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Insulin resistance is closely associated with metabolic diseases 

such as type 2 diabetes, dyslipidemia, hypertension and ath-

erosclerosis. Thiazolidinediones (TZDs) have been developed 

to ameliorate insulin resistance by activation of peroxisome 

proliferator-activated receptor (PPAR) γ. Although TZDs are 

synthetic ligands for PPARγ, metabolic outcomes of each TZD 

are different. Moreover, there are lack of head-to-head com-

parative studies among TZDs in the aspect of metabolic out-

comes. In this study, we analyzed the effects of three TZDs, 

including lobeglitazone (Lobe), rosiglitazone (Rosi), and 

pioglitazone (Pio) on metabolic and thermogenic regulation. 

In adipocytes, Lobe more potently stimulated adipogenesis 

and insulin-dependent glucose uptake than Rosi and Pio. In 

the presence of pro-inflammatory stimuli, Lobe efficiently 

suppressed expressions of pro-inflammatory genes in macro-

phages and adipocytes. In obese and diabetic db/db mice, 

Lobe effectively promoted insulin-stimulated glucose uptake 

and suppressed pro-inflammatory responses in epididymal 

white adipose tissue (EAT), leading to improve glucose intol-

erance. Compared to other two TZDs, Lobe enhanced beige 

adipocyte formation and thermogenic gene expression in 

inguinal white adipose tissue (IAT) of lean mice, which would 

be attributable to cold-induced thermogenesis. Collectively, 

these comparison data suggest that Lobe could relieve insulin 

resistance and enhance thermogenesis at low-concentration 

conditions where Rosi and Pio are less effective. 
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INTRODUCTION 
 

Peroxisome proliferator-activated receptors (PPARs) are nu-

clear hormone receptors that are activated by numerous 

lipophilic ligands such as natural lipids and synthetic agonists 

(Gross et al., 2017). The PPAR family consists of three 

isoforms, PPARα, PPARβ/δ, and PPARγ. Activation of PPARα 

and PPARβ/δ stimulates metabolic catabolism by induc-

ing fatty acid oxidative gene expression (Gross et al., 2017). 

However, PPARγ activation promotes lipid anabolism by 

enhancing adipogenic and lipogenic gene expression 

(Tontonoz and Spiegelman, 2008). In addition, PPARγ is 

known to be involved in glucose metabolism, insulin sensitiv-

ity, and anti-inflammatory responses (Yki-Järvinen, 2004). 

Insulin resistance is a pathological state in which subjects 

cannot adequately respond to normal levels of insulin. Insu-

lin resistance primarily occurs in key metabolic organs such 

as the muscles, liver, and adipose tissue (Taniguchi et al., 

2006). Accumulating evidence suggest that it is closely asso-

ciated with most metabolic diseases, including type 2 diabe-

tes (T2D), hypertension, and coronary heart disease (Fonseca, 

2009). To treat T2D, various medications have been devel-

oped to enhance insulin secretion and/or insulin action. For 

examples, sulphonylureas, benzoic acid derivatives, and thia-

zolidinediones (TZDs) have been developed as T2D medica-

tions (Jenssen and Hartmann, 2015). Sulphonylureas and 

benzoic acid derivatives stimulate β-cells to enhance insulin 

secretion by inhibiting ATP-sensitive K
+
 channels and activat-

ing Ca
2+

 channels (Sola et al., 2015). TZDs are synthetic  
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agonists of PPARγ that improve insulin sensitivity in several 

types of target cells, including adipocytes and immune cells 

(Lehmann et al., 1995; Tontonoz and Spiegelman, 2008). As 

PPARγ is abundantly expressed in adipocytes, primary effects 

of TZDs are detectable in adipose tissue. In white adipocytes, 

TZDs promote adipocyte differentiation, insulin action, and 

beige adipocyte formation (Ahmadian et al., 2013). In 

brown adipose tissue (BAT), TZDs activate thermogenic ac-

tivity (Nedergaard et al., 2005). In addition, TZDs trigger 

anti-inflammatory responses in immune cells. For instance, 

TZDs downregulate pro-inflammatory gene expression and 

induce alternatively activated macrophages (M2) polariza-

tion (Bouhlel et al., 2007). 

Although the FDA has approved several TZDs, including 

troglitazone (Tro), rosiglitazone (Rosi), and pioglitazone (Pio), 

Tro has been withdrawn from the market because it was 

associated with increased the risk of liver failure (Kohlroser et 

al., 2000). About a decade ago, Rosi was reported to in-

crease the risk of myocardial infarction (Nissen and Wolski, 

2007). The cardiotoxic effects of high doses of Rosi ap-

peared to be, at least partly, PPARγ-independent mitochon-

drial dysfunction (He et al., 2014). Pio also has adverse ef-

fects such as weight gain, edema, and osteoporosis (Berria 

et al., 2007). Nevertheless, it has been well-established that 

TZDs lower hemoglobin A1c and do not cause hypoglycemia 

like insulin or insulin secretagogues do (Yau et al., 2013). In 

the ADOPT randomized controlled trial, Rosi was found to 

induced more durable glycemic control than sulphonylureas 

or metformin which are first-line insulin sensitizers (Kahn et 

al., 2006). In addition, TZDs have several beneficial effects to 

treat atherosclerosis, polycystic ovary syndrome, and coro-

nary artery disease (Yki-Järvinen, 2004). Because of these 

benefits of TZDs, there is a market-driven demand for the 

development of novel TZD with little adverse effects. Recent-

ly, a newly developed TZD, lobeglitazone (Lobe) was intro-

duced (Lim et al., 2015). Thorough evaluation, characteriza-

tion, and comparison of commercially available TZDs includ-

ing the newly developed Lobe, have not been reported to 

date. 

In this study, we assessed the effects of three major TZDs, 

Lobe, Rosi, and Pio on energy metabolism. At the same dose, 

Lobe more strongly enhanced adipocyte differentiation and 

inhibited pro-inflammatory responses than did Rosi and Pio. 

Lobe improved glucose intolerance through enhanced glu-

cose uptake and decreased pro-inflammatory responses in 

white adipose tissue (WAT) of obese and diabetic db/db 

mice. Moreover, Lobe effectively promoted beige adipocyte 

formation upon cold exposure in lean mice. Collectively, 

these data suggest that Lobe would be a potent TZD to treat 

obesity-induced insulin resistance and metabolic complica-

tions. 

 

MATERIALS AND METHODS 
 

Animal experiments 
All animal experiments were performed in accordance with 

the research guidelines of the Seoul National University Insti-

tutional Animal Care and Use Committee. Ten-week-old 

C57BLKS/J-Leprdb
/Leprdb 

(db/db) male mice were purchased 

from DBL Co. (Korea) and were housed in 12-h light/12-h 

dark cycles. At 11 weeks of age, db/db mice were orally 

administered of 3 mg kg
-1

 body weight Lobe, Rosi, or Pio or 

equivalent volume of vehicle (5% DMSO in PBS) daily for 4 

weeks. For glucose tolerance test, db/db mice were treated 

with drugs for 3 weeks, and then, after overnight fasting, 

they were administered glucose (1 g kg
-1

 body weight). 

For cold tolerance test, 7-week-old C57BL/6J (Jackson La-

boratory) male mice were intraperitoneally injected daily 

with 10 mg kg
-1

 Lobe, Rosi, or Pio or an equivalent volume 

of vehicle (5% DMSO in PBS) for 12 days. Then, the mice 

were placed at 4℃, and rectal temperature was measured at 

the indicated time points. After 24 h, the cold-challenged 

mice were sacrificed. 

 

Cell culture 
Raw264.7 macrophages were grown in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS), 100 U/ml 

penicillin, and 100 mg/ml streptomycin. Cells were main-

tained at 37℃ in 5% CO2 atmosphere and were treated 

with 5 μM Lobe, Rosi, or Pio and vehicle (DMSO). To differ-

entiate 3T3-L1 preadipocytes into adipocytes, confluent cells 

were incubated in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% FBS, 1 μM dexame-

thasone, 520 μM 3-isobutyl-1-methylzanthine, and 167 nM 

insulin (Alfadda et al., 2017). After 48 h, the culture medium 

was replaced with DMEM containing 10% FBS and 167 nM 

insulin. Then, the medium was replaced every other day with 

DMEM containing 10% FBS. 3T3-L1 cells were treated with 

10 nM of Lobe, Rosi, Pio, or vehicle (DMSO) for the initial 48 

h of differentiation or for 48 h after differentiation. 

 

Flow cytometric analysis 
Flow cytometry was performed as described previously 

(Sohn et al., 2018). Briefly, epididymal white adipose tissue 

(EAT) was chopped and incubated in collagenase buffer at 

37℃ for 20 min with shaking. After centrifugation, the frac-

tion of pelleted stromal vascular cells (SVCs) was separated 

and red blood cells were eliminated with lysis buffer. SVCs 

were stained with monoclonal antibodies against CD11b 

(BD Biosciences), F4/80, and CD11c (eBioscience) for mac-

rophage analysis. SVCs were analyzed using a FACS Canto II 

(BD Biosciences). 

 

Glucose uptake assay and ex vivo glucose bioprobe 
uptake assay 
Glucose and ex vivo glucose bioprobe uptake assays were 

performed as described previously (Kim et al., 2015a). For 

the glucose uptake assay, 3T3-L1 adipocytes were incubat-

ed in low-glucose DMEM containing 0.1% BSA at 37℃ for 

16 h. Cells were incubated with or without 100 nM insulin 

for 20 min and then, [
14

C]deoxyglucose in HEPES-buffered 

saline (140 mM NaCl, 5 mM KCl, 2.5 mM MgCl2, 1 mM 

CaCl2, and 20 mM HEPES [pH 7.4]) was added for 10 min. 

For ex vivo glucose bioprobe uptake assays, chopped WATs 

were incubated in low-glucose DMEM containing 0.1% 

BSA at 37℃ for 30 min and then, incubated with 10 μM 

GB-Cy3 for 30 min in the presence or absence of 1 μM 

insulin. The samples were observed under a confocal mi-
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Fig. 1. TZDs stimulate adipocyte function and 

reduce pro-inflammatory genes in adipocytes and 

macrophages. 3T3-L1 cells were treated with 10 

nM of Lobe, Rosi, Pio, or vehicle (DMSO) during 

adipogenesis. (A) Microscopic images (magnifi-

cation, 100×), (B) Oil-red-O staining (magnifica-

tion, 100×) and (C) adipogenic gene expression 

were assessed by RT-qPCR. The data represent 

the mean ± SD for n = 3 in each group. **P < 

0.01, ***P < 0.001 vs. vehicle group; 
#P < 0.05, 

##P < 0.01 vs. Rosi group; 
$$$P < 0.001 vs. Pio 

group by one-way ANOVA followed by Tukey’s 

post-hoc test. Also, (D) insulin-stimulated glucose 

uptake was analyzed. The data represent the 

mean ± SD for n = 3 in each group. ***P < 0.001 

vs. insulin-treated vehicle group; 
###P < 0.001 vs. 

insulin-treated Rosi group; 
$$$P < 0.001 vs. insu-

lin-treated Pio group by two-way ANOVA fol-

lowed by Bonferroni’s post-hoc test. (E) Differen-

tiated 3T3-L1 adipocytes were pretreated with 10 

nM of Lobe, Rosi, or Pio for 4 h before TNFα (10 

ng ml
-1
) treatment for 14 h. After treatment, pro-

inflammatory gene expression was analyzed by 

RT-qPCR. (F) RAW264.7 cells were pretreated 

with 5 μM of Lobe, Rosi, or Pio for 4 h before LPS 

(10 ng ml
-1
) treatment for 6 h. After treatment, 

pro-inflammatory gene expression was analyzed 

by RT-qPCR. The data represent the mean ± SD 

(n = 4 per group). *P < 0.05, **P < 0.01, ***P < 

0.001 vs. vehicle, pro-inflammatory stimuli 

group; 
##P < 0.01 vs. Rosi group;

 $P < 0.05, 
$$P < 

0.01,
 $$$P < 0.001 vs. Pio group by one-way 

ANOVA followed by Tukey’s post-hoc test. All RT-

qPCR data were normalized to the mRNA level of 

cyclophilin. Veh, vehicle; Lobe, lobeglitazone; 

Rosi, rosiglitazone; Pio, pioglitazone; n.s., not 

significant. 

croscope (Carl Zeiss). 

 

Quantitative reverse transcription (RT-q) PCR 
RT-qPCR analysis was performed as described previously (Lee 

et al., 2014b). Briefly, Total RNA was isolated from 3T3-L1 

adipocytes, RAW264.7 macrophages, and EAT. cDNA was 

synthesized using a reverse transcriptase kit (Thermo Fisher 

Scientific) according to the manufacturer's instructions. The 

primers used for quantitative RT-PCR were obtained from 

Bioneer (Korea). 

 

Statistical analysis 
All results are presented as means ± standard deviations (SD) 

or standard errors of the means (SEM). Means were com-

pared using Student t test in Excel (Microsoft) or analysis of 

variance (ANOVA) in Prism (GraphPad). The statistical differ-

ences were considered significant at P < 0.05. 

RESULTS 
 

Effects of the three TZDs on adipogenesis and 
insulin-stimulated glucose uptake in adipocytes 
To compare the effects of the three TZDs, Lobe, Rosi, and 

Pio on adipogenesis, 3T3-L1 preadipocyte were differentiat-

ed into adipocytes in the presence or absence of each TZD. 

As expected, all three TZDs remarkably promoted adipocyte 

differentiation, accompanied with enhanced lipid droplet 

formation (Figs. 1A and 1B). However, Lobe stimulated adi-

pocyte differentiation more effectively than did Rosi or Pio. 

Moreover, Lobe potently enhanced mRNA expression of the 

adipogenic genes aP2, Cd36, and Glut4 (Fig. 1C). In addi-

tion to adipogenic capacity, Lobe-treated adipocytes showed 

more strongly potentiated insulin-dependent glucose uptake 

ability than did Rosi- or Pio-treated adipocytes (Fig. 1D). 

These data suggest that Lobe stimulates adipocyte differen-
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Fig. 2. Lobe ameliorates serum FFA level and glucose 

intolerance in db/db mice. db/db mice were orally 

administered daily with 3 mg kg
-1
 of Lobe, Rosi, or 

Pio and vehicle for 4 weeks. (A) Body weight, (B) 

white fat mass, (C) serum triglyceride (TG), (D) 

serum cholesterol, (E) serum free fatty acid (FFA), 

and (F) blood glucose levels were measured. The 

data represent the mean ± SEM (n = 3–5). *P < 

0.05, **P < 0.01, ***P < 0.001 vs. vehicle group; 
$$P < 0.01 vs. Pio group by one-way ANOVA fol-

lowed by Tukey’s post-hoc test. (G) Oral glucose 

tolerance test (OGTT) was performed. The data 

represent the mean ± SEM (n = 3–5). *P < 0.05, 

**P < 0.01, ***P < 0.001 vs. vehicle group; 
$$P < 

0.01 vs. Pio group by two-way ANOVA followed by 

Bonferroni’s post-hoc test. (H) EAT fragments iso-

lated from drug-treated db/db mice were incubat-

ed with or without insulin, and then treated with 

glucose bioprobe (GB-Cy3). Scale bars, 100 μm. 

Relative GB-Cy3 intensity per cell was analyzed 

using ImageJ. The data represent the mean ± SD 

for n = 3 in each group. *P < 0.05 vs. insulin-

treated vehicle group; 
#P < 0.05 vs. insulin-treated 

Rosi group by two-way ANOVA followed by Bon-

ferroni’s post-hoc test. 

tiation and insulin-dependent glucose uptake more potently 

than do Rosi or Pio, at least, at the same dose. 

 

Effects of the three TZDs on pro-inflammatory gene 
regulation in adipocytes and macrophages 
To investigate the potential suppressive effects of the three 

TZDs on pro-inflammatory gene expression, differentiated 

3T3-L1 adipocytes and RAW264.7 macrophages were ex-

posed to inflammatory stimuli such as TNFα or LPS, respec-

tively, with or without TZDs, and then subjected to pro-

inflammatory gene expression analysis. As shown in Fig. 1E, 

TNFα significantly induced mRNA levels of pro-inflammatory 

genes such as Rantes, Mcp-1, and Saa3 in adipocytes. In the 

presence of Lobe or Rosi, TNFα-induced pro-inflammatory 

gene expression was significantly downregulated. Similarly, 

Lobe-treated macrophages showed suppressed LPS-

mediated pro-inflammatory gene expression (Fig. 1F). These 

results suggest that Lobe can suppress pro-inflammatory 

genes in both macrophages and adipocytes, as can Rosi or 

Pio. 

 

Effects of the three TZDs on serum profiles and glucose 
metabolism in db/db mice 
It has been well known that TZDs improve glucose homeo-

stasis and insulin sensitivity in diabetic subjects (Yki-Järvinen, 

2004). To investigate the effects of the three TZDs on various 

metabolic parameters, obese and diabetic db/db mice were 

given TZDs (3 mg kg
-1

) daily for four weeks. In db/db mice, 

Lobe induced significantly increased body weight and WAT 

mass compared to vehicle or the other TZDs (Figs. 2A and 

2B), which might be attributable to a potent adipogenic 

activity of Lobe via PPARγ activity (Fig. 1). While the levels of 

serum triglycerides and cholesterol in db/db mice were not 

significantly altered by TZDs (Figs. 2C and 2D), Lobe and Rosi 

markedly reduced the level of serum free fatty acids (Fig. 2E). 

To assess the effects of TZDs on systemic glucose metabo-

lism, ad libitum blood glucose levels in db/db mice were 

measured. Lobe remarkably alleviated hyperglycemia com-

pared to the other TZDs (Fig. 2F). Next, we investigated 

whether Lobe might effectively ameliorate glucose intoler-

ance in db/db mice. The effect of Lobe on glucose sensitivity 

was more potent than that of Rosi or Pio as indicated by a 

glucose tolerance test (Fig. 2G). To investigate the potency 

of TZDs to enhance insulin-dependent glucose uptake, ex 
vivo uptake of the glucose bioprobe GB-Cy3 was assessed in 

WAT of db/db mice. As shown in Fig. 2H, GB-Cy3 uptake 

was elevated more strongly in the WAT of Lobe-treated 

db/db mice than in that of mice treated with the other TZDs, 

which was consistent with in vitro glucose uptake data (Fig. 

1D). These results suggest that Lobe more potently improves 

glucose and lipid dysregulation in obese and diabetic animals 

than Rosi or Pio. 
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Effects of the three TZDs on adipose tissue inflammation 
in db/db mice 
Adipose tissue inflammation is one of the major etiologies of 

obesity-induced insulin resistance (Choe et al., 2016; Huh et 

al., 2014; Olefsky and Glass, 2010). To evaluate potential 

inhibitory effects of TZDs on adipose tissue inflammation, we 

examined macrophage accumulation in EAT. In db/db mice, 

all three TZDs decreased the appearance of crown-like struc-

tures to a similar extent (Fig. 3A). All three TZDs reduced the 

total number of F4/80
+
CD11b

+
 cells (i.e., total macrophag-

es) in the EAT to a similar extent reduced, whereas the total 

number of F4/80
+
CD11b

+
CD11c

+
 cells (i.e., M1-like macro-

phages) was more strongly decreased when mice had re-

ceived Lobe or Pio (Fig. 3B). Consistent with these findings, 

Lobe more effectively downregulated the mRNA levels of 

macrophage genes including F4/80, Cd11b, and Cd11c, as 

well as those of the pro-inflammatory cytokine genes such as 

Tnfα and Mcp-1 than did Rosi or Pio (Figs. 3C and 3D). In 

contrast, the mRNA levels of the anti-inflammatory genes 

such as Adipoq and Il-13 in EAT of db/db mice appeared to 

be increased more strongly by Lobe or Rosi (Fig. 3E). These 

data suggest that Lobe effectively suppresses adipose tissue 

inflammation, eventually leading to improvement in insulin 

resistance in obese animals. 

 

Effects of major TZDs on thermogenic activity and beige 
adipocyte formation  
It has been demonstrated that PPARγ agonists augment 

thermogenic programming in WAT and BAT (Nedergaard et 

al., 2005; Ohno et al., 2012). To examine the capacity of the 

three TZDs to affect thermogenic gene expression, C57BL/6 

lean mice were administered TZDs (10 mg kg
-1

) daily for 12 

days. In lean mice, TZDs did not significantly alter body 

weight, tissue weight, and blood glucose level (Figs. 4A-4C).
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Fig. 3. TZDs attenuate adipose tissue inflammation in db/db mice. Lobe, Rosi, or Pio was treated to db/db mice for 4 weeks. (A) Crown-

like structure was detected in EAT by hematoxylin and eosin (H&E) staining. Scale bars, 500 μm. (B) Macrophage accumulation in EAT 

was assessed by flow cytometric analysis. Total numbers of F4/80
+
CD11b

+
 and F4/80

+
CD11b

+
CD11c

+
 cells in SVCs per gram of EATs 

were determined. Relative mRNA levels of (C) macrophage markers, (D) pro-inflammatory cytokine and chemokine genes, and (E) anti-

inflammatory genes were determined in EAT by RT-qPCR. All data represent the mean ± SEM (n = 3–5). *P < 0.05, **P < 0.01, ***P < 

0.001 vs. vehicle group; 
$P < 0.05, 

$$P < 0.01 vs. Pio group by one-way ANOVA followed by Tukey’s post-hoc test. All RT-qPCR data were 

normalized to the mRNA level of cyclophilin. 
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Fig. 4. Lobe promotes expressions of thermogenic genes in IAT. C57BL/6J mice were injected with 10 mg kg
-1
 of Lobe, Rosi, or Pio for 12 

days. (A) Body weight, (B) tissue weights, (C) blood glucose level were measured. Relative mRNA levels of (D) PPARγ target genes and 

(E) thermogenic genes were measured in IAT by RT-qPCR. The RT-qPCR data were normalized to the mRNA level of Tbp. (F) Thermo-

genic and (G) beige marker gene expressions were measured in 3T3-L1 adipocytes by RT-qPCR. The RT-qPCR data were normalized to 

the mRNA level of Gapdh. All data represent the mean ± SEM (n = 3–4 per group). *P < 0.05, **P < 0.01, ***P < 0.01 vs. vehicle 

group; 
$P < 0.05, 

$$$P < 0.001 vs. Pio group by one-way ANOVA followed by Tukey’s post-hoc test. 

 

 

 

However, mRNA levels of the adipogenic genes such as Adi-
poq and aP2 and the thermogenic genes such as Ucp1, Dio2, 

and Atp5b tended to be increased in inguinal white adipose 

tissue (IAT) of TZD-injected mice (Figs. 4D and 4E). To inves-

tigate the effects of TZDs on thermogenic gene regulation in 
vitro, expression of thermogenic genes including Ucp1, Dio2, 

Pgc1a and beige marker genes including Tbx1 and Cd137 

were analyzed in TZDs-treated 3T3-L1 adipocytes. As shown 

in Figs. 4F and 4G, the levels of thermogenic and beige 

marker gene expression were potentiated by Lobe or Rosi. 

Compared to Rosi or Pio, Lobe appeared to be more potent 

to enhance thermogenic gene expression in adipocytes. 

To further investigate whether TZDs would stimulate 

thermogenic activity, TZDs-injected mice were exposed to 

cold temperature (4℃) for 24 h. Upon cold exposure, body 

weight, weight of various metabolic tissue, and blood glu-

cose level were not significantly different regardless of TZDs 

administration (Figs. 5A-5C). Consistent with gene expres-

sion data, Lobe-treated mice exhibited better cold-tolerance 

than the mice injected with the other TZDs (Fig. 5D). As 

indicated in Fig. 5E, thermogenic gene expression in IAT of 

Lobe-injected mice was more significantly upregulated upon 

cold than in other mice. Moreover, the formation of small 

and multilocular lipid droplets in IAT was more obvious in 

Lobe-treated mice (Fig. 5F). On the other hand, in BAT, his-

tology and thermogenic gene expression profiles were not 

significantly different among all TZD-treated mice (Figs. 5F 

and 5G). Collectively, these results imply that Lobe might 

induce functional beige adipocyte formation in IAT, eventu-

ally leading to cold-induced thermogenesis. 

 

DISCUSSION 
 

In WAT, PPARγ plays crucial roles in the regulation of glucose 

homeostasis and lipid metabolism (Tontonoz and Spiegel-

man, 2008). Pharmacological modulation of PPARγ activity is 

a well-established strategy to treat metabolic diseases (Sem-

ple et al., 2006). TZDs share a 2, 4-TZD chemical ring struc-

ture and are used as insulin-sensitizers (Soccio et al., 2014). 

In addition to TZDs, several other chemicals have been re-

ported to act as PPARγ agonists. For example, sulfonamides 

are structurally distinct from TZDs with different PPARγ bind-

ing properties, but they exhibit insulin-sensitizing effects 

similar to those of TZDs (Li et al., 2008). Moreover, chemical 
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Fig. 5. Lobe increases cold-induced thermogenesis and beige adipocyte formation. C57BL/6J mice were injected with Lobe, Rosi, or Pio 

for 12 days, and then placed at 4℃ for 24 h. (A) Body weight, (B) tissue weights, (C) blood glucose level were assessed. The data repre-

sent the mean ± SEM (n = 4 per group). (D) Rectal temperature was measured after cold exposure. The data represent the mean ± SEM 

(n = 4 per group). *P < 0.05, **P < 0.01 vs. vehicle group; 
##P < 0.01 vs. Rosi group by two-way ANOVA followed by Bonferroni’s post-

hoc test. After 24 h cold exposure, (E) mRNA levels of thermogenic genes in IAT and (F) H&E staining of IAT and BAT (200× magnifica-

tion) were analyzed. The data represent the mean ± SEM (n = 4 per group). *P < 0.05, **P < 0.01 vs. vehicle group; 
##P < 0.01 vs. Rosi 

group; 
$P < 0.05 vs. Pio group by one-way ANOVA followed by Tukey’s post-hoc test. The RT-qPCR data were normalized to the mRNA 

level of Tbp. (G) Levels of thermogenic gene expression were analyzed. The data represent the mean ± SEM (n = 4 per group). *P < 

0.05, **P < 0.01, ***P < 0.001 vs. vehicle, RT group; 
$P < 0.05 vs. Pio, Cold group by two-way ANOVA followed by Bonferroni’s post-

hoc test. The RT-qPCR data were normalized to the mRNA level of cyclophilin. 

 

 

 

modulators of PPARγ phosphorylation have been reported to 

have insulin sensitizing and glucose lowering effects (Choi et 

al., 2010). Among TZDs, Rosi and Pio had been approved by 

the FDA for the treatment of T2D in adults. However, none 

of these drug is currently approved to treat prediabetes or 

metabolic disorders because of their detrimental side effects, 

such as heart failure, liver toxicity, and potential bladder 

cancer risk (Rizos et al., 2009), implying that TZDs can have 

different effects in different organs, depending on dosage. 

Thus, it is important to comparatively analyze the efficacies 

the TZDs at the same concentration in metabolic organs. 

Several lines of evidence suggest that the newly available 

TZD, Lobe, effectively ameliorates insulin resistance in obese 

and diabetic animals. Firstly, Lobe more potently increased 

insulin-dependent glucose uptake in adipocytes and adipose 

tissue than did Rosi or Pio. Secondly, Lobe significantly inhib-



Comparison of TZDs on Adipose Tissue Function 
Jee Hyung Sohn et al. 

 
 

Mol. Cells 2018; 41(10): 900-908  907 

 
 

ited pro-inflammatory gene expression in macrophages and 

adipocytes. Lastly, Lobe efficiently improved whole-body 

energy metabolism, including glucose tolerance and lipid 

metabolism, in db/db mice. 

Lobe seemed to exhibit favorable effects on metabolic 

control compared with conventional TZDs. One of the plau-

sible explanations is the different affinity of TZDs for PPARγ. 
Very recently, it has been reported that Lobe shows higher 

affinity for PPARγ than Rosi or Pio (Lee et al., 2017). Lobe 

was designed by modification of the chemical structure of 

Rosi through pyrimidine substitution (Lee et al., 2009). This 

modification induces another hydrophobic interaction be-

sides the canonical ligand binding site of PPARγ, resulting in 

enhanced affinity toward PPARγ (Jang et al., 2018; Lee et al., 

2017). We found that Lobe more strongly enhanced adipo-

cyte differentiation as compared to Rosi or Pio by more 

strongly inducing PPARγ target genes, which might result 

from increased PPARγ activity owing to the higher affinity for 

PPARγ. For the same reason, it is plausible to assume that 

Lobe would exhibit clinical effects at relatively lower doses 

than conventional TZDs (Jin et al., 2015; Lee et al., 2005). In 

turn, the usage of lower doses in clinic can be expected to 

alleviate the incidence of adverse effects such as cardiovas-

cular disease and bladder cancer (Kim et al., 2017b; 2015b; 

Lee et al., 2014a; Moon et al., 2014). 

PPARγ agonists induce thermogenic gene expression in 

subcutaneous adipose tissue including IAT (Ohno et al., 

2012). Although most TZD studies on thermogenic gene 

regulation have been performed under room temperature 

(RT) condition (Carriere et al., 2014; Qiang et al., 2012; 

Rothwell et al., 1987), little information is available whether 

PPARγ agonist-induced beige adipocyte formation would be 

thermogenic upon cold exposure in lean mice. Our data 

suggest that Lobe would be involved in the upregulation of 

body temperature and thermogenic gene expression upon 

cold exposure. While three TZDs were able to stimulate 

thermogenic gene expression in BAT and IAT under RT con-

dition, Lobe more potently induced beige adipocyte for-

mation with augmented thermogenic gene expression and 

altered lipid droplet morphology upon cold exposure, com-

pared to Rosi or Pio. In IAT, Lobe effectively stimulated cold-

induced thermogenesis, accompanied by functional beige 

adipocyte formation. Given that beige adipocytes appear to 

attenuate obesity-induced metabolic disorders by enhancing 

whole-body energy expenditure (Ikeda et al., 2018), it is 

likely that Lobe might ameliorate systemic glucose intoler-

ance, at least in part, through activating beige adipocyte 

formation. Accordingly, it has been very recently reported 

that 20 weeks of Lobe (1 mg kg
-1

) treatment increased 

thermogenic potentials in db/db mice (Kim et al., 2017a). 

Therefore, it remains to be elucidated whether energy ex-

penditure might be increased in Lobe-treated lean mice. 

In conclusion, our data suggest that Lobe is a potent TZD 

that acts to enhance glucose uptake and reduce adipose 

tissue inflammation in obese and diabetic animals. In view of 

the development of novel PPARγ targeting drugs, its high 

efficiency at low concentration represents one of the key 

advantages of Lobe. This study focused on effects of the 

TZDs in adipose tissue, comparative effects in other metabol-

ic organs remain to be investigated in future. 
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