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Abstract 

Pronounced weight loss was shown to improve adipocyte dysfunction and insulin sensitivity in obese subjects. While bariatric surgery is frequently 

accompanied by adverse side effects, weight loss due to caloric restriction is often followed by weight regain. Here we aimed to determine whether 

switching the diet from a metabolically harmful Western type diet to a balanced standard diet is sufficient to reverse adipocyte dysfunction in diet-induced 

obese mice. 

Male C57BL/6 mice were fed a Western diet for 10 weeks and afterwards switched to a standard diet for eight more weeks (WD/SD mice) or continued 

to be fed a Western diet (WD/WD mice) ad libitum . Mice fed SD for 18 weeks served as control group (SD/SD). Insulin sensitivity was similar in WD/SD and 

SD/SD mice despite increased body weight in WD/SD mice. Beiging markers Ucp-1, Cidea and Cox8b were drastically reduced in subcutaneous adipose tissue 

of WD/SD mice when compared with SD/SD mice. Also, in brown adipose tissue morphologic features and markers of thermogenesis were still altered in 

both WD/SD and WD/WD mice. However, adipocyte size, Hif1 α and macrophage infiltration were significantly lower in both, brown and white adipose 

tissues of WD/SD compared to WD/WD mice and additionally, a shift toward anti–inflammatory M2 phenotype was found in WD/SD mice only. 

In conclusion our data suggest that switching the diet is sufficient to improve adipose tissue inflammation, while western diet negatively affects ther- 

mogenic capacity of brown adipose tissue, and inhibits beiging of white adipose tissue in the long-term. 

© 2021 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

Keywords: Adipose tissue; Inflammation; Type of diet; Obesity; Caloric restriction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Overweight and obesity are one of the major health problems

of modern civilization as they carry a high risk to develop chronic

diseases such as metabolic syndrome, type II diabetes (T2D), and

non–alcoholic fatty liver disease [1] . T2D, affecting more than

450 million patients worldwide [2] , does not only lead to hyper-

glycemia but is highly associated with micro- and macrovascular

disease such as chronic kidney disease, neuropathy or cardiovascu-

lar disease, and is even associated with increased mortality [3–5] .

Adipose tissue is not a passive reservoir for energy but a complex

endocrine, paracrine and autocrine organ which orchestrates a vast

number of cytokines [6] referred to as adipokines [7] . In response
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to changes in nutritional status adipose tissue undergoes dynamic

changes, often described as adipose tissue remodelling. Adipose

tissue remodelling includes alterations in adipocyte number, size,

cytokine expression, cell death, hypoxia, fatty acid homeostasis,

and inflammation [8] . Diminished adipogenesis and inflammation

are thought to be key drivers of adipose tissue dysfunction. Brown

and beige adipocytes which are located within white adipose

tissue are responsible for the generation of non–shivering ther-

mogenesis and thus protect against metabolic disorders [9–15] .

Obesity and insulin resistance are characterized by impaired beige

adipogenesis and an altered brown-versus-white plasticity and

a hypertrophic adipocyte phenotype. [16 , 17] . Low-grade chronic

inflammation in adipose tissue has been described as a mech-

anism for obesity-related complications. While predominately

anti–inflammatory cytokines are secreted from adipose tissue

of healthy, lean subjects, higher amounts of proinflammatory

adipokines are typically seen in obese individuals. [18] . 

Excessive weight loss by reduced caloric intake or bariatric

surgery has extensively been demonstrated to improve glucose
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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metabolism and reverse adipocyte dysfunction [19–25] . However,

in clinical practice non–surgical weight reduction is very challeng-

ing. For some patients it might be more practicable to change the

type of diet than restrict caloric intake in the long-term. Thus, we

investigated whether switching the diet to a more beneficial one

is sufficient to reverse Western diet- induced alterations in adipose

tissue, and systemic glucose metabolism. 

. Material and methods 

2.1. Animals and diets 

C57BL/6J mice were purchased from Charles River Laboratories (Germany). Af-

ter one additional week of acclimatisation the experiments were started. Mice were

housed in a group of five to avoid additional stress of from individual housing.

Twenty 7-weeks-old mice were fed a mixed high sucrose, high fat diet (WD) (re-

ferred as Western diet, TD.88137, 42.7%kcal carbohydrate, 15.2%kcal protein, 42%kcal

fat) (Table S1a) for 10 weeks. After 10 weeks mice were randomly split into two

equal groups and either switched to a standard diet (SD) (TD.05075, 66.9%kcal car-

bohydrate, 20.2%kcal protein, 12.9%kcal fat) (Table S1b) or continued to fed a West-

ern diet (WD) for eight more weeks. Additionally, 10 mice were fed a SD for 18

weeks. This leads to three groups which will be referred as: SD/SD mice (mice fed

a standard diet for 18 weeks), WD/WD mice (mice fed a western diet for 18 weeks)

and WD/SD mice (mice where after 10 weeks diet was changed from a western to

standard diet for eight more weeks). Diets were purchased from Envigo (UK). Mice

were fed ad libitum and kept in a 12-h light/dark cycle at a temperature range be-

tween 20 and 24 °C. Food was changed and weighed twice a week, body weight

once a week. After 18 weeks, oral gavage glucose tolerance test (oGTT, 1 mg glu-

cose/g bodyweight) and intraperitoneal insulin tolerance test (ipITT, 0.75 mU in-

sulin/g bodyweight) were performed. Areas under the curve (AUC) were calculated

by the linear trapezoidal method. Finally, mice were anesthetized and sacrificed via

removal of cardiac blood, and adipose tissue was harvested. Perigonadal visceral

adipose tissue (VAT), posterior subcutaneous adipose tissue (SAT) and intrascapular

brown adipose tissue samples were taken. All animal experiments were conducted

according to the regulations of Medical University Innsbruck and according to the

regulation of the Austrian Ministry for Science and Education based on the Ani-

mal Testing Act of 2012. Approval was given under the reference number BMWFW-

66.011/0027-WF/V/3b2017. 

2.2. Blood analysis and plasma leptin levels 

Hematological parameters were measured from whole blood samples with hep-

arin used as anticoagulant and analysed with scil VET abc 2003 (scil animal care

company GmbH, Viernheim, Germany). Plasma leptin was measured by a commer-

cially available ELISA kit ( Invitrogen ) according to the manufacturer’s protocol. 

2.3. RNA Extraction and quantitative RT-PCR analysis 

RNA extraction was performed for subcutaneous (SAT), visceral (VAT), and

brown (BAT) adipose tissue. 30–60 mg of frozen adipose tissue was homogenized

and sonicated for 30 s in 500 µl QIAzol Lysis Reagent (Qiagen). For white adipose tis-

sue RNeasy Lipid Tissue Mini Kit (Qiagen) according to the manufacturer’s instruc-

tion was used and for brown adipose tissue chloroform (Scharlau) and an overnight

step in 1:2 Isopropanol (Merck) was used to extract RNA. 0.5 µg RNA was trans-

lated in cDNA by using High-Capacity cDNA Reverse Transcription Kit. Subsequently,

TaqMan probe (Luna Universal Probe qPCR Master Mix, NE BioLabs) or SyberGreen

(Luna Universal Master Mix, NE BioLabs) based relative quantitative PCR was per-

formed. For primer sequences see supplements (Table S2). TATA-binding protein

was used as housekeeping gene and qPCR was performed in duplicates. 

2.4. Protein Extraction and Western blot analysis 

Protein extraction was performed for SAT, VAT and BAT. Frozen tissue was ho-

mogenized and sonicated in lysis buffer (25 mM Tris-HCl, pH 7.4, 40 mM KCl,

1% Triton X-100) (Roche). Protein was quantified by Pierce BCA Protein Assay Kit

(Thermo Fisher). Mini-Protean TGX stain free precast gels (Biorad) and nitrocellulose

membrane (Amersham Protran 0.45 µm NC) were used for separation and blotting.

Visualisation was performed by chemiluminescence (Amersham ECL Prime Western

Blotting Detection Reagent). Results were normalized to total amount of protein.

Used antibodies are listed in supplements (Table S2). 

2.5. Histology 

For immunohistochemistry (IHC), samples from subcutaneous visceral and

brown adipose tissue depots were dissected, fixed in 10% neutral buffered formalin,

dehydrated, embedded in paraffin, sectioned and stained with haematoxylin and

eosin (H&E). Adipocyte size was calculated in ImageJ manually by using the ROI
manager. Lipid droplets were manually counted by using cell counter plugin for a

37,0 0 0 µm 

2 area. 

2.6. Statistical analysis 

All statistical analyses were performed with the statistical analysis software

package (Prism GraphPad). Descriptive data are expressed as means ± SEM.

Kolmogorov-Smirnov test was performed to determine normality. Subsequently,

one-Way Anova or Kruskal-Wallis-Test with Bonferroni correction was used to com-

pare data from different groups. Statistical significance was set at P -value ≤.05. 

3. Results 

3.1. Animal characteristic, food intake, and measures of glucose 

homeostasis 

As expected, mice fed a WD gained more weight than mice fed

a SD ( Fig. 1 A, Table S3). Initially, switching diet from a WD to a SD

caused stress leading to reduced food intake which was associated

with short-term weight loss. But after two weeks food consump-

tion increased again and after additional two weeks mice started

to regain weight and plateaued after six weeks ( Fig. 1 A-C). After

18 weeks caloric intake/g body weight was similar in all groups

and caloric intake/individual was higher in WD/SD and WD/WD

mice when compared to SD/SD mice ( Fig. 1 B-C, Table S4a-b). Cu-

mulative food intake per mouse was highest in the WD/WD group,

while WD/SD mice had the highest food intake per body weight

( Fig. 1 D-E, statistics in Table S5a-b). Total plasma leptin levels and

leptin concentration/g body weight were elevated in both, WD/WD

and SD/WD mice ( Fig. 1 F-G). Leptin expression in SAT and VAT

was highest in WD/WD and lowest in SD/SD with WD/SD lying in-

between (Fig. S1 A-B). White blood cells were only upregulated in

WD/WD but not in WD/SD mice ( Fig. 1 H). Adiponectin was only

downregulated in VAT in WD/WD mice (Figure S1 C-D). Insulin

sensitivity estimated by ipITT (AUC) was significantly decreased in

WD/WD but not in WD/SD mice when compared to SD/SD mice

( Fig. 1 -J). Glucose tolerance determined by oGTT tended to be di-

minished in WD/WD and WD/SD mice without reaching statistical

significance ( Fig. 1 K-L). 

3.2. Switching diet from a harmful to a more beneficial one is 

sufficient to reverse adipose tissue inflammation 

Adipose tissue inflammation is a hallmark of insulin resistance

[26] . Accordingly, decreased inflammation is thought to be a major

contributor to metabolic benefits of weight loss. In previous stud-

ies [27] we found that the type of diet is a critical determinant of

adipose tissue inflammation. Here we investigated whether these

detrimental alterations are reversible by changing dietary compo-

sition. 

3.2.1. Subcutaneous adipose tissue 

Macrophage infiltration in SAT estimated by EGF-like module-

containing mucin-like hormone receptor-like 1 ( F4/80 ) expression

analysis was highest in WD/WD and lowest in SD/SD mice with

WD/SD lying in-between suggesting partial reversibility of adipose

tissue inflammation by switching the type of diet ( Fig. 2 A). Ac-

tivation of nuclear factor kappa-light-chain-enhancer of activated

B cells (NF- κB) ( Fig. 2 B) and tumour necrosis factor alpha ( Tnf-

α) expression was significantly higher in WD/WD than in WD/SD

and SD/SD mice ( Fig. 2 A). Similarly, pro-inflammatory M1 phono-

type markers Cd11c (integrin), Ccl2 (chemokine [C-C motif] ligand

2) and Ccr2 (chemokine [C-C motif] receptor 2) were significantly

increased in WD/WD mice only. For Il1 β (interleukin 1 beta) no
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Fig. 1. Animal characteristics, food intake and measures of glucose homeostasis (A) mean body weight (g) of SD/SD, WD/SD and WD/WD mice during treatment (18 weeks); 

(B) mean food intake (kcal) of SD/SD, WD/SD and WD/WD mice per individual during treatment; (C) mean food intake (kcal) of SD/SD, WD/SD and WD/WD mice per g body 

weight during treatment; (D) cumulative food intake (kcal) of SD/SD, WD/SD and WD/WD mice per individual during treatment; (E) cumulative food intake (kcal) of SD/SD, 

WD/SD and WD/WD mice per g body weight during treatment; (F) absolute plasma leptin levels (ng/mL); (G) plasma leptin levels (ng/mL) relative to body weight (g); (H) 

blood count of white blood cells (10 9 /l) (I) blood glucose levels (mg/dL) during intraperitoneal insulin tolerance test (0.75mU insulin/g bodyweight) (J) calculated area under 

the curve (AUC) of glucose levels during intraperitoneal insulin tolerance test; (K) blood glucose levels (mg/dL) during oral glucose tolerance test (1mg glucose/g bodyweight); 

(L) calculated area under the curve (AUC) of glucose levels during oral glucose tolerance test are shown; SD/SD = mice fed a standard diet for 18 weeks; WD/SD mice which 

were fed a Western diet for 10 weeks followed by a standard diet for 8 more weeks; WD/WD = mice fed a western diet for 18 weeks; n = 10; means ± SD; ∗P < . 05; ∗∗P < 

. 005; ∗∗∗P < . 0005 



4 S. Folie, B. Radlinger, G. Goebel et al. / Journal of Nutritional Biochemistry 99 (2022) 108837 

Fig. 2. Effects of switching the diet from a harmful to a more beneficial one on adipose tissue inflammation; mean fold change of (A) relative mRNA expression of F4/80 (left 

column) and Tnf α (right column) and (B) activation of NF- κβ estimated as protein levels of phosphorylated NF- κβ / total amount of NF- κβ in subcutaneous (top) visceral 

(middle) and brown (bottom) fat depot from SD/SD, WD/SD and WD/WD mice; (C) representative western blots of NF- κβ and pNF- κβ; SD/SD = mice fed a standard diet for 

18 weeks; WD/SD mice which were fed a western diet for 10 weeks followed by a standard diet for 8 more weeks; WD/WD = mice fed a western diet for 18 weeks; mRNA 

expression levels corrected for TATA-binding protein and fold change relatively to SD/SD; n = 10; means ± SEM; ∗P < . 05; ∗∗P < . 005; ∗∗∗P < . 0 0 05 
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Table 1 

Expression of M1 and M2 markers; arrows show gene expression of M1 and M2 macrophage markers of WD/SD mice in comparison 

to SD/SD and WD/WD mice respectively in subcutaneous (SAT) visceral (VAT) and brown (BAT) adipose tissue; ↓ = downregulated; 
↑ = upregulated; ↔ = no significant difference; mRNA expression levels relative to TATA-binding protein n = 10; P < . 05 

Marker SAT VAT BAT 

WD/SD vs. 
SD/SD 

WD/SD vs. 
WD/WD 

WD/SD vs. 
SD/SD 

WD/SD vs. 
WD/WD 

WD/SD vs. 
SD/SD 

WD/SD vs. 
WD/WD 

M1/M2 F4/80 ↑ ↓ ↔ ↓ ↔ ↓ 

M1 
Macrophage 

marker 

Tnfa ↔ ↓ ↔ ↓ ↔ ↓ 

Cd11c ↔ ↓ ↔ ↓ ↔ ↓ 

Ccl2 ↔ ↓ ↔ ↓ ↔ ↓ 

Ccr2 ↔ ↔ ↔ ↓ ↑ ↔ 

Il1b ↔ ↔ ↔ ↔ ↑ ↔ 

M2 
Macrophage 
marker 

Il10 ↓ ↔ ↔ ↑ ↑ ↔ 

Mrc2 ↔ ↓ ↑ ↓ ↔ ↔ 

Mgl1 ↔ ↔ ↑ ↔ ↔ ↔ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

differences of expression between groups were detected ( Table 1

and Fig. S2A). Anti–inflammatory M2 marker Il10 was downreg-

ulated in WD/WD and WD/SD mice when compared to SD/SD

fed mice. M-RNA expression of M2 markers mannose receptor

( Mrc2 ) was increased in WD/WD mice only. Mgl1 (macrophage

galactosidase-type lectin-1) was similarly expressed in all groups

( Table 1 and Fig. S2B). 

3.2.2. Visceral adipose tissue 

In accordance with SAT, F4/80 mRNA expression, activated NF-

κB, Tnf- α ( Fig. 2 A-B) and M1 markers Cd11c Ccl2 and Ccr2 were

increased in WD/WD but not in WD/SD mice when compared to

SD/SD mice ( Table 1 and Fig. S2A). Il1 β and Il10 expression levels

were comparable between all groups. Mrc2 was highest in WD/WD

mice and lowest in SD/SD mice, while Mgl1 was upregulated in

both WD/SD, and WD/WD mice ( Table 1 and Fig. S2b). 

3.2.3. Brown adipose tissue 

Similar results were found in brown adipose tissue showing in-

creased F4/80 ( Fig. 2 A) and M1 markers in WD/WD but not in

WD/SD fed mice. Surprisingly, Il1 β expression was only increased

in WD/SD mice ( Table 1 Fig. S2A). While M2 marker Il10 showed

upregulation in both WD/SD and WD/WD mice, Mrc2, and Mgl1 ex-

pression levels did not differ between the groups ( Table 1 and Fig.

S2b). 

In summary, we found that increased adipose tissue inflamma-

tion in WD/WD mice is reversed in all types of adipose tissue by

switching the diet. 

3.3. Switching diet from a Western to a standard diet reduces 

adipocyte size and Hif1 α expression in white and brown adipose 

tissue 

Dietary intake of saturated fatty acids and sucrose is accompa-

nied by a shift toward larger adipocytes with diminished insulin

sensitivity [27] . Until now it is not clear whether switching the diet

is sufficient to reverse altered adipocyte morphology. 

In subcutaneous and visceral adipose tissue adipocyte size was

significantly smaller in WD/SD than in WD/WD mice and compa-

rable with SD/SD mice ( Fig. 3 A). In accordance with adipocyte size,

hypoxia-inducible factor 1-alpha ( Hif1 α) was only significantly in-

creased in WD/WD but not in WD/SD mice ( Fig. 3 B). 

Also, in brown adipose tissue adipocytes were largest in

WD/WD mice. Although in comparison to WD/WD mice cell size
was reduced in WD/SD mice, adipocytes of WD/SD mice were still

larger than those of SD/SD mice ( Fig. 3 A). Hif1 α expression was

highest in WD/WD and lowest in SD/SD mice ( Fig. 3 B). Addition-

ally, quantity of lipid droplets in brown adipocytes was highest in

SD/SD mice, and lowest in WD/WD Mice ( Fig. 3 C). 

To summarize switching the diet normalizes adipocyte size in

white adipose tissue while in brown adipose tissue adipocyte mor-

phology is only partly reversed. 

3.4. Effects of switching the diet on thermogenic capacity are 

dependent on the type of adipose tissue 

Adipocyte differentiation and their capacity to store lipids is

controlled by a cascade of transcription factors and adipokines

such as Ppar γ , adiponectin, and leptin [28 , 29] . Similar to adipocyte

size intake of diets enriched with fat, especially saturated fatty

acids, inhibits adipogenesis, and reduces markers of thermogenic

capacity [27] why we aimed to investigate whether changes in

dietary composition is able to reverse beiging capacity of adipose

tissue. 

3.4.1. Effects on differentiation in white adipose tissue 

Adipocyte differentiation was irreversibly affected by WD as

shown by decreased Ppar γ expression in VAT (Fig. S1G) and in-

creased leptin expression in SAT and VAT of both, WD/WD and

WD/SD mice (Fig. S1A-B). In VAT, expression of Ucp1 , which is

a key marker of thermogenesis, Cidea, and mitochondrial marker

cytochrome c oxidase subunit 8b ( Cox8b ) were comparable be-

tween all groups ( Fig. 4 B). In rodents predominantly subcutaneous

adipocytes are capable to generate thermogenesis by differentia-

tion into beige adipocytes [30] . In our study, expression of Ucp1

was drastically downregulated in SAT of both WD/WD and WD/SD

mice. Other markers of beiging such as Cidea, Cox8b and beta 3

adrenergic receptor ( Adrb3) were also significantly downregulated

in both, WD/WD and WD/SD suggesting irreversibility or long-term

inhibition of whitening of adipose tissue by WD ( Fig. 4 A). In both,

SAT ( Fig. 5 A) and VAT ( Fig. 5 B) fibroblast growth factor 21 ( Fgf-21 )

expression was significantly higher in WD/WD than in WD/SD and

SD/SD mice. Fibroblast growth factor receptor 1 ( Fgfr1 ) and Fgf-21

cofactor beta klotho ( βKl ) were downregulated in all adipose tissue

depots of WD/WD mice and in SAT of WD/SD ( Fig. 5 A-B) 

3.4.2. Effects on differentiation in brown adipose tissue 

Surprisingly, in BAT expression of Ppar γ was increased in

WD/WD mice as well as in WD/SD mice when compared to SD/SD
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Fig. 3. Adipocyte size and Hif1 α expression in white and brown adipose tissue: (A) mean adipocyte size ( µm 

2 ) of subcutaneous (SAT), visceral (VAT) and brown (BAT) adipose 

tissue and (B) mean number of lipid droplets (LD) / 0.37mm 

2 in brown adipose tissue ( n = 6) (C) Hif1a / TATA-binding protein mRNA expression of in SAT, VAT and BAT; (C) 

representative images of hematoxylin and eosin staining of formalin-fixed paraffin-embedded tissue specimens of SAT, VAT and BAT of SD/SD, WD/SD and WD/WD mice; ( n = 

10); SD/SD = mice fed a standard diet for 18 weeks; WD/SD mice which were fed a western diet for 10 weeks followed by a standard diet for 8 more weeks; WD/WD = mice 

fed a western diet for 18 weeks; fold changes relatively to SD/SD; means ± SEM; ∗P < . 05; ∗∗P < . 0 05; ∗∗∗P < . 0 0 05 (For interpretation of the references to colour in their 

figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Effects of switching the diet on the ability of beiging of SAT and markers of thermogenic capacity of various adipose tissue depots: relative mRNA expression levels of 

Ucp1, Cidea, Cox8b and Adrb3 in (A) subcutaneous (B) visceral and (C) brown adipose tissue of SD/SD, WD/SD and WD/WD mice; SD/SD = mice fed a standard diet for 18 weeks; 

WD/SD mice which were fed a western diet for 10 weeks followed by a standard diet for 8 more weeks; WD/WD = mice fed a western diet for 18 weeks; mRNA expression 

levels were corrected for TATA-binding protein and fold changes relatively to SD/SD are shown; n = 10; means ± SEM; ∗P < . 05; ∗∗P < . 005; ∗∗∗P < . 0 0 05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mice (Fig. S1H). Furthermore, Ucp-1 was increased in WD/WD but

not in WD/SD mice and expression of Cidea, which is a transcrip-

tion factor of UCP1 [31] and Cox8b were increased in both WD/WD

and WD/SD mice ( Fig. 4 C). Importantly, Adrb3 which is critically

involved in activation of thermogenesis was significantly reduced

in WD/WD but not in WD/SD mice ( Fig. 4 C). Fgf21 expression was

highest in WD/WD and lowest in SD/SD mice with WD/SD lying

in-between ( Fig. 5 C) and mRNA levels of Fgfr1 and βKl were only

reduced in WD/WD mice, expression was similar between SD/SD,

and WD/SD mice ( Fig. 5 C). 

To summarize beiging of subcutaneous adipose tissue is irre-

versibly inhibited by Western diet while thermogenic capacity of

brown adipose tissue is partially restored by switching the type of
diet.  
4. Discussion 

Adipocyte dysfunction is a hallmark of obesity related dis-

eases such as insulin resistance and non–alcoholic fatty liver dis-

ease (NAFLD). While the concept of metabolically healthy obe-

sity underlines its pivotal role in obesity related disorders, thera-

pies that specifically address adipocyte dysfunction are very lim-

ited. Pronounced weight loss resulting from bariatric surgery has

extensively shown to improve systemic glucose metabolism and

adipocyte function [32–35] , however, it is frequently associated

with significant risk of long-term complications such as malab-

sorption or bone disease [36] . Weight loss by caloric restriction

has also been shown to improve whole body energy metabolism

and adipose tissue function, however, maintenance of weight loss
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Fig. 5. Influence of changing dietary composition on fibroblast growth factor ( Fgf21) and related genes in various adipose tissue depots : mean fold change of relative mRNA 

expression of Fgf21 , FGF receptor 1 ( Fgfr1) and βKlotho in (A) subcutaneous (B) visceral and (C) brown adipose tissue of SD/SD, WD/SD and WD/WD mice; SD/SD = mice fed 

a standard diet for 18 weeks; WD/SD mice which were fed a western diet for 10 weeks followed by a standard diet for 8 more weeks; WD/WD = mice fed a western diet for 

18 weeks; mRNA expression levels corrected for TATA-binding protein and fold change relatively SD/SD; n = 10; means ± SEM; ∗= P < . 05; ∗∗P < . 005; ∗∗∗P < . 0 0 05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

is commonly very challenging and often frustrating. The aim of this

study was to test whether switching the diet is sufficient to reverse

Western diet induced alterations in adipogenesis and adipose tis-

sue inflammation. In this study, experiments were only performed

in male C57Bl/6 mice as previous studies from our group revealed

that harmful effects of Western diets on adipose tissue and sys-

temic glucose metabolism are more pronounced in male than in

female C57BL/6 mice [27] . Accordingly, results from our studies are

applicable to male mice only. 
In states of overnutrition adipose tissue expansion leads to

adipocyte hypertrophy which is often associated with hypoxia and

increased expression of Hif1 α. The latter is associated with de-

creased β-oxidation, dysregulation of adipokines, and induction of

necrosis [37 , 38] . 

In our study we were able to show that switching the diet is

sufficient to restore adipocyte size in SAT and VAT as shown by

comparable diameters in WD/SD and SD/S mice ( Fig. 3 ). Also, in

BAT feeding a WD caused an increase in size of adipocytes, and
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a decrease in amount of lipid droplets resembling typical white

adipocytes ( Fig. 3 ). This whitening of BAT can be induced by multi-

ple factors such as impaired leptin action or reduced β-adrenergic

signaling both of which are seen in WD fed mice suggesting that

WD irreversibly alters morphology of BAT. Whitening of BAT is

associated with cell death and consequently macrophage infiltra-

tion and tissue inflammation [39 , 40] . Interestingly, even if brown

adipocyte size was increased in WD/WD mice, at the same time

expression of markers associated with thermogenesis were upreg-

ulated. Ucp1 is a BAT-specific transporter protein of the inner mito-

chondrial membrane responsible for the non–shivering thermoge-

netic ability of BAT [41–43] . Although mechanisms are poorly un-

derstood, it was reported before that high fat diets lead to an up-

regulation of Ucp1 mRNA expression and protein [44–46] . In our

study Ucp1 was significantly upregulated in WD/WD mice only,

while Cox8b, and Cidea which are also considered as beiging mark-

ers were also increased in WD/SD mice ( Fig. 4 ). Albeit Cidea is

highly expressed in brown adipocytes its function is not fully clar-

ified. It was positively associated with lipid droplet fusion [47] .

Mice overexpressing Cidea show reduced UCP1 activity [48] . The

latter is controlled by beta adrenergic receptors [44] . In our exper-

iments the β3-adrenoceptor ( Adrb3), which upon stimulation trig-

gers a beiging response [49] was downregulated in WD/WD mice

but not in WD/SD mice. Therefore, we hypothesize that despite in-

creased Ucp1 expression in WD/WD mice thermogenetic capability

is reduced in WD/WD mice and not fully restored by switching the

diet as shown by altered Cox8b and Cidea expressions. 

Thermogenesis capable cells are not restricted to brown adi-

pose tissue. Brown-like adipocytes exist in several adipose tissue

depots such as white adipose tissue. Despite deriving from differ-

ent precursor cells, the so-called beige/bright adipocytes resem-

ble typical brown adipocyte morphologic features such as multi-

vesicular intracellular lipid droplets and a high mitochondrial con-

tent [50] . White adipocytes are able to differentiate into beige

adipocytes upon cold exposure or direct β-adrenergic exposure

[51] . This feature of “browning” gained a lot of interest as it opens

up possibilities for new medical treatments against obesity. In mice

subcutaneous adipose tissue was found to be especially suscep-

tible to beiging [52 , 53] . In SAT beiging marker Ucp1, Cidea and

Cox8b [54] were drastically downregulated in both WD/WD and

WD/SD mice ( Fig. 4 ). Furthermore, Adrb3 was also reduced in both

WD/WD and WD/SD mice suggesting that browning of subcuta-

neous adipocytes is irreversibly inhibited by Western diet. Our hy-

pothesis is supported by FGF-21 data from our study showing in-

creased expression levels of FGF-21 in SAT and reduced FGFR1

and βklotho levels in both WD/WD and WD/SD mice indicat-

ing reduced FGF-21 activity ( Fig. 5 ). FGF-21 was found to be not

only a critical determinant of energy balance, glucose, and lipid

metabolism [55] but also to regulate browning of white adipose

tissue [56] . 

Importantly, despite higher body weight, switching the diet

from WD to SD protected from macrophage infiltration in VAT, and

SAT estimated via F4/80 mRNA expression ( Fig. 2 ). 

These data suggest that mononuclear infiltration in adipose

tissue is rather influenced by the type of diet than by body

weight. Not only quantity but also characteristics of infiltrated

immune cells were altered by switching the diet. Adipose tis-

sue macrophages (ATM) are classified as pro-inflammatory clas-

sically activated M1 macrophages or alternatively activated M2

macrophages [57 , 58] . The anti–inflammatory M2 phenotype is typ-

ically dominant in lean individuals while the predominately proin-

flammatory M1 macrophages are associated with insulin resistant

adipose tissue [59] . In M1 macrophages activation of the NF- κβ
pathway leads to the release of pro-inflammatory cytokines such

as IL-1 β , IL-6, CCL2, and TNF- α [58 , 59] [60–62] . In our study, NF-
κB-activity and expression of proinflammatory M1 cytokines in

SAT, VAT and BAT of WD/SD mice were comparable with those

in SD/SD mice ( Fig. 2 , S2 and Table 1 ) suggesting that switch-

ing the diet alone without weight reduction is sufficient to re-

duce proinflammatory predominance in adipose tissue. However,

our data based on mRNA expression levels do not allow to pro-

vide exact information on the grade of mononuclear infiltration of

adipose tissue. 

In our study switching the diet from a WD to a SD was asso-

ciated with weight loss for the first days, however, WD/SD mice

regained weight during the experiment, and stabilized for the last

three weeks ( Fig. 1 ). Despite the initial weight loss WD/SD mice

were still significantly heavier than SD mice. These scenario – es-

pecially when comparing WD/SD and SD/SD mice allows to clearly

distinguish beneficial effects of switching the diet from those of

weight loss. While it will be interesting to investigate the effects of

changing the diets on body fat distribution in future studies, lack-

ing data are a limitation of this work. 

Our data showing comparable insulin sensitivity in WD/SD and

SD/SD mice suggest that switching the diet might positively affect

insulin resistance in states of obesity. 

In summary, our data suggest that switching the diet from a

harmful WD to a beneficial SD is sufficient to improve adipose

tissue inflammation in ad libitum fed mice. In contrast, feeding a

Western diet induces whitening of brown adipose tissue and in-

hibits beiging of white adipose tissue in the long-term. 

Future studies investigating detailed effects of switching the

diet from a metabolically harmful Western to a standard diet on

energy expenditure are necessary to fully understand the kinetics

of the observed weight loss in our study. 
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