adipose tissue, accompanied by stage-dependent
adipocyte hypertrophy and progressive interstitial fibrosis [8]. Together, these findings
support the concept of a distinct inflammatory microenvironment in lipedema.

In our previous studies, we demonstrated that a low-carbohydrate, high-fat (LCHF)
diet was associated with significant reductions in BMI, lower-limb volume, and adipose-
tissue pain, as well as improvements in body composition [12,13]. In addition, we observed
favorable changes in selected metabolic and basic laboratory parameters compared with
control groups [14]. However, these studies focused primarily on clinical and metabolic
outcomes. The effects of long-term adherence to an LCHF dietary intervention on angio-
genic, lymphangiogenic, inflammatory, and lipid signaling pathways in lipedema remain
largely unknown.

The aim of the present study was to assess changes in selected vascular, lymphatic,
inflammatory, and lipid mediators after seven months of a medically supervised LCHF
dietary intervention in women with lipedema. By investigating the biochemical effects of
this dietary intervention, we sought to provide new insights into the interplay between
metabolism, circulating biomarkers, and clinical response in lipedema. To our knowl-
edge, the long-term systemic effects of a medically supervised LCHF intervention on
vascular, lymphatic, and immunometabolic pathways in lipedema have not previously
been characterized.

2. Materials and Methods
2.1. Patients

Twenty-four women with lipedema who completed the 7-month LCHF dietary in-
tervention were included in the analysis. Participants were recruited from the Angiology
Outpatient Clinic.

The diagnosis of lipedema was based on the criteria of Wold et al. [1], with later modi-
fications [15]. Minimal inclusion criteria were: disproportionate adipose tissue distribution
in the lower extremities compared with the upper body, spontaneous pain or pain on pres-
sure within the adipose tissue of the legs, and a negative Stemmer’s sign. Exclusion criteria
were: pregnancy, breastfeeding, less than 6 months postpartum, lymphedema, edema due
to chronic venous insufficiency or heart failure, diabetes mellitus, renal or hepatic failure,
uncontrolled thyroid dysfunction, and malignancy.

The median age of participants was 39.0 years. Disease severity was classified into
four clinical stages and five clinical types [2]. Nutritional status was additionally classified
according to BMI categories defined by the World Health Organization (normal weight,
overweight, obesity classes I–III). Basic clinical characteristics of the patients are presented
in Table 1.

The study was conducted in accordance with the Declaration of Helsinki. Ethical
approval was obtained from the Bioethics Committee of Wroclaw Medical University,
Poland (approvals no. KB-690/2017 and KB-456/2019). Written informed consent was
obtained from all participants. The study was registered at ClinicalTrials.gov (NCT07530341,
30 March 2026).
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Table 1. Basic clinical characteristics of women with lipedema enrolled in the study (n = 24).

Parameter Value

Age [years], median (Q1–Q3) 39.0 (34.0–62.0)

Stage (severity of lipedema), n (%)
Stage I 9 (37.5%)
Stage II 13 (54.2%)
Stage III 2 (8.3%)
Stage IV 0 (0%)

Type (distribution of lipedema), n (%)
Type 1 0 (0%)
Type 2 6 (25.0%)
Type 3 17 (70.8%)
Type 4 8 (33.3%)
Type 5 1 (4.2%)

BMI category, n (%)
Normal weight (<25 kg/m2) 5 (20.8%)

Overweight (25.0–29.9 kg/m2) 4 (16.7%)
Obesity class I (30.0–34.9 kg/m2) 9 (37.5%)
Obesity class II (35.0–39.9 kg/m2) 2 (8.3%)

Obesity class III (≥40 kg/m2) 4 (16.7%)
Notes: Stage classification: Stage I, smooth skin with thickened subcutaneous tissue; Stage II, uneven skin surface
with nodular subcutaneous fat; Stage III, large lobular deformations with massive adipose tissue deposits; Stage IV,
lipolymphedema. Type classification: Type 1, buttocks and hips; Type 2, buttocks to knees with folds around
the knees; Type 3, whole legs (buttocks to ankles); Type 4, arms (sometimes including forearms); Type 5, calves.
Percentages for lipedema types may exceed 100% due to overlapping patterns. BMI, body mass index.

2.2. Measurement of Clinical Parameters

Body weight was assessed using a TANITA MC-780MA analyzer (Tanita, Tokyo,
Japan), and height was measured with a TANITA HR-001 stadiometer (Tanita, Tokyo, Japan).
Body Mass Index (BMI) was calculated as weight (kg) divided by height squared (m2).

Waist circumference was measured at the midpoint between the lowest rib and the
iliac crest. Waist-to-height ratio (WHtR) was calculated as waist circumference divided
by height.

Leg circumferences were measured with a standard tape measure to the nearest 0.5 cm.
Leg volume was calculated from circumferences obtained every 4 cm using the formula for
a truncated cone [16]. Leg volume was calculated for each lower limb, and the mean of the
right and left leg volume was used for statistical analysis.

Assessment of the pain level of the adipose tissue in the legs was performed using
the validated Visual Analogue Scale (VAS). The VAS is one of the most widely used
instruments for pain assessment and consists of a 10 cm horizontal line anchored at 0 (“no
pain”) and 10 (“worst imaginable pain”), on which participants indicate their perceived
level of pain [17]. VAS measurements were performed at baseline and after completion of
the dietary intervention.

2.3. Nutritional Intervention

The dietary intervention consisted of an individualized, calorie-restricted low-
carbohydrate, high-fat (LCHF) dietary pattern, with daily carbohydrate intake limited
to <50 g; however, it was specifically designed in a Mediterranean-style pattern emphasiz-
ing high-quality foods with potential anti-inflammatory properties. Daily energy intake was
distributed across three meals, each including a source of protein, fat, and low-carbohydrate
vegetables. Protein sources included eggs, dairy products, lean poultry, and lean beef, while
foods high in saturated fat (e.g., processed meats, lard, poultry skin, and organ meats) were
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minimized. Fat intake was primarily derived from monounsaturated fatty acids (olive oil,
avocado, nuts) and polyunsaturated fatty acids from plant oils (canola and flaxseed oils),
seeds, nuts, and fatty fish (salmon, herring, mackerel, and sardines). Each meal included
non-starchy vegetables, and small portions of berries were allowed daily. The diet also
incorporated herbs, spices, and one daily serving of black or green tea.

Individualized 7-day meal plans, including menus, recipes, and shopping lists,
were prepared by a clinical dietitian using the web-based DietetykPro software (https:
//dietetykpro.pl/, Wroclaw, Poland) and repeated cyclically throughout the 7-month inter-
vention. The software was used between January 2021 and May 2022. Energy requirements
were estimated based on resting metabolic rate (RMR) and physical activity level (PAL),
and caloric intake was set at approximately 70–90% of calculated energy needs, depending
on baseline body weight. DietetykPro was used solely as a dietary planning tool, and no
sponsorship or external funding was involved in its use in this study.

Dietary adherence was monitored using monthly 24 h dietary recalls conducted by
phone or during follow-up visits, with additional evaluations at 2.5 and 5 months. Adher-
ence was evaluated qualitatively based on consistency with the prescribed dietary pattern,
including maintenance of carbohydrate intake below 50 g/day. Strict 100% compliance
with every component of the meal plan was not required; instead, adherence was assessed
according to overall consistency with the prescribed LCHF pattern and the absence of
repeated or substantial deviations. Common deviations included increased consumption
of carbohydrate-rich foods, skipping meals, or unnecessary restriction of dietary fat. Re-
peated or substantial deviations from the dietary protocol were considered non-adherence.
Participants who did not adhere to the dietary protocol were excluded from the study to
ensure intervention consistency. The nutritional intervention has been described in detail
elsewhere [13,14].

2.4. Blood Samples

Venous blood samples were collected after a 12 h overnight fast at baseline and
after 7 months of the LCHF dietary intervention. Samples were stored in polypropylene
tubes at −80 ◦C until analysis. All measurements were performed after completion of
sample collection.

2.5. Chemicals

Standards of Thromboxane B2, Leukotriene B4, Prostaglandin D2, Prostaglandin E2,
6-keto Prostaglandin F1α, Prostaglandin F2α, 15-deoxy-∆12,14-Prostaglandin J2, 13,14-
dihydro Prostaglandin E1, and their isotope-labeled standards were procured from Cay-
man Chemical Company (Ann Arbor, MI, USA). Palmitoyl Ethanolamide (PEA), Palmi-
toyl Ethanolamide-d4 (PEA-d4), Oleoyl Ethanolamide (OEA), Oleoyl Ethanolamide-d2
(OEA-d2), 2-Arachidonoyl Glycerol (2-AG), 2-Arachidonoyl Glycerol-d5 (2-AG-d5), 1-
Arachidonoyl Glycerol (1-AG), 1-Arachidonoyl Glycerol-d5 (1-AG-d5), Arachidonoyl
Ethanolamide (AEA), Arachidonoyl Ethanolamide-d8 (AEA-d8), Stearoyl Ethanolamide
(SEA), Stearoyl Ethanolamide-d3 (SEA-d3) were procured from Cayman Chemical Com-
pany (Ann Arbor, MI, USA). Toluene, methyl tert-butyl ether (MTBE), and formic acid (FA)
were acquired from Merck Millipore (Warsaw, Poland). Methanol, acetonitrile (ACN), ethyl
acetate, water, and formic acid (FA) were acquired from Witko (Warsaw, Poland).

2.6. Sample Preparation, LC-MS/MS Analysis, and Luminex Assays
2.6.1. Targeted Metabolomic Analysis

Samples were subjected to quantitative analysis. Compounds were separated using a
triple quadrupole mass spectrometer Xevo Absolute (Waters, Milford, MA, USA). Separa-
tion of eicosanoids was achieved based on the previously described method [18]. Briefly,
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100 µL of samples or calibration standards, placed in 2 mL Eppendorf Safe-Lock tubes
(Eppendorf, Hamburg, Germany), were mixed with 20 µL of 0.2% FA and 10 µL of internal
standards in methanol for 1 min at 1100 RPM and 25 ◦C. Afterward, 200 µL of ACN and
250 µL of ethyl acetate were added to the samples and mixed for 10 min at 1100 RPM and
25 ◦C. The mixtures were centrifuged at 4 ◦C for 7 min at 15,000 RCF. A 370 µL aliquot
of the obtained supernatant was evaporated to dryness and redissolved in 25 µL of 20%
ACN in water before analysis. Endocannabinoids were prepared in accordance with a
previously developed method [19]. A total of 100 µL of calibration standards or serum
samples was transferred into 2.0 mL polypropylene tubes and combined with 20 µL of
an internal standard solution in methanol (160 nM PEA-d4; 40 nM OEA-d2 and AEA-d8;
and 400 nM 2AG-d5 and 1-AG-d5). After 1 min of mixing, the samples were extracted
with 400 µL of toluene at 25 ◦C for 5 min and then centrifuged at 12,500 RPM for 5 min at
4 ◦C. Subsequently, 350 µL of the resulting supernatant was evaporated to dryness. The
remaining residue was reconstituted in 120 µL of ACN/water/FA (1/4/0.1, v/v/v) and
transferred to autosampler glass vials.

Chromatographic separation of metabolites was conducted on a BEH Shield C18
column (100 mm × 2.1 mm i.d., 1.7 µm; Waters, Milford, MA, USA). Data acquisition for
all compounds was carried out using MassLynx 4.2 SCN 1050 Software (Waters, Milford,
MA, USA) in multiple reaction monitoring mode (MRM).

2.6.2. Cardiovascular and Inflammatory Luminex Assays

Selected analytes were profiled in duplicate using a flow cytometry-based method with
magnetic microspheres conjugated to monoclonal antibodies and analyzed on a Luminex
Magpix Multiplexing System (Luminex Corporation, Austin, TX, USA), according to the
manufacturer’s instructions, incorporating Luminex xMAP technology [20].

The assay used validated custom plexes allowing simultaneous measurement of
VEGF-A, VEGF-C, VEGF-D, Angiopoietin-2, sVCAM-1, sICAM-1, P-selectin, TNFα, and
interleukin (IL)-1β, IL-6, IL-8, IL-13, and IL-28α. Standard curves were drawn using 4- or
5-parameter logistic regression, and the data were analyzed using Belysa Immunoassay
Curve Fitting Software version 1.2 (Merck KGaA, Darmstadt, Germany).

2.7. Statistical Analysis

Data preprocessing was performed in R 4.4.2 (packages: tidyverse 2.0.0, janitor 2.2.1).
Classical comparisons of dependent samples were conducted using Statistica 13.3 (StatSoft,
Tulsa, OK, USA; licensed to Wroclaw Medical University), while statistical modeling was
performed in R 4.4.2. A statistical significance level of α = 0.05 was established.

Normality of continuous variables was assessed using the Shapiro–Wilk test. For
time-based comparisons of quantitative variables in dependent samples, the Wilcoxon
signed-rank test was applied. Descriptive statistics included median, minimum, maximum,
and interquartile range (Q1–Q3).

Considering the sample size, a maximum of two degrees of freedom was assumed
for multivariate modeling to prevent overfitting. Changes in three outcomes (BMI, leg
volume loss, and adipose tissue pain) were modeled using four strategies: (i) association
with baseline values of parameters, (ii) association with changes in analyzed parameters
over time, and (iii–iv) both models additionally adjusted for baseline values of the outcome
variable. The third and fourth strategies were based on the assumption that higher baseline
values of the response variable would be associated with greater changes over time.

BMI changes were analyzed using linear models (see Figure S1). Leg volume reduction
was analyzed using generalized linear models with a gamma distribution and log-link
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function, as this approach best matched the observed right-skewed distribution of the data
(see Figure S2).

Pain improvement was analyzed as a continuous outcome. Pain loss was defined as
the change in pain between follow-up and baseline (pain change = t1 − t0), with more
negative values indicating greater symptom reduction. Associations between pain loss and
circulating biomarkers were evaluated using separate Gaussian linear regression models.
For each biomarker, two models were fitted: an unadjusted model including the biomarker
only and an adjusted model additionally including baseline pain severity. Both baseline
biomarker concentrations and their longitudinal changes (change = t1 − t0) were analyzed
separately. Given the limited sample size (N = 24), multivariable biomarker models were
not constructed and the analyses were considered exploratory. Regression coefficients (β)
are presented on the original measurement scales to preserve biological interpretability. All
p-values are nominal, and no correction for multiple testing was applied; therefore, these
analyses should be interpreted as exploratory and hypothesis-generating.

3. Results
3.1. Changes in Clinical Characteristics

After the LCHF dietary intervention diet, we observed significant reductions in body
mass index (BMI), waist-to-height ratio (WHtR), and leg volume (p < 0.001). Participants
also reported a reduction in adipose tissue pain (p < 0.001). The distribution of leg volume
change was right-skewed and showed substantial inter-individual variability (Figure S2);
therefore, changes are presented as medians and interquartile ranges. The clinical parame-
ters before and after the intervention are presented in Table 2.

Table 2. Clinical parameters before and after a 7-month LCHF intervention in women with lipedema
(n = 24).

Parameter
Before Diet

Median
(Q1–Q3)

After Diet
Median
(Q1–Q3)

Change
Median

(Min–Max)

Change
Median
(Q1–Q3)

p-Value

BMI [kg/m2] 32.00
(28.80–34.90)

27.95
(22.66–31.45)

–3.85
(–9.80 to –0.80)

–3.85
(–6.20 to –2.55)

<0.001

WHtR 0.63
(0.54–0.65)

0.53
(0.44–0.57)

−0.07
(−0.17 to −0.02)

−0.07
(−0.11 to −0.05)

<0.001

Leg Volume [mL] 12,327.75
(10,135.00–14,568.00)

9810.00
(8598.00–12,270.00)

−1573.85
(−5427.67 to 187.66)

−1573.85
(−2787.00 to −894.18)

<0.001

Pain (VAS) 5.50
(3.50–8.00)

3.00
(1.00–5.50)

–2.00
(–8.00 to 1.00)

–2.00
(–3.00 to –0.50)

<0.001

Note: Data are expressed as medians with interquartile ranges (Q1–Q3). Change values are presented separately
as median (min–max) and median (Q1–Q3). p-values were calculated using the Wilcoxon signed-rank test. BMI,
body mass index; WHtR, waist-to-height ratio; VAS, visual analogue scale.

3.2. Changes in Circulating Biomarkers

After the LCHF diet, circulating concentrations of VEGF-A, VEGF-D, IL-8, and
angiopoietin-2 increased, whereas levels of endothelial adhesion molecules (sVCAM-1,
sICAM-1, P-selectin), pro-inflammatory cytokines (TNF-α, IL-1β), and several
endocannabinoid-related lipid mediators (AEA, OEA, PEA, 1-AG, and 2-AG) decreased.
Angiopoietin-2 showed a particularly pronounced increase, with a median rise of 86.9%
relative to baseline. The reductions in sVCAM-1, sICAM-1, P-selectin, OEA, PEA, and
2-AG were among the most marked changes, with post-intervention concentrations ap-
proaching very low circulating values. Other metabolites showed more moderate changes,
with median values generally exceeding 35% of baseline. Among lipid mediators, AEA
demonstrated the smallest relative change (36.9% decrease).
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Detailed concentrations before and after the intervention and their corresponding
statistical comparisons are presented in Table 3. Overall, the LCHF diet was associated with
increases in selected angiogenic mediators and decreases in inflammatory and endothelial
adhesion markers.

Table 3. Differences in circulating vascular, lymphatic, inflammatory, and lipid mediator parameters
before and after a 7-month LCHF intervention in women with lipedema (n = 24).

Variable Before Diet
(Mean ± SE)

After Diet
(Mean ± SE)

Change
(Mean ± SE) p-Value

VEGF-A [pg/mL] 132.40 ± 20.37 370.44 ± 21.57 +238.04 ± 26.03 <0.001
VEGF-C [pg/mL] 758.28 ± 59.53 765.08 ± 40.77 +6.80 ± 60.08 0.911
VEGF-D [pg/mL] 25.19 ± 3.68 91.80 ± 3.11 +66.61 ± 4.29 <0.001

Angiopoietin-2 [pg/mL] 557.79 ± 41.26 1042.39 ± 66.82 +484.60 ± 77.26 <0.001
sVCAM-1 [ng/mL] 915.37 ± 67.28 10.82 ± 0.82 −904.56 ± 67.41 <0.001
sICAM-1 [ng/mL] 133.58 ± 11.53 1.59 ± 0.11 −131.99 ± 11.49 <0.001
P-selectin [pg/mL] 169.82 ± 19.20 2.37 ± 0.10 −167.45 ± 19.15 <0.001

TNF-α [pg/mL] 23.11 ± 2.52 10.41 ± 0.94 −12.70 ± 2.34 <0.001
IL-1β [pg/mL] 1.46 ± 0.29 0.64 ± 0.24 −0.82 ± 0.28 0.007
IL-6 [pg/mL] 27.68 ± 15.44 9.57 ± 4.95 −18.10 ± 11.48 0.128
IL-8 [pg/mL] 6.82 ± 1.20 27.53 ± 1.41 +20.71 ± 1.76 <0.001

IL-13 [pg/mL] 65.75 ± 27.63 81.92 ± 30.16 +16.17 ± 20.75 0.443
IL-28α [pg/mL] 0.64 ± 0.36 0.57 ± 0.32 −0.07 ± 0.28 0.806

Arachidonoyl ethanolamide (AEA) [ng/mL] 9.10 ± 0.55 5.74 ± 0.82 −3.36 ± 1.04 0.004
Oleoyl ethanolamide (OEA) [ng/mL] 99.26 ± 5.15 4.89 ± 0.38 −94.37 ± 5.19 <0.001

Palmitoyl ethanolamide (PEA) [ng/mL] 19.23 ± 0.83 1.16 ± 0.10 −18.07 ± 0.84 <0.001
13,14-dihydro Prostaglandin E1 [ng/mL] 0.020 ± 0.002 0.012 ± 0.002 −0.008 ± 0.003 0.012

15-deoxy-∆12,14-Prostaglandin J2 [ng/mL] 0.222 ± 0.023 0.134 ± 0.012 −0.088 ± 0.026 0.002
Prostaglandin D2 [ng/mL] 0.137 ± 0.031 0.094 ± 0.021 −0.043 ± 0.030 0.174
Prostaglandin E2 [ng/mL] 0.115 ± 0.029 0.109 ± 0.017 −0.006 ± 0.030 0.839

6-keto Prostaglandin F1α [ng/mL] 0.034 ± 0.005 0.053 ± 0.021 +0.019 ± 0.022 0.405
Prostaglandin F2α [ng/mL] 0.186 ± 0.058 0.127 ± 0.027 −0.059 ± 0.056 0.302

Leukotriene B4 [ng/mL] 0.747 ± 0.171 0.424 ± 0.122 −0.323 ± 0.189 0.102
Thromboxane B2 [ng/mL] 12.68 ± 2.95 7.66 ± 2.12 −5.02 ± 2.91 0.098

1-Arachidonoyl glycerol (1-AG) [ng/mL] 38.08 ± 5.89 11.48 ± 1.04 −26.59 ± 5.60 <0.001
2-Arachidonoyl glycerol (2-AG) [ng/mL] 47.94 ± 6.19 1.44 ± 0.06 −46.50 ± 6.18 <0.001

Note: Data are presented as means ± standard error (SE). p-values were calculated using the Wilcoxon signed-rank
test. VEGF, vascular endothelial growth factor; ICAM, intercellular adhesion molecule; VCAM, vascular cell
adhesion molecule; TNF-α, tumor necrosis factor alpha; IL, interleukin. Lipid mediators include prostaglandins,
leukotrienes, thromboxane, endocannabinoids, and related metabolites.

3.3. Regression Models of Clinical Outcomes

For consistency of interpretation, outcome variables were defined as loss (baseline
minus follow-up), such that higher values indicated greater clinical improvement. After
adjustment for baseline BMI, both baseline concentrations and longitudinal changes in
selected lipid mediators were associated with BMI reduction (Table 4). Higher baseline OEA
concentration was associated with greater BMI reduction (β = 0.039, p = 0.017). Longitudinal
change in OEA was also associated with BMI reduction (β = −0.038, p = 0.020). Higher
baseline AEA concentration was likewise associated with greater BMI reduction (β = 0.322,
p = 0.033). The association between longitudinal changes in AEA and BMI reduction
approached statistical significance (p = 0.059). In unadjusted analyses, changes in 6-keto-
PGF1α were associated with BMI reduction; however, this relationship was attenuated
after adjustment for baseline BMI.

In the adjusted model, change in IL-8 was nominally associated with leg volume
reduction, with greater increases in IL-8 associated with smaller leg volume reduction
(β = −0.04, p = 0.024) (Table 5).
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Table 4. Modeling intervention-associated BMI reduction.

Model Variable β SE t p

Unadjusted 6-keto-PGF1α (change) 12.24 4.28 2.86 0.009
Adjusted OEA (baseline) 0.039 0.015 2.54 0.017
Adjusted OEA (change) −0.038 0.015 −2.52 0.020
Adjusted AEA (baseline) 0.322 0.141 2.29 0.033

Note: Adjusted models include baseline BMI. Only biomarkers showing nominal associations (p < 0.05) in separate
regression models are presented. Regression coefficients (β) are presented on the original measurement scales.
p-values are nominal.

Table 5. Modeling intervention-associated leg volume reduction.

Model Variable β SE t p

Adjusted IL-8 (change) −0.04 0.0150 −2.43 0.024
Note: Only biomarkers showing nominal associations (p < 0.05) in separate regression models are presented.
The adjusted model included baseline leg volume. Regression coefficients (β) are presented on the original
measurement scales. p-values are nominal.

Adipose tissue pain improvement was evaluated using exploratory separate Gaussian
linear regression models (Table 6). In unadjusted analyses, greater decreases in P-selectin
over time were associated with greater pain reduction (β = −0.0115, p = 0.015), whereas
higher baseline P-selectin levels were associated with smaller subsequent improvement
(β = 0.0114, p = 0.016). In addition, increases in IL-13 over time were associated with greater
pain reduction (β = 0.0106, p = 0.016).

Table 6. Modeling intervention-associated adipose tissue pain reduction.

Model Variable β SE t p

Unadjusted P-selectin (change) −0.0115 0.0044 −2.63 0.015
Unadjusted P-selectin (baseline) 0.0114 0.0044 2.62 0.016

Adjusted P-selectin (change) −0.0093 0.0045 −2.08 0.050
Unadjusted IL-13 (change) 0.0106 0.0040 2.61 0.016

Adjusted IL-13 (change) 0.0091 0.0039 2.34 0.029
Adjusted VEGF-A (change) −0.0065 0.0031 −2.08 0.050

Note: Pain reduction (pain loss) was defined as the negative of pain change (pain change = t1 − t0), such that
higher values indicate greater improvement. Changes represent differences between follow-up and baseline.
Unadjusted models included the biomarker only. Adjusted models additionally included baseline pain severity
(baseline pain score). Regression coefficients (β) are presented on the original measurement scales. p-values are
nominal and provided for descriptive purposes.

After adjustment for baseline pain severity, several associations remained evident.
Greater increases in IL-13 continued to be associated with greater pain improvement
(β = 0.0091, p = 0.029). Similarly, decreases in P-selectin over time remained associated with
greater pain reduction (β = −0.0093, p = 0.050), while higher baseline P-selectin levels were
associated with smaller improvement. In addition, greater decreases in VEGF-A over time
were associated with greater pain reduction after adjustment for baseline pain (β = −0.0065,
p = 0.050).

Overall, the exploratory regression analyses indicated associations between changes
in selected lipid and inflammatory mediators and clinical improvement during the LCHF
dietary intervention. OEA and AEA were associated with BMI reduction, whereas change
in IL-8 showed a nominal association with leg volume reduction. Changes in P-selectin,
IL-13, and VEGF-A were associated with pain improvement. Given the limited sample
size and the exploratory nature of these analyses, no adjustment for multiple testing was
applied, and the findings should therefore be interpreted as hypothesis-generating.
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4. Discussion
This study provides preliminary insights into the vascular-lymphatic and im-

munometabolic changes accompanying clinical improvement during long-term calorie-
restricted LCHF dietary intervention in women with lipedema. Importantly, because of the
single-arm exploratory design, the findings should be interpreted as associations observed
over time during the LCHF intervention rather than as evidence of causality or of specific
mechanistic effects of the diet.

We observed a significant increase in circulating vascular factors, specifically VEGF-A,
VEGF-D, and angiopoietin-2, while VEGF-C levels remained unchanged. VEGF-A and
VEGF-D are key mediators of angiogenesis and lymphangiogenesis, respectively [21–25].
In the context of concomitant clinical improvement, these changes may be consistent with
altered vascular and lymphatic signaling during the intervention. However, circulating
factors alone do not allow us to determine whether they reflect adaptive remodeling, com-
pensation, or other systemic processes. Accordingly, interpretations referring to improved
tissue perfusion, microvascular function, endothelial plasticity, or lymphatic responsiveness
remain hypothetical and were not directly examined in this study. Additionally, the ele-
vated levels of angiopoietin-2 suggest that vascular signaling changed over the course of the
LCHF intervention [26], but the biological meaning of this increase cannot be established
on the basis of serum measurements alone. Overall, these findings suggest that clinical
improvement was accompanied by changes in circulating markers related to vascular and
lymphatic biology.

The absence of change in VEGF-C, in contrast to the increase in VEGF-D, is con-
sistent with differential regulation of circulating lymphangiogenic markers during the
LCHF dietary intervention. However, this interpretation should be made cautiously. Al-
though VEGF-C and VEGF-D share overlapping functions [22–25], our data do not provide
mechanistic evidence that one pathway predominated over the other, nor do they allow
conclusions regarding the source, tissue specificity, or functional consequences of these
circulating changes. Therefore, the observed pattern is better described as differential
changes in circulating lymphangiogenic markers rather than proof of distinct pathway
activation. The concurrent elevation of angiopoietin-2 may indicate additional changes in
vascular-related signaling, although this likewise requires cautious interpretation.

Felmerer et al. reported altered vascular and lymphatic signaling and a pro-
inflammatory adipose tissue environment in lipedema [6]. Our findings are compatible with
the concept that circulating vascular and inflammatory mediators can change in parallel
with clinical improvement in lipedema. However, we cannot conclude that these changes
represent “normalization” of vascular homeostasis, because no healthy control group or
tissue-level validation was included. Accordingly, terms such as “partial normalization”
should be understood as descriptive and hypothesis-generating rather than definitive.

Moreover, while the rise in VEGF-D levels observed in our study may reflect structural
remodelling secondary to adipose tissue loss, emerging evidence suggests that LCHF or
ketogenic dietary approaches may also exert direct effects on lymphatic endothelial cell
biology. This possibility is supported mainly by preclinical and limited clinical observations
and should therefore be considered speculative in relation to our cohort. In preclinical
models, ketone bodies have been shown to stimulate lymphatic vessel growth [27]. In a
preclinical mouse model of tail lymphedema, which closely mimics features of human
secondary lymphedema, ketogenic dietary intervention enhanced lymphatic vessel re-
generation and function, reduced the infiltration of anti-lymphangiogenic immune cells,
and led to a significant reduction in tissue oedema [27]. Clinical observations further
support these findings. In patients with unilateral secondary lymphedema, adherence to a
ketogenic diet was associated with measurable improvements in lymphatic function and
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reduction in limb oedema volume in a subset of individuals [28]. Nevertheless, extrapola-
tion from secondary lymphedema models or other clinical populations to lipedema should
be made with caution, and our data do not demonstrate direct lymphatic effects of the
dietary intervention.

In our study, the LCHF diet was also associated with reductions in several circulating
inflammatory and endothelial activation markers, evidenced by significant decreases in
TNF-α, IL-1β, sVCAM-1, sICAM-1, and P-selectin. The reduction in circulating TNF-α
and IL-1β is consistent with decreased systemic inflammatory activity [29,30], aligning
with some previous findings on the possible anti-inflammatory effects of carbohydrate
restriction and ketone body metabolism [31]. The marked reductions in soluble adhesion
molecules (sVCAM-1, sICAM-1, and P-selectin) in our patients are consistent with reduced
endothelial activation and leukocyte trafficking, which can be interpreted as improved
vascular function and reduced endothelial inflammation during LCHF dietary interven-
tion [32–34]. At the same time, because no control group was included, these changes
cannot be attributed specifically to the LCHF diet itself and may also relate to weight loss,
time-dependent variation, or other unmeasured factors.

Notably, the proinflammatory cytokine IL-8 increased following the LCHF diet in
our study. Although IL-8 is traditionally classified as a pro-inflammatory chemokine, it
also exerts potent pro-angiogenic effects and contributes to vascular remodeling [35,36].
This result does not support a simple uniformly anti-inflammatory interpretation of the
biomarker profile. Rather, it underscores that the observed systemic response was bio-
logically mixed and may have involved parallel inflammatory, reparative, or angiogenic
processes that cannot be disentangled in this study. Therefore, this finding is difficult to
interpret unambiguously and may reflect complex, context-dependent changes in inflam-
matory and angiogenic signaling rather than a purely beneficial or detrimental effect. Given
this ambiguity, IL-8 should be regarded as one of the more difficult-to-interpret findings
rather than as evidence of beneficial remodeling.

No significant changes were observed in IL-6, IL-13, or IL-28α, suggesting that the
intervention was not associated with major alterations in selected Th2-related or interferon-
mediated pathways. However, this interpretation should be considered with caution given
the limited sample size and variability of cytokine responses [37–40]. IL-6 is a pleiotropic
cytokine involved in inflammation, metabolism, and tissue stress responses; the absence of
a significant change in IL-6 may therefore indicate either biological stability or insufficient
power to detect modest effects [37,38]. IL-13, often linked to type 2 immune signaling
and tissue remodeling, also remained unchanged at the group level, despite appearing in
exploratory models of pain improvement [39]. IL-28α, a type III interferon, has less clearly
defined relevance in lipedema, and its stability may simply indicate that this pathway
was not prominently affected or that any effect was below the resolution of this small
exploratory study.

From the perspective of lipid mediators, we documented a significant decline in sev-
eral anti-inflammatory and endocannabinoid-related molecules, including AEA, OEA, PEA,
13,14-dihydro PGE1, 15-deoxy-∆12,14-PGJ2, and both 1- and 2-arachidonoylglycerol (1-AG
and 2-AG). These compounds typically exert immunomodulatory and homeostatic roles,
particularly within inflamed adipose tissue [41,42]. At first glance, the decrease in several
mediators with generally anti-inflammatory or homeostatic properties may appear counter-
intuitive. One possible explanation is that lower circulating concentrations reflect altered
endocannabinoid-related signaling in the setting of changing metabolic and inflammatory
status, although this remains tentative [43]. However, this interpretation remains tentative,
because circulating concentrations do not directly capture tissue-specific production, recep-
tor activation, or net biological effect. Therefore, our data support the presence of altered
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endocannabinoid-related and pro-resolving lipid signaling during the intervention, but not
a definitive conclusion regarding whether these changes were beneficial, compensatory, or
secondary to weight loss and altered nutrient intake. Notably, 15d-PGJ2, a potent PPAR-γ
ligand, is involved in negative regulation of NF-κB and macrophage activity [44]. Its reduc-
tion may be compatible with reduced need for counter-regulatory signaling, but alternative
explanations are also plausible. Conversely, we found no significant changes in several
classical pro-inflammatory prostanoids and leukotrienes (PGE2, PGD2, PGF2α, TXB2, LTB4,
and 6-keto-PGF1α). This stability may suggest that the LCHF diet primarily modulates res-
olution pathways and chronic inflammatory tone, rather than acute eicosanoid-mediated
inflammation. Given the exploratory design and multiple comparisons, however, this
pattern should be interpreted cautiously.

Our findings also identified exploratory associations between endocannabinoid-
related lipid mediators and diet-induced body composition changes in women with li-
pedema. Baseline OEA levels and longitudinal decreases in OEA emerged as potential
predictors of BMI reduction during the LCHF dietary intervention. Similarly, baseline AEA
levels were also associated with BMI reduction over time. Because these analyses were
exploratory and based on a small sample, these mediators should currently be viewed
as candidate correlates of response rather than validated predictors. These findings are
consistent with previous reports linking the endocannabinoid system to energy balance
and adiposity regulation [41,42].

In exploratory modeling, change in IL-8 showed a nominal association with leg
volume reduction, with greater increases in IL-8 associated with smaller reduction in leg
volume. Given the small sample size, exploratory design, and biologically complex role of
IL-8 [35,36], this finding should be interpreted with caution.

Beyond volumetric and metabolic improvements, reductions in adipose tissue pain
were associated with changes in markers of endothelial activation and vascular-immune
signaling. In exploratory analyses, greater pain improvement was linked to decreases in
P-selectin and VEGF-A and to increases in IL-13, suggesting that symptom relief may be
related to reduced endothelial activation and a shift toward a more anti-inflammatory tissue
environment rather than to adipose tissue loss alone. Such interpretation is biologically
plausible in light of previous work linking selectins, VEGF-A, and IL-13-related pathways
to pain modulation [45–47]. These associations are intriguing, but they should not be
interpreted as evidence that changes in these biomarkers mediated pain reduction. Rather,
they indicate that symptom improvement and selected circulating markers changed in
parallel within this cohort. Given the small sample size and exploratory design, these
findings should be interpreted cautiously and considered hypothesis-generating.

Collectively, these observations do not establish a mechanistic model, but they do sug-
gest that clinical improvement during the intervention coincided with changes in endothe-
lial, inflammatory, angiogenic, and lipid-related circulating mediators. Any mechanistic
interpretation, such as reduced endothelial activation, modulation of angiogenic signaling,
altered immune-stromal interactions, improved microvascular stability, or changes in tissue
fluid regulation, remains hypothetical and requires confirmation in controlled studies
with functional and tissue-level endpoints. Although these associations were identified in
exploratory analyses and require confirmation in larger cohorts, they suggest a biologically
plausible association between metabolic intervention, vascular-lymphatic function, and
nociceptive symptom burden in lipedema.

This study has several strengths. It is one of the few prospective interventional studies
evaluating the clinical and biochemical effects of a long-term LCHF dietary intervention in
women with lipedema. The individualized, medically supervised 7-month intervention en-
abled assessment of sustained changes, while the combined evaluation of clinical outcomes
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and a broad panel of circulating angiogenic, inflammatory, and lipid mediators provided an
integrated characterization of systemic responses accompanying the intervention. The use
of Luminex multiplex assays and LC-MS/MS further strengthened the analytical approach.
These strengths should, however, be interpreted in the context of the exploratory design.

However, several limitations should be acknowledged. This study was designed as
an exploratory, hypothesis-generating pilot investigation and no formal a priori sample
size calculation was performed. The relatively small sample size and multiple exploratory
comparisons limit statistical power and generalizability, and the observed associations
should be interpreted with caution and confirmed in larger cohorts. Because multiple
biomarkers were analyzed, the risk of false-positive findings should also be considered,
particularly for secondary and exploratory associations. In addition, the absence of a
control group (either women with lipedema not following a LCHF diet or individuals with
obesity without lipedema) limits the ability to distinguish diet-specific effects from disease-
related or time-dependent changes. Furthermore, all analyses were based on circulating
biomarkers, which may not fully reflect local processes within adipose tissue; tissue-level
investigations would provide more direct insight into local inflammatory, angiogenic, and
lipid-signaling mechanisms. Finally, although the dietary intervention was medically
supervised, adherence was not objectively verified using standardized dietary records
or biochemical markers such as circulating ketone bodies, which may have introduced
inter-individual variability in metabolic response. This point is particularly important when
interpreting the findings as LCHF-specific or related to carbohydrate restriction, because
the degree of carbohydrate restriction and ketosis achieved over time was not objectively
documented. An additional limitation is that the intervention combined carbohydrate
restriction with caloric restriction; therefore, the respective contributions of macronutrient
composition and energy deficit could not be distinguished. Despite these limitations, the
prospective design and integrated clinical and biomarker evaluation provide meaningful
descriptive insight into the biological adaptations accompanying a long-term LCHF dietary
intervention in lipedema.

Overall, the clinical improvement observed in this cohort was accompanied by changes
in circulating metabolic, vascular-related, inflammatory, and lipid mediators. However, be-
cause the intervention combined LCHF dietary composition with a moderate energy deficit,
the present study does not allow separation of the effects of macronutrient composition
from those of caloric restriction, weight loss, or reduced adiposity. Caloric restriction itself
is known to improve metabolic parameters and reduce systemic inflammation. Therefore,
our findings should be interpreted as reflecting systemic changes accompanying a calorie-
restricted LCHF intervention rather than effects attributable specifically to carbohydrate
restriction or ketosis. Future controlled, ideally isocaloric, comparative studies are needed
to distinguish between the effects of energy deficit and dietary composition in lipedema.

Moreover, future studies should validate our findings in larger cohorts and investigate
whether baseline or dynamic profiles of angiogenic, inflammatory, and lipid mediators can
be used to stratify patients, guide personalized nutritional strategies, and better understand
the biological pathways associated with dietary intervention in lipedema. Such studies
should ideally include appropriate control groups, objective adherence measures, and
tissue- or function-based assessments to better define the biological relevance of circulating
biomarker changes.

5. Conclusions
In this preliminary prospective study, a calorie-restricted LCHF dietary intervention

in women with lipedema was associated with significant reductions in body weight, leg
volume, and adipose tissue pain, accompanied by changes in circulating angiogenic, in-
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flammatory, and lipid mediators. These findings suggest systemic responses to dietary
intervention; however, they should not be interpreted as evidence of specific mechanistic
pathways. Associations observed between lipid mediators and clinical outcomes, as well as
between vascular or inflammatory markers and clinical improvement, should be considered
exploratory. Further studies in larger, controlled cohorts are required to confirm these
findings and to better understand the mechanisms underlying dietary effects in lipedema.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu18091381/s1, Figure S1: Distribution of changes in BMI after
the 7-month LCHF dietary intervention; Figure S2: Distribution of changes in leg volume after the
7-month LCHF dietary intervention.
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1-AG 1-Arachidonoyl glycerol
2-AG 2-Arachidonoyl glycerol
4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1
ADA Adenosine deaminase
AEA Arachidonoyl ethanolamide
Ang-2 Angiopoietin-2
BMI Body mass index
CASP8 Caspase 8
CRP C-reactive protein
ICAM Intercellular adhesion molecule
IL Interleukin
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LCHF low-carbohydrate, high-fat
LC-MS/MS Liquid chromatography–tandem mass spectrometry
LTB4 Leukotriene B4
MCP-1 Monocyte chemoattractant protein-1
MRC1 Mannose receptor C-type 1
OEA Oleoyl ethanolamide
PEA Palmitoyl ethanolamide
PF4 Platelet factor 4
PGD2 Prostaglandin D2
PGE2 Prostaglandin E2
PPAR-γ Peroxisome proliferator-activated receptor gamma
S100A12 S100 calcium-binding protein A12 (EN-RAGE)
SE Standard error
sICAM-1 Soluble intercellular adhesion molecule-1
sVCAM-1 Soluble vascular cell adhesion molecule-1
TNF-α Tumor necrosis factor alpha
TNFSF14 Tumor necrosis factor ligand superfamily member 14
TXB2 Thromboxane B2
VAS Visual analogue scale
VCAM Vascular cell adhesion molecule
VEGF Vascular endothelial growth factor
VEGF-A Vascular endothelial growth factor A
VEGF-C Vascular endothelial growth factor C
VEGF-D Vascular endothelial growth factor D
WHtR Waist-to-height ratio
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