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1. Introduction 

The principal goal of this task was to establish the role of selected nuclear receptors (NRs) as Molecular 

Initiating Events (MIEs) that might begin a chain of biological Key Events (KEs) that finally lead to adverse 

outcome (AO). Various NRs as MIEs for metabolic disruption were studies within WP4 using multiple wild-type, 

genetically modified (PPARα, PXR and Nrf2 knockout mice) as well as humanized mouse model (PXR and CAR).  

Based on an extensive public sources search on PubMed including the use of AOP-helpFinder web server, we 

determined the most important NRs that interfere with metabolic pathways. This includes mainly: constitutive 

androstane receptor (CAR), pregnane X receptor (PXR), peroxisome proliferator-activated receptors α and γ 

(PPARα and PPARγ), farnesoid X receptor (FXR), liver X receptor (LXR) and glucocorticoid receptor (GR). The 

collected data is summarized in this database of metabolism related endocrine disruptor (ED) pathways and 

may be further developed into OECD recognized AOPs and on biomarker fingerprints for metabolic 

disturbance. This database consists of explanation of signalling pathways in fatty acid, cholesterol and glucose 

metabolism with underlined account on relevance in endocrine disruptive potential of NR targeting. The 

activation of NRs may lead not only to AO, but also to a positive metabolic effect (PME) such as decrease on 

plasma triglycerides or cholesterol. Therefore, the inhibitory/antagonistic potential of EDs should be taken in 

account. Furthermore, the interactions of EDs from RefSet1 with studied NRs and biomarkers of their 

responses in in vitro and in vivo models are summarized in separated tables. 

2. PPARα 

2.1.  PPARα – description of signalling pathways  

2.1.1. PPARα in fatty acid metabolism 

PPARα is primarily expressed in the liver, but also in heart, kidney, small intestine and skeletal muscle. 

It orchestrates intracellular lipid homeostasis in response to changes in intracellular fatty acid concentration 

(Kersten, 2008). PPARα signalling in the liver is especially important during the fasting state (Pawlak et al., 

2015).  

PPARα activation significantly increases plasma triglyceride clearance, which results in a clinically 

significant decrease in plasma triglyceride levels. The ability of PPARα to promote fatty acid oxidation is 

probably its most understood characteristic (Pawlak et al., 2015). This includes upregulation of nearly all 

enzymes involved in the mitochondrial, peroxisomal, and microsomal fatty acid oxidation pathways such as 

carnitine palmitoyl transferase 1 and 2 (CPT-1 and 2)(Barrero et al., 2003; Louet et al., 2001; Shi et al., 2013), 

acyl-CoA oxidase (ACOX1), acyl-CoA dehydrogenases (EHHADH, MCAD, LCAD, VLCAD), and numerous others 

(Aoyama et al., 1998; Gulick et al., 1994; Rakhshandehroo et al., 2009). Moreover, the rate-limiting enzyme of 

ketogenesis, mitochondrial HMGCS2, which catalyses the condensation of acetyl-CoA and acetoacetyl-CoA to 

produce HMG-CoA and CoA, is upregulated by ligand-activated PPARα (Rodríguez et al., 1994). Recent research 

has confirmed fibroblast growth factor (FGF21) as a direct target of PPARα activation during fasting as well as 

PPARα agonist administration in rodents and humans.  

PPARα induces expression of fatty acid transport protein (FATP-1) (Delerive et al., 2000) and fatty acid 

translocase (CD36) (Motojima et al., 1998), two proteins which facilitate transport free fatty acids across cell 

membranes in the liver. In addition, PPARα upregulates the expression of liver fatty acid binding protein (L-

FABP), which facilitates intracellular fatty acid trafficking (Hostetler et al., 2009).  

PPARα agonists reduce circulating TG by enhancing lipolysis directly through increasing gene 

transcription of lipoprotein lipase (LPL) (Schoonjans et al., 1996). Additionally, apolipoprotein C-III (APOC3) 

(Schuster et al., 2008), an inhibitor of LPL function, is negatively regulated by PPARα which further contributes 

to increase LPL activity. It is likely that the regulation of other genes also contributes to the lowering of plasma 

triglycerides by PPARα agonists. 
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2.1.2. PPARα in cholesterol (lipoprotein) metabolism 

Besides its crucial role in regulation of fatty acid homeostasis, a significant body of evidence has 

emerged that PPARα regulates key metabolic processes in cholesterol and lipoprotein homeostasis. Cholesterol 

metabolism is affected by PPARα at multiple levels, including its biogenesis, conversion to bile acids as well as 

intestinal absorption and biliary excretion (Kersten, 2008; Yu et al., 2015). PPARα represses cholesterol 7α-

hydroxylase (CYP7A1) and sterol 27-hydroxylase (CYP27A1) activities in the liver, which are expected to 

enhance its transformation of cholesterol to bile acids. This has been shown to result in a decrease in the 

output of faecal bile acids and an increase in faecal cholesterol secretion (Marrapodi and Chiang, 2000; Post 

et al., 2001). Additionally, PPARα has been reported to directly induce human Niemann–Pick C 1-Like 1 

(NPC1L1) responsible for cholesterol intestinal absorption and biliary reabsorption (Iwayanagi et al., 2011). 

However, NPC1L1 expression was found to be supressed by PPARα in various rodent models (Valasek et al., 

2007). On the other hand, PPARα upregulates ATP-binding cassette sub-family G member 5/8 (ABCG5/ABCG8) 

heterodimer that results in decreased intestinal absorption and enhanced biliary secretion of cholesterol (Byun 

et al., 2014). 

Activation of PPARα increases the plasma high-density lipoprotein (HDL) cholesterol in humans 

primarily by modulation HDL synthesis and transport (Birjmohun et al., 2005). In human hepatocytes, PPARα 

stimulates production of main apolipoproteins for HDL fraction, apoA-I (Berthou et al., 1996; Zhang et al., 2010) 

and apoA-II (Vu-Dac et al., 1995), which contributes to the increase in HDL formation. In macrophages, PPARα 

stimulates cholesterol efflux via LXRα-mediated induction of ATP-binding cassette transporter A1 (ABCA1) 

(Chinetti et al., 2001). PPARα also stimulates scavenger receptor class B type I (SR-BI) important for cholesterol 

efflux (Chinetti et al., 2000). Additionally, PPARα decreases cholesterol esterification by downregulating 

cholesteryl ester hydrolase (CEH) (Ghosh and Natarajan, 2001) which leads to an increased ratio of free 

cholesterol available for efflux and following reverse transport. PPARα also regulates proteins involved in HDL 

remodelling. PPARα enhances activity of phospholipid transfer protein (PLTP) that increases HDL particle size 

by facilitating the transfer of phospholipids from VLDL/LDL to HDL (Bouly et al., 2001). In opposition, the 

activity of cholesteryl ester transfer protein (CETP) is decreased and correlates with increase HDL plasma 

concentration after PPARα agonist administration (van der Hoogt et al., 2007).  In addition, PPARα increases 

HDL formation indirectly by upregulating activity of LPL resulting in elevated lipolysis and following pre-β-HDL 

formation (Schäfer et al., 2012).  
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2.1.3. Relevance for EDs in PPARα signalling pathways: 

Importantly, the regulation of cholesterol metabolism by PPARα is rather complex and remain to be 

fully understood. Even though PPARα signalling has beneficial effects on plasma lipids by decreasing 

atherogenic lipid and increasing HDL cholesterol, the inhibition of overexpressed PPARα signalling during HFD 

treatment by selective inhibitor GW6471 improved metabolic disturbance or hypercholesterolaemia in mice 

model (Liu et al., 2022). 

PPARα is activated by many EDs such as PFAS (Behr et al., 2020; Bjork and Wallace, 2009; Buhrke et al., 

2013; Liu et al., 2017; Takacs and Abbott, 2007) or phthalates (Lapinskas et al., 2005). Indeed, PFOA as well as 

the new replacement chemical GenX (HFPO-DA) have been shown to strongly activate PPARα in mouse liver 

(Attema et al., 2022). Furthermore, PFOA and GenX can reduce triglyceride and cholesterol levels in plasma, 

which for plasma triglycerides seem to be dependent on the activation of PPARα. In addition, it has been found 

that activation of both mPPARα and hPPARα by PFAS results in hepatic steatosis in mice (Attema et al., 2022; 

Schlezinger et al., 2021). DEHP has been proposed to induce dyslipidaemia via PPARα signalling in rat model 

(Zhang et al., 2020). However, the most abundant adverse outcome mediated by EDs via PPARα signalling is 

hepatotoxicity (Li et al., 2019; Quist et al., 2015; Sheng et al., 2018; Zhang et al., 2021). Even though the PPARα 

activation resulted in hepatic carcinogenesis in mice, it has been shown that this is not the case for humans 

(Kersten and Stienstra, 2017).  
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2.2. PPARα – in vitro evidence 

Table for in vitro evidence PPAR alpha 

treatment   biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

MEHP, DEHP 50 µM 24 h 

HepG2 was co-
transfected with a 
PPAR expression 
plasmid, a PPRE-
containing luciferase 
reporter plasmid 

all three subtypes of PPAR, but 
preferentially activated PPARα 

          [1] 

PFOA, PFOS, 
PFNA 

    HepaRG cells       increase TG   
increase TG and inhibit cholesterogenic 
gene expression in HepaRG cells 

x 

PFOA, PFOS ….       hPPARα agonist (no activity on other NR)           [2] 

PFOA 6.25-100 µM 24 h 
rat primary 
hepatocytes 

PPARα 
Acot1, Cyp4a1, 
Acot2, Ech1, Hadha 

Acot1       [3] 

PFOA, PFHxA 
and PFBA 

10 ppm 96 h zebra fish liver cell line no ppar activity     NADH, FAD increase     [4] 

PFOA, PFOS, 
PFNA 

1-128 μM, 4-
384 µM 

  COS-1 
PPARα additive effect of binary 
combinations 

          [5] 

PFOA     HepG2 PPPARα agonist, weaker PPARγ           [6] 

PFOA 30 uM   
primary rat 
hepatocytes 

PPARα 

Acox, Cte/Acot1, 
and Cyp4a1/11 only 
in rat not human 
cells 

        [7] 

PFOA, PFOS 
PFOA (0.5-100 
µM), PFOS (1-
250 µM) 

24 h   m and hPPARα,β/δ agonist           [8] 

PFOA, PFOS       m, r, hPPARα, β partially γ           [9] 

PFOA 100 µM 2 h 
rat hepatocytes 
(Wistar) 

    decreased VLDL PPAR-independent 

Disturb the 
association of 
apoB48 with lipids in 
the process of 
intracellular VLDL 
assembly 

inhibit VLDL secretion, hypolipidemic 
effect 

[10] 

PFOS 10-100μM   3T3-L1 preadipocytes         Nrf2 signaling   [11] 

DEHP, DnOP   48 h HepG2     
decrease Nrf2, HO-1 
SIRT1, PGC-1α, Nrf1, 
TFAM  

increase in ROS, MDA, ALT, AST     [12] 

DEHP, DnOP 50-100 µg/mL 72 h 
neonatal rat 
cardiomyocytes 

  

increase genes ass. 
with FA transport, 
esterification, 
mitochondrial 
import, and β-
oxidation 
increase Acot2, 
Acs11, Acsd2, Ech1, 
Acaa1; Ppara, Cpt1a, 
Ppargc1a, Alox15 
decrease Agt, Ptgis, 
Fads1, Scd1, Scd2, 
Elovl6, Hmgcr, 
Hmgcs1, Idil 
increase Pdk4 

  

an increase in myocyte fatty acid-substrate 
utilization, oxygen consumption, 
mitochondrial mass, PPARα  protein 
expression, and extracellular acidosi 

PPARα partialy 
(compared to WY-
14643 PPARα 
agonis) 

metabolic remodeling of cardiomyocytes, 
whereby cardiac cells increase their 
dependence on fatty acids for energy 
production 

[13] 
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2.3. PPARα – in vivo evidence  

Table for in vivo evidence PPARα 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

DBP corn oil 5 mg/kg/day 6 w gavage 
Sprague Dawley 
(SD) rats 

adult M chow and HFD 
plasma, 
liver 

  
both diets: increase 
PPARα, GPAT, SREBP-1c, 
FAS; decrease pAMPK 

chow: increase plasma 
TG, AST, ALT; MDA and 
SOD in liver 
HFD: increase body 
weight, liver index, 
plasma TG, TC, AST, ALT, 
ALP; in liver MDA, SOD 
increase accumulation of 
inflammatory factors 

PPARα  
PPARα/SREBP-
1c/FAS/GPAT/AMPK 
signal pathway 

hepatotoxicity, 
Metabolic abnormal 
bodies are more 
sensitive to the toxicity 
of DBP 

[1] 

DiBP   600 mg/kg GD7-21 gavage 
Pregnant Wistar 
rats 

        Ppara reduction   
reduced plasma leptin, 
insulin 

      [2] 

HFPO-
DA 

      
air cell 
injection 

chicken fertile egg     heart, liver 
increased heart: CD36, 
EHHADH; liver: CD36, L-
FABP 

    

PPARα - the major 
molecular target 
in PFOA-induced 
toxicities 

PPARα (lentivirus 
mediated in ovo 
PPARα silencing) - 
CD36, EHHADH 

developmental 
cardiotoxicity, 
including thinned right 
ventricular wall and 
elevated heart rates, 
similar to those 
observed with PFOA 
exposure, as well as 
developmental 
hepatotoxicity in the 
form of steatosis 

[3] 

PFOA 
0.5% 
sucrose 

8 µM (3.5 
mg/L) 

6-7 w 
 drinking 
water 

Humanized 
PPARα (hPPARα) 
mice 

  M+F 

 “What we eat in 
America (NHANES 
2013/2014)” 
analysis for what 2–
19 year old children 
and adolescents eat 
(Research Diets, 
New Brunswick, 
NJ)(USDA, 2018). 
The diet contains 
51.8% carbohydrate, 
33.5% fat, and 
14.7% protein, as a 
% energy intake 
(Table S2). Fats are 
in the form of 
soybean oil, lard and 
butter, with 
cholesterol at 224 
mg/1884 kcal. 

  
increased Cd36, Acsl5, 
Mogat1, Dgat1, Lpl, Atgl, 
Acox, Acadm 

  

increased total liver TG 
and TG substituted with 
saturated and 
monounsaturated fatty 
acids 

PPARα   lipid homeostasis [4] 
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Table for in vivo evidence PPARα 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PFOA 
0.5% 
sucrose 

9 µM (3.5 
mg/L) 

6-7 w 
 drinking 
water 

Humanized 
PPARα (hPPARα) 
mice 

  M+F 

 “What we eat in 
America (NHANES 
2013/2014)” 
analysis for what 2–
19 year old children 
and adolescents eat 
(Research Diets, 
New Brunswick, 
NJ)(USDA, 2018). 
The diet contains 
51.8% carbohydrate, 
33.5% fat, and 
14.7% protein, as a 
% energy intake 
(Table S2). Fats are 
in the form of 
soybean oil, lard and 
butter, with 
cholesterol at 224 
mg/1884 kcal. 

  

increasedPPARa targets: 
Acox, Adrp, Mogat1, 
Vnn1, Pdk4 
other: Nr1c3, Fabp4, 
Cd36, Nr1i3, Cyp2b10, 
Gstm3 

  
increased serum 
lipoprotein cholesterol in 
male mice 

hPPARα, CAR 

PFOA decreased 
expression of Hmgcr in 
a PPARα-dependent 
manner. PFOA 
decreased expression 
of Ldlr and Cyp7a1 in a 
PPARα-independent 
manner. 

  [5] 

PFOA ddH2O 1-10 mg/kg PND0-17       
F offspring 
D21 

    
increase Acot1, Acox1, 
and Acsl1, decrease 
Ppara 

  

increased serum AST, 
ALT, SOD, and CAT  
reduces HAT, increased 
HDAC 
reduced anti-acetyl-
histone H3 and acetyl-
histone H4 

Pparα   

reduced the body 
weight at weaning and 
the survival rate of the 
female offspring mice 
(P < 0.01) increased 
the liver index of the 
pups 
hepatic bleeding, local 
necrosis, and 
enlargement of 
hepatocytes and 
vacuolization. 

[6] 

PFOA 
distilled 
water 

1mg/kg/d 2, 8, 16 w gavge C57BL/6 mice adult M HFD liver 

chow: increase Cd36, 
Acox1, Srebf2. Cpt1a, 
ApoB 
HFD: increase Cd36, 
Acox1, Srebf1, Srebf2, 
Cpt1a, ApoB 

  
decreased TG in the fatty 
liver,  

Pparα, Car, Pxr   

increase hepatocyte 
growth, decrease 
severity of hepatic 
steatosis (pre-existing 
NAFLD enhanced PFOA 
related lipid oxidation 
pathways in mice) 

[7] 

PFOA   1 or 3 mg/kg 7 d gavge C57BL/6 NCrl                 

partially Pparα (up-
regulation of Cyp4a14 
mRNA, Pparα-null 
mice) 

PFOA modulates the 
expression and 
function of hepatic 
carboxylesterases 
(Ces) enzymes 

[8] 

PFOA   
10, 300, 30 
000 ng/g/d 

4-6 w   
APOE*3-
Leiden.CETP 
mice 

adult   Western-type diet   
increase Lpl, Scd3, 
Acss1, Scd2, Acsl, Slc27a, 
Fabp4, Cd36, Slc27a4 

  

At 30 000 ng/g/d, PFOA 
decreased plasma 
triglycerides (TG), total 
cholesterol (TC), and 
non-HDL-C, whereas 
HDL-C was increased, 
decreased very low-
density lipoprotein 
(VLDL) production and 
increased VLDL clearance 
by the liver through 
increased lipoprotein 
lipase activity 

Pparα   

 high serum or plasma 
PFOA levels resulted in 
lower cholesterol 
levels 

[9] 
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Table for in vivo evidence PPARα 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PFOA   
0.05 or 0.3 
mg/kg 

20 w   
wt PPARa-/- 
C57BL/6J mice 

adult M         
reduced serum TG, TC, 
increased hepatic TG 

Pparα, Pxr, Car   

decreased body weight 
and increased liver 
weight in wildtype and 
PPARα-/- mice. 

[10] 

PFOS         human 
pregnant 
women, 
Japan 

          
decreased palmitic, 
palmitoleic, and oleic 
acid levels 

    

the interactions 
between maternal 
PFOS levels and 
PPARGC1A or PPARD 
may modify maternal 
FA levels 

[11] 

HFPO-
TA 

  
0.02, 0.1, or 
0.5 mg/kg/d 

28 d  gavage mice           

(carcinogenesis) AFP, 

p21, Sirt1 C-MYC, and 

PCNA 

increase ALT, decreased 
TC, TG in the liver 

  PPAR hepatotoxicity [12] 

PFOA, 
PFOS 

water 3 or 10 mg/kg 7 d gavage 

Pparα-null mice 
(129S4/SvJae-
Pparatm1Gonz/J, 
stock #003580) 
and wild-type 
mice 
(129S1/SvlmJ, 
stock #002448) 

adult M chow liver     increased liver weight 

PPARα as a 
primary target, 
PFAAs also have 
the potential to 
activate CAR, 
PPARγ, and ERα as 
well as suppress 
STAT5B 

    [13] 

PFOA, 
PFNA, 
PFHxS, 

  10 mg/kg 7 d gavage 
 SV129 wild-type 
and Ppar null 

adult M chow liver 

decrease Chrebp, Hnf4a 
increaseCd36, Slc27a1, 
Scd1, Mogat1, Acot1, 
Ehhadh, Fsp27, Fasn, Lpl 

  
increase liver weight 
(both), increase TG 

Pparα 
independent 

    [14] 

PFOA   
0.01-5 
mg/kg/BW 

GD1-17   
CD-1 and 129/Sv, 
wt, Ppara-KO 

prenatal 
F offspring, 
18 months 

chow liver     
hepatocellular 
hypertrophy 

  
PPARα-independent 
liver (Ppar-KO mice) 

hepatotoxicity [15] 

PFOA   
0.01-1 
mg/kg/BW 

GD1-17 gavage CD-1 mice prenatal 
offspirng 
PND21, 91 

chow liver     
hepatocellular 
hypertrophy 

  

hepatic mitochondrial 
alteration (increased 
number, altered 
morphology) 

hepatotoxicity [16] 

PFOA   
0.002-0.02%, 
w/w) 

10 d 
dietary 
treatment 

 C57BL/6 mice adult M chow 
liver, 
plasma 

    
hepatomegaly, reduced 
serum TG, increased ALT 

  complement activation hepatotoxicity [17] 

PFOA   
0.08, 0.31, 
1.25, 5, and 20 
mg/kg/day 

28 d  gavage mice adult M chow liver PPAra, SREBPs 

increase SREBPS 
maturation 
decrease INSIG1, 2, F-
box, WD-40 

decrease liver TC 
increased miR-183-96-
182 
increased lipid content in 
vitro Hep 1-6 cells 

      [18] 

PFOS         human             
associated with LINE-1 
methylation (marrker for 
CDV riskäň) 

      [19] 

PFOA water 3 mg/kg GD1-17 gavage 
wt, hPPARα and 
Pparα-/- mice 
SV/129 

maternal 
+ 
offspring 
PND20 

  chow liver 
Acox1, Cyp4a10 
(maternal and fetal) 

          [20] 

PFOS 
0.5% 
Tween 
20 

3 or 10 mg/kg 7 d gavage 
WT and PPARα-
null 129/SV 

adult M chow       increase liver weight       [21] 

PFOA   30 mg/kg 28 d  gavage 
Sprague-Dawley 
rats 

adult M chow liver 
decrease (urea cycle): 
Cps1, Ass1, and Asl 

decrease CPS1, ASS1, 
and OTC 
increase phosphorylation 
CREB 

  PPARα   

metabolic shift that 
favours the catabolism 
of lipids over proteins, 
thereby suppressing 
urea cycle gene 
expression 

[22] 
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Table for in vivo evidence PPARα 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PFOA   
12.5, 25, 50 
micromol/kg/d 

4 w gavage Pparα-null mice adult   chow liver         

 PPARα is protective 
against PFOA and have 
a critical role in drug 
induced hepatobiliary 
injury 

hepatocellular damage [23] 

APFO water 
0.1 and 0.3 
mg/kg 

2 w gavage 

129/Sv wild-type 
(mPPARα), 
Pparα-null mice 
and humanized 
PPARα (hPPARα) 

adult   chow   Cyp4a10 
Cyp4a10, peroxisomal 
thiolase 

increased both hepatic 
lipid levels only in 
mPPARα mice 

    

human PPARα may be 
less responsive to 
PFOA than that of mice 
when a relatively low 
dose is applied 

[24] 

PFOA     single dose ip           
 decreased mRNA and 
protein expression of 
Oatp1a1, 1a4, and 1b2 

    
PPARα and CAR 
(Pparα and CAR 
null mice) 

  
decrease mouse liver 
uptake transporters 

[25] 

PFOA   50 mg/kg single dose IP         liver 
INCREASE Cyp2b10, 
a´3a11, 4a14 

    
PPARα (Pparα null 
mice) 

    [26] 

PFOA   1, 3, 10 mg/kg 7 d   

CD-1, SV/129 
wild-type (WT), 
and PPAR-alpha 
knockout (KO) 

      liver           
hepatocyte 
hypertrophy  

[27] 

PFOA water 1, or 3 mg/kg 7 d  gavage 
PPARα-null mice  
129S1/SvImJ 

adult M chow   Ehhadh, Cyp3a11           [28] 

PFOA water 1, 3, 10 mg/kg 7 d gavage 
PPARα-null mice  
129S1/SvImJ 

adult M  chow liver 

increase Ppara: Acox1, 
Cyp2a4/5, Cyp4a10, Dci, 
Gadd45alpha, Mt3, Myc, 
Nrf2, Pxr 
Ppara independent: 
Akr1b7, Cyp2b9/10, 
Cyp4a10, Gstmu1/3, 
S100a8 

    PPARα, CAR     [29] 

DEHP   
0.01, 0.05, or 
0.1% DEHP 

in utero + 
lactational 
stage +  2 
or 21, or 
after 11 w 

  

Sv/129 wild-type 
(mPPARα), 
Pparα-null, and 
PPARα-
humanized 
(hPPARα) mice 

in utero + 
lactational 
stage 

M chow   increase G6pc   

decreased serum glucose 
and leptin 
concentrations in 
mPPARα, increased food 
consuption 

PPARα (PPARα 
null mice no 
effect) 

  
neonatal serum 
glucose malnutrition 

[30] 

phthalic 
acid 

        human 
children 
in Korea 

    urine     LDL positive correlation       [31] 

DEHP diet 2% (w/w 14 d   Wistar rats adult M chow       

elevated free CoA, 
malonyl-CoA and DEHP-
derived CoA ester of 3-
keto-2-ethylhexanoyl-
CoA were the most 
highly elevated 

    

malonyl-CoA and 
DEHP-derived CoA 
ester of 3-keto-2-
ethylhexanoyl-CoA 
were the most highly 
elevated 

[32] 
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Table for in vivo evidence PPARα 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

DEHP, 
DINP 

corn oil 
25 mg/kg 
DEHP, 75 mg 
DINP 

2 w pre 
conception, 
gestation + 
lactation 
(PND21) 

dietary 
treatment 

‘wild-type’ a/a 
offspring 

offspring M+F chow liver 
increase Acly, Cs, Fasn, 
Acacb, Pdk4, Acaa2 

        

increased fatty acid 
production in early 
postnatal life and 
increased fatty acid 
oxidation in adulthood 

[33] 

DEHP   
10, 100, or 300 
mg/kg 

5 w   Wistar rats     HFD liver 
increase SREBP-1, FAS 
PPARa, PGC-1a, CPT-1, 
lipin-1 

increase AMPK 
phosphorylation 

increase TNFa     dyslipidemia [34] 

DEHP diet 
0.01%, 0.05% 
or 0.1% DEHP 

  
dietary 
treatment 

Sv/129 wild-type 
(mPPARα), 
peroxisome 
proliferator-
activated 
receptor α-null 
(Pparα-null) and 
humanized 
PPARα (hPPARα) 

      
plasma, 
liver 

    

linoleic acid, α-linolenic 
acid, palmitic acid and 
oleic acid decrease in 
mPPARα mice 
 increased hepatic 
arachidonic acid, α-
linolenic acid, palmitoleic 
acid and oleic acid in 
fetuses 

      [35] 

DEHP corn oil 
977, 1953 

mg/kg 
2 w gavage 

wild-type 
(mPPARα) and 
humanized 
PPARα (hPPARα) 
mice 

        
hepatic PPARα of 
mPPARα, CAR 
Cyp4a14, FAS, MTP 

          [36] 

DEHP diet 
0.05, 5, or 500 
mg/kg 

8 w 
dietary 
treatment 

C3H/N perinatal M+F     
increase PPARa, PPARy, 
leptin, FABP4 
decrease adiponectin 

  

increase leptin 
increase visceral fat F0 
and F1, increase body 
weight and food intake 

      [37] 

DEHP diet 
0.01%, 0.05% 
(medium) or 
0.1% 

  
dietary 
treatment 

Sv/129 wild-type 
(mPPARα), 
Pparα-null and 
humanized 
PPARα (hPPARα) 
mice 

  M+F       
 hepatic microsomal 
triglyceride transfer 
protein (MTP) expression 

decrease plasma TG, in 
mPPARα,  

PPARα (no effect 
on PPARα null 
mice) 

    [38] 

DEHP   
100 and 1000 
mg/kg 

13 w   
C57BI6J mice, 
wt, hPPARa 

adult M     
increase MCAD, ACOX, 
FABP-1, CPT-1a, FGF-21 

  

decrease fat mass, TG 
free FA, insulin, increase 
liver mass 
increase hepatic HAD 
activity 

      [39] 
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3. PPARγ 

3.1. PPARγ – description of signalling pathways  

3.1.1. PPARγ in fatty acid metabolism 

PPARγ is predominatly expressed in adipose tissue where it plays an essential role in lipogenesis and 

adipogenesis. In addition, the expression of PPARγ is induced by high fat diet feeding which further contributes 

to adipogenic properties of the transcription factor (Blaschke et al., 2006; Hong et al., 2019; Lee et al., 2018). 

PPARγ is the upstream regulator of lipoprotein lipase (LPL), fatty acid translocase (CD36, fatty acid 

binding protein 4 (FABP4/aP2) for fatty acid uptake and intracellular trafficking (Miao et al., 2022). Additionally, 

PPARγ increases de novo lipogenesis by increasing the expression of monoacylglycerol O-acyltransferase 1 

(MOGAT1) involved in the synthesis of diacylglycerol (Lee et al., 2012). PPARγ also controls expression of 

lipogenic genes such as fatty acid synthetase (FASN), stearoyl-Coenzyme A desaturase 1 (SCD-1) and acetyl-

CoA carboxylase (ACC) by activation of their upstream regulator SREBP1 (Lee et al., 2018). Another mechanism 

by which PPARγ enhances lipid accumulation consists of the upregulation of genes involved in the formation 

of lipid droplets in adipose tissue and liver including fat-specific protein 27 (FSP27) and adipose differentiation-

related protein (PLIN2/ADRP). Recently, an adipokine adipsin (Factor D) involved in insulin sensitization and 

inhibition of lipolysis has been proposed as a mediator a PPARγ downstream target (He et al., 2023). 

Importantly, PPARγ stimulates adipogenesis of mesenchymal stem cells mediated by Cebpa/C/EBPa gene. 

Consequently, the differentiation of MSCs down to osteoblasts (osteoblastogenesis) is attenuated and may 

result in decrease bone mineral density and increase risk of bone fracture (Ambele et al., 2020; McCann and 

Ratneswaran, 2019). 
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Signalling pathways of PPARγ in fatty acid metabolism: 
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3.1.2. PPARγ in glucose metabolism 

Besides the master role of PPARγ in the regulation of adipocyte differentiation, it also regulates glucose 

homeostasis. PPARγ increases insulin sensitivity in various tissues including liver, skeletal muscle, and adipose 

tissue by affecting distinct signalling pathways. Firstly, PPARy controls systemic insulin sensitivity by indirect 

mechanism termed “lipid stealing effect”. It enhances the capacity of adipose tissue by increasing the 

expression of adipogenesis and lipogenesis in adipocytes. Therefore, the lipid accumulation is lowered, and 

glucose utilization is increased in the liver and peripheral tissues such as skeletal muscle. PPARy also enhances 

the secretion of adiponectin from adipocytes. This hormone exhibits insulin-sensitizing effect by decreasing 

gluconeogenesis, blood glucose, increasing fatty acid oxidation and glucose utilization. PPARγ also increases 

glucose uptake by up-regulating the expression of glucose transporter type 4 (GLUT4), c-Cbl–associated protein 

(CAP) and insulin receptor substrate 1 and 2 (IRS-1 and 2). PPARy supresses the secretion of TNF-α, IL-6, and 

resistin in adipocytes and therefore alleviates inflammation and insulin resistance. In addition, the activation 

of PPARy to increase glucose-stimulated insulin secretion from pancreas. Most recently, the fibroblast growth 

factors 1 and 21 (FGF1 and 21) has been reported to amplify PPARy-mediated insulin sensitization in adipose 

tissue (Ahmadian et al., 2013; Dubois et al., 2017; Choi et al., 2018; Lalloyer et al., 2006). 
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Signalling pathways of PPARγ in glucose metabolism: 
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3.1.3. PPARγ in cholesterol metabolism 

PPARγ can positively influence cholesterol metabolism by increasing expression of transmembrane 

protein ATP-binding cassette A1 (ABCA1) which promotes the production of Apo-AI rich-HDL and induces 

cholesterol efflux from macrophages. In addition, PPARγ stimulates ABCA1 indirectly by activating the liver X 

receptor α (LXRα) (Barbier et al., 2002; Chinetti et al., 2001).  

  Further studies indicated that overexpression of PPARγ can regulate cholesterol level by inducing 

HMGCR/SREBP2-mediated biosynthesis, CYP7A1-mediated cholesterol transformation to bile acids and 

ABCG5/ABCG8-mediated efflux in liver cell line (Han et al., 2019). 
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Signalling pathways of  PPARγ in cholesterol metabolism 
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3.1.4. Relevance for EDs in PPARγ signalling pathways: 

PPARγ is a master regulator of adipogenesis and lipogenesis. Many od EDs (TBT, DES, BPA, MEHP, 

PCB153, PFOA, PFOS) can significantly activate human and murine PPARγ (see Table in vitro PPARγ). Activation 

of PPARγ expression by these EDs has been shown to induce adipogenesis (Huang et al., 2022; Chiu et al., 2018; 

Jie et al., 2021; Kirchner et al., 2010; Yin et al., 2012) and lipid metabolism (fatty acid uptake, triglyceride 

synthesis and lipid accumulation) (Bertuloso et al., 2015; Bjork et al., 2008; da Costa et al., 2019; Hao et al., 

2012; Hong et al., 2022; Lin et al., 2022; Pan et al., 2021) in animal models. In epidemiological studies, MEHP 

and phthalates were associated with increased body mass index (BMI) and waist circumference in adult 

population (Hatch et al., 2010). In addition, BPA has been reported to increase adipogenesis via upregulation 

of PPARγ ans its target gene LPL in children population (Wang et al., 2013). Therefore, PPARγ is very relevant 

target for disruptive potential of EDs on fatty acid metabolism 

Althought PPARγ is an important target for endocrine disruptors mainly for its adipogenic and 

obesogenic effects. its capacity to interfere with glucose metabolism cannot be neglected. PPARγ is the 

molecular target of a class of insulin-sensitizing drugs referred to as thiazolidinediones (TZDs). Currently, 2 

TZDs, rosiglitazone and pioglitazone, are broadly used to reduced peripheral insulin resistance in type 2 

diabetes patients (Blaschke et al., 2006).  

The activation of PPARγ by endocrine disruptors can positively affect glucose metabolism such as in 

case of PFOA and PFOS that have shown to reduce serum glucose levels and glycogen storage in the liver in 

rodents (Wang et al., 2014; Wang et al., 2022). However, no relationship between PFOA, PFOS and glucose 

homeostasis or adiponectin levels was found in human cohort in Taiwan (Lin et al., 2011). On the other hand, 

the selective PPARγ inhibitor T0070907 has been reported to suppress insulin sensitivity in mice (Chen et al., 

2019). Therefore, the potential capacity of Eds to inhibit PPARγ signalling to negatively affect glucose utilization 

has to be concerned. 

PPARγ ligands also have beneficial effects on plasma lipids. Both clinically used TZDs, pioglitazone and 

rosiglitazone, augment serum levels of HDL (Blaschke et al., 2006; Kersten, 2008). An ED diethylstilbesterol 

(DES) has been reported to increase serum cholesterol with concomitant activation of PPARγ in new-born mice 

(Kakuta et al., 2013).  However, no significant association with cholesterol outcomes and phthalates exposition 

was found in human epidemiological study (Fisher et al., 2013). However, PPARγ represents a crucial regulator 

of cholesterol homoestasis. Therefore, the capacity of EDs to disrupt cholesterol and lipoprotein metabolism 

should be considered and evaluated in context of PPARγ activation or inhibition. 
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3.2. PPARγ – in vitro evidence 

Table for in vitro evidence PPAR gamma 

treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

BPA 100 μM 6 and 48 h 
human cumulus 
granulosa cells (hCGC) 

PPARy activator PPARy, CYP19-a1, STAR   decrease estradiol increase progesterone 
EGRF, ERK1/2 
activation 

decrease estradiol increase 
progesterone 

[1] 

DES 1 μM or 10 μM 8 d 
3T3-L1 mouse embryo 
fibroblasts 

ER, PPARy activation 

increase PPARy, 
CCAAT/C/EBPa, LPL, 
aP2, Srebf1 
increase ERa/B 

    
PPARy, 
CCAAT/C/EBPa, LPL, 
aP2, Srebf1 

induced 3T3-L1 preadipocyte 
differentiation 

[2] 

MEHP 10 μM 24 or 72h 
JEG-3 human 
trophoblast 

high affinity ligand PPARy     

TGs are the most affected as 73 species 
belonging to this lipid subclass show a 
significant increase of approximately 80% 
in cells incubated with MEHP. Incubation 
with MEHP also leads to a change in 
diacylglycerol and monoacylglycerol 
subclasses, however, in contrast to TGs, all 
the species annotated are down-
regulated. Regarding the 
glycerophospholipids subclass, several 
phosphatidylethanolamines (PEs), 
phosphatidylcholines (PCs), 
phosphatidylglycerols (PGs), 
lysophosphatidylethanolamines (LPEs) and 
plasmalogens exhibit a concentration 
change, corresponding mainly to a 
decrease, in MEHP incubated cells 

  disturb lipid synthesis [3] 

MEHP 

mouse 
EC50=10.1 uM, 
human 
EC50=6.2 uM 

  COS adipocyte PPARy           [4] 

MEHP 
mouse EC50=0-
6 uM, human 
EC50 = 3.2 uM 

  COS liver PPARa           [4] 

MEHP 31,25-125 mg/l 24 h zebra fidh liver cells       

increase oxidative stress, GST, GPx and 
SOD 
decreased MDA (malondialdehyde - lipid 
peroxidation marker) 
increase accumulation of neutral lipids 

    [5] 

MEHP 10-100uM   
bone marrow stromal 
cells (BMSCs 

  

decreased alkaline 
phosphatase, Runx2, 
osteocalcin (OCN), 
Wnt1, and β-catenin 
increased PPARy  
increased the ratios of 
phosphorylated β-
catenin/β-catenin 

      
increased adipocyte differentiation, 
decrease osteoblastogenesis 

[6] 

MEHP 100 μM 
24 h or 48 h, 
11 days 

human primary 
adipocytes 

PPARy activator 

adipocyte 
differentiation: increase 
PPARy, CEBPa, G3PDH, 
ADFP 
glycerol metabolism: 
increase PDK4, PCK1 
lipid metabolism: 
increase: FABP4, CD36, 
LPL, HSL 

increase PEPCK 
decreased intracellular lactate, glutamine, 
and other amino acids 
increased aspartate and NAD 

  

increased glyceroneogenesis and 
fatty acid reesterification in human 
adipocytes, triglycerides uptake, 
synthesis, and storage; 
 increase in triglycerides.  
promoted the differentiation of 
human preadipocytes to adipocytes 

[7] 
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Table for in vitro evidence PPAR gamma 

treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

MEHP 0.8-100 μM 24 h and 48 h HepG2   

increase SREBP-1c, 
ChREBP, ACC1, FASN, 
and SCD (6h), SREBP-1c, 
ChREBP (24h) but 
decrease FASN, SCD. At 
48 h decreased all 

increase ACC1, 
FASN, SCD, and 
ChREBP 

increase intracellular TG   increase lipid accumulation [8] 

MEHP       

selective activation of different PPARγ  
target genes 
elective activity correlates with the 
recruitment of a specific subset of PPARγ 
coregulators that includes Med1 and 
PGC-1alpha, but not p300 and SRC-1 

      

PPARy, GyK, OLR1, 
ACSBG1, FABP4, 
ADipoG, CD36, ACS-
1, LPL, ACCbeta, 
C/EBPa, LXRa 

induce adipogenesis through PPARγ [9] 

MEHP 0.1-10 μM   3T3-L1 preadipocytes   
increase MCP-1 
increase C/EBPα, PEPCK 

increase MCP-1, IL-
6, CXCL1, TNFα 
increase PLIN4, 
PLIN1, FABP4, 
GDPH, GAPDH, 
PEPCK, FAS, ACSL1, 
carbonyl reductase 

increase saturated and unsaturated FFA 
(palmitoleic, palmitic, linoleic, oleic, 
arachidonic) 
increase FetA, adiponectin, GSTmuA, MIF 

PPARy 

changes in lipid metabolism and 
upregulation of pro-inflammatory 
cytokines at gene expression, protein, 
and metabolite levels 

[10] 

DEHP, 
MEHP, 
EHA 

25-200 μM 
4h mRNA, 12 h  
protein 

rat placental HRP-1 
trophoblast cells 

  increase HFABP, FATP1 
increase HFABP, 
FATP1 

increase uptake of AA, DHA, ALA; 
transport of AA, DHA 

PPARy mRNA and 
protein 

alter placental EFA homeostasis and 
potentially result in abnormal foetal 

[11] 

MEHP     
 primary mouse bone 
marrow culture model 

          increased adipogenesis [12] 

burylparaben 

3-100 µM 

  

NIH-3T3 cells, 3T3-L1 
cells 

mPPARa, y activation     
increase resistin, leptin, adiponectin 
release 

  increase lipid accumulation [13] 

PCB 153   mPPARa, y inhibition     
increase resistin, leptin, adiponectin 
release 

  increase lipid accumulation [13] 

MEHP   mPPARa, y activation     
increase resistin, leptin, adiponectin 
release 

  increase lipid accumulation [13] 

BPA   mPPARa activation     
increase resistin, leptin, adiponectin 
release 

  increase lipid accumulation [13] 

PFOA   mPPARa, y activation     
increase resistin, leptin, adiponectin 
release 

    [13] 

DDE   mPPARa, y inhibition     
increase resistin, leptin, adiponectin 
release 

    [13] 

TCDD   mPPARa, y no effect     
increase resistin, leptin, adiponectin 
release 

    [13] 

PFOA 
 0.1 μM, 1 μM, 
or 10 μM 

7 d, 14 d, or 21 
d 

Human mesenchymal 
stem cells (hMSCs 

  

increase C/EBPα, 
FABP4, LPL 
decrease RUNX2, ALP 
decrease OPG (bone 
turnover marker) 

    PPARα/β/γ 

decreased osteogenesis, enhanced 

adipogenesis, and increased bone 

turnover 

[14] 

PFOS 
 0.1 μM, 1 μM, 
or 10 μM 

7 d, 14 d, or 
21 d 

Human mesenchymal 
stem cells (hMSCs 

  

increase C/EBPα, 
Leptin, FABP4 
decrease OPG, increase 
RANKL (bone turnover 
marker) 

    PPARα/β/γ 

decreased osteogenesis, enhanced 

adipogenesis, and increased bone 

turnover 

[14] 

PFOA     

mouse 3T3-L1 
preadipocyte 
Human preadipocytes-
subcutaneous (HPA-s) 

PPARy agonist 

increase mouse and 
human: aP2, Cebpα, 
Leptin, LPL, PLIN, 
PPARy, Adip 

      
increase lipid accumulation in 
adipocytes 

[15] 

PFOA 
0.01 to 100 
μg/mL 

  3 T3-L1 preadipocytes   
PPARy, C/EBPα, FABP2, 
LPL 

  

lipid and TG accumulation 
demethylation of the cytosine-phosphate-
guanine sites in the PPARγ promoter 
the cytosine-phosphate-guanine sites in 
the PPARγ promoter 

PPARy (blocked by 
GW9662 PPARy 
antagonist) 

adipocyte proliferation and 
differentiation 

[16] 
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Table for in vitro evidence PPAR gamma 

treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

PFOA 1, 25, 100 µM   
Human primary 
hepatocytes, HepG2 

  
trascriptomics, increase 
PPARA, PPARG, ESR1, 
HNF1A,  

increase p-c-Fos and 
p-c-Jun 

    
increase metabolic activity and 
proliferation HepG2 

[17] 

PFOA 50-200 µM   3T3-L1 adipocytes PPARγ agonist 
increase PPARγ, 
C/EBPα, GLUT4, aP2, 
LPL, aP2 

  
increase GPDH activity and TG, lipid 
content 

    [18] 

PFOA 5-100 µM   3T3-L1 preadipocyte   

upregulated Acox1, 
ADipoR2,Lepr and 
Gapdh, PLin1, Pparα, 
Ppary, Pparyc1 
downregulated Mogat1 

  
increase cell number, decrease cell size 
increase TG 

    [19] 

PFOS 50-300 µM   3T3-L1 preadipocyte   

upregulated Acox1, 
Adipoq, AdipoR2, and 
Gapdh, Lep, Mogat1, 
PLin1, Pparα, Pparγ, 
Pparyc1, Scd1 

  
increase cell number, decrease cell size 
increase TG 

    [19] 

PFOA, PFOS 

PFOA (0.5-100 
µM), 
PFOS (1-250 
µM) 

24 h COS-1 cells 

PFOA significantly increased mouse and 
human PPARα and mouse PPARβ/δ 
activity relative to vehicle. PFOS 
significantly increased activation of 
mouse PPARα and PPARβ/δ isoforms. No 
significant activation of mouse or human 
PPARγ was observed with PFOA or PFOS 

          [20] 

PFOA, PFOS       
PPARα is the most likely target of PFOA 
and PFOS, although PPARγ is also 
activated to some extent 

          [21] 

PFOS 10 to 100 μM   
3T3-L1 cells, human 
preadipocytes 

  

increase Cebpα, Pparγ, 
Fabp4, Lpl, Nrf2, Nqo1, 
Gclc 
increase glucose 
uptake, increase Pparγ, 
Srebp1c, Glut4, Irs, Inrs 

  increase TG  Nrf2 

enhanced hormone-induced 
differentiation to adipocytes and 
adipogenic gene expression, 
increased insulin-stimulated glucose 
uptake 

[22] 

PFOA, 
PFOS, 
and other PFAS 

      all PPARα activators and PPARγ           [23] 

PFOA, PFOS 25 µM 24 h 
primary rat and human 
hepatocytes 

Pparα, Car, Pxr, Lxrα 
increase Acox1m 
Ehhadh, Cyp4a1, Cd36, 
Scd1, Gk, Pdk4, Hmgcs2 

        [24] 

PFOA, PFOS up to 100 µM   HepaRG cells   

repressed genes in 
cholesterol 
biosynthesis, repressed 
glycolysis, 
gluconeogenesis, 
upregulated Pparα 
target 

  increase TG   

increase triglyceride levels and 

inhibit cholesterogenic gene 

expression 

[25] 

PFOA, PFOS     HepG2 cells 
activate PPARs, not PPARδ, CAR, PXR, 
FXR, LXRα, RXRα and RARα 

          [26] 

PFOA, PFOS 25 μM-200 μM 24 h FaO rat hepatoma cells PPARα Ehhadh         [27] 

different EDs     different species PPARγ           [28] 



30 
 

Table for in vitro evidence PPAR gamma 

treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

TBT 
EC₅₀ of 10-20 
nM 

7 d, 14 d, or 21 
d 

 C57Bl/6-derived bone 
marrow multipotent 
mesenchymal stromal 
cell (MSC) line 

PPARγ activation (RXRα, LXR)   

PPARγ2, FABP4, 
periliplin, ANGPL4+ 
TGM2 (RXR), ABCA1 
(LXR) 

  
PPARy (supressed by 
PPARγ-specific small 
hairpin RNA) 

  [29] 

TBT 1-100 nM 24 h THP-1 (wt, PPARγ-/-) PPARγ agonist 
CD36, FABP4, NR1H3, 
SREBP-1c, ACC1, SCD-1 

  lipid accumulation 
PPARy pathway (no 
or limited effect in 
PPARy-/-) 

trigger lipogenesis in macrophages [30] 

TBT 50 nM 1-14 d 
HepaRG and HepG2 
cells  

PPARγ agonist increase SREBF2, FASN     PPARy 
increase neutral lipid content, 
mediated through glycolysis and 
activation of some lipogenic genes 

[31] 

TBT 50 nM 48 h MSCs PPARγ agonist 
increase Zfp423, 
Pparg2, Cebpα, Fabp4, 
Abca1 

  lipid accumulation PPARy/RXR shunt adipogenesis [32] 

TBT 5, 50 nM 3+2 d 3T3-L1 cell PPARγ agonist 
increase C/EBPα, 
periliplin, PPARγ 

  reduce adiponectin PPARy 
promote development of a 
phenotypically distinct adipocyte 

[33] 

TBT 100 nM 4 d MSCs, C3H10T1/2   
PPARγ-independent 
repression of Pref-1 and 
SOX9 

    
PPARγ independent 
mechanism 

adipogenesis promotion [34] 

TBT 100 nM 7 d 3T3-L1 preadipocytes RXR-PPARγ     increase ORO, TG   
induce adipogenesis in murine 3T3-L1 
preadipocytes 

[35] 

TBT   2 d 3T3-L1 cells     increase aP2 increase lipid accumulation 
PPARy antagonist 
GW9662 did not 
inhibit TBT effect 

augments adipocyte differentiation [36] 

TPP (FM550) 0.1 -20 µM 9 d 3T3-L1 cells   
increase Pparγ, Cebpa, 
aP2, Lpl, Plin 

increase aP2, LPL, 
PLIN 

increase lipid accumulation   enhances adipogenesis [37] 

EHDPP 0.1–10 μM 10 d 3T3-L1 cells PPARγ 
crease Fabp4, Lpl, Adip, 
Fasn 

  increase lipid accumulation 
PPARy (decrease by 
GW9662) 

increase adipogenesis [38] 

MEHP 
low micromolar 
concentration 

    PPARγ agonist           [39] 

phtalates 
and metabolites 
(DBP) 

10 nM, 10 µM   
human SGBS 
preadipocyte and 
adipocytes 

PPARγ agonist   proteomics 
increase luptin, adipsin, MCP-1; decrease 
adiponectin 
decrease lipid content 

  

in preadipocytes: increased lipid 
accumulation, enhanced leptin and 
adipsin secretion, and upregulated 
adipogenesis-associated markers 
In adipocytes:  induced oxidative 
stress, disturbed lipid storage, 
impaired metabolic homeostasis, and 
led to proinflammatory and insulin 
resistance promoting adipokine 
secretion 

[40] 

DINP   10 d  3T3-L1 preadipocytes 
PPARγ (inhibition by antagonist 
GW9662) 

increase PPARγ, 
C/EBPa, SREBF1 

       induced adipogenesis [41] 

MEHP     3T3-L1 adipocytes PPARγ translocation 

up-regulation of genes 
involved in PPAR 
signalling/energy 
metabolism-related 
pathways and down-
regulation of genes 
related to 
adipokine/inflammation 
signals 

        [42] 

DEHP 
5, 10, 25, 50, 
100 μmol/L 

        PPARα, SREBP1-c SOD, MDA PPARα lipid accumulation [43] 
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Table for in vitro evidence PPAR gamma 

treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

MEHP       PPARγ   
coregulators Med1, 
PGC1a 

      [9] 

MEHP       PPARγ 
cross-inhibition with 
STAT5b 

        [44] 

BPA 

7.81, 15.63, 
31.25, 62.50, 
125.00, 250.00, 
500.00, 
1,000.00 µg/mL 

48 h THLE-2 cells PPARγ 
PPARγ,  
decreased CYP1A1, 
CYP1B1 

  
ballooning degeneration of hepatocytes 
and fibrous tissue proliferation around 
hepatic lobules 

    [45] 

BPS, BPF 
0.01, 0.1, 1, 10 
and 25 μM 

7,14 d 
 human adipose-
derived stem cells 
(hASCs) 

PPARγ 
increase PPARγ, 
C/EBPa, LPL, FABP4 

increase PPARy, 
C/EBPa, LPL, FABP4 

increase intracellular lipid accumulation     [46] 

BPA 1 nM 
8 d (prior 
differentiation) 

3T3-L1 and NIH3T3 
mouse embryonic 
fibroblasts 

PPARγ 
increase Il1B, Il6, Mcp1, 
Tnfa 

    
reduce PPARy 
promoter 
methylation 

  [47] 

BPA, BPS, BPF 
10, 50, 100, 200 
and 400 μM 

24, 48 h 3T3-L1 cell line     
increase  C/EBPa, 
PPARy, FABP4 

lipid accumulation     [48] 

BPS 25 µM   
human primary 
progenitor cells 
(preadipocytes) 

PPARγ 
FABP4, LPL, SREBP-1, 
PLIN 

  lipid accumulation     [49] 

BPA, BPS, BPF     3T3-L1 cells   
PPAR-γ, C/EBP-α, and 
aP2 

      increase adipogenesis [50] 

BPA, DiDP 0.01-25 µM 8 d 3T3-L1 cells 
PPARγ ( activationpcDNA3-PPARγ, DR1-
Luc in HepG2 cells) 

increase CebpB, PPARy2   lipid accumulation   increase adipogenesis [51] 

BPA, BPS 0.01-50 μM   3T3-L1 preadipocytes 
PPARγ (PPRE-luc activation, inhibiton 
with an antagonist GW9662) 

increase LPL, PPARγ, 
PLIN, adipsin, CEBPa 

  lipid accumulation   
enhance 3T3-L1 adipocyte 
differentiation 

[52] 

BPA 10 - 80 µM   3T3-L1 preadipocytes PPARγ ((PPRE-tK-luc, aP2-luc)           [53] 

BPA, BBP 1 - 100 µM 8 d 3T3-L1 cells   

increease C/EBPα and 
PPARγ and theit 
downstream (FABP4, 
AdipoQ, adipsin, LPL, 
FASn,  

increae ACC, 
C/EBPa, PPARy, 
FASN, PLIN, 
adiponectin 

increase lipid accumulation 
disturb glyceroneogenesis and fatty acid 
synthesis 

  promotes adipogenesis [54] 

BPA, BPS 1 pM - 1nM   3T3-L1, HepG2 cells   
SREBP-1c, PPARγ, aP2 
and ERRα and γ 

  
increase lipid accumulation, glucose 
uptake, leptin 

    [55] 

BPA 0,01-10 nM 24, 48 h 3T3-L1 cells     increase aP2     increase adipocyte differentiation [56] 

BPA 1-50 μM   
human preadipocytes 
from healthy donors 

PPARγ, ER (inhibited by ICI - ER 
antagonist) 

aP2, adipsin,PPARγ, 
CEBPa B 

  increase lipid accumulation   increase differentiation [57] 

BPA 0.3-300 ng/mL 24 h FaO rat hepatoma cells PI-3K (inhibited by Wtm) 
decrease PPARa, b, y, 
AOX, CPT1 

  increase TG     [58] 

BPA 100 nmol/L 3 d 3T3-L1 cells GR   
increase CEBPa, 
adiponectin 

increase lipid accumulation     [59] 

BPA     human adult stem cells   suppress LPL       inhibit TG accumulation [60] 
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3.3. PPARγ – in vivo evidence  

Table for in vivo evidence  PPARγ   

treatment model organism biomarkers result 

ED veh. dose 
lengt

h 
exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect rf 

DEHP   
250, 500, and 
750 mg/kg 

  gavage quail adult M chow liver     
increse TG, TC, NEFA 
NF-κB, IL-6, IL-8, IL-1β, and 
TNF-a 

activation LXR, 
PPARα/γ, NF-κB 

activation LXR/SREBP-
1c and PPARα/γ  

increase blood lipids, 
hepatic steatosis and 
inflammation 

[1] 

DES corn oil 20 mg/kg 5 d sc CD-1 mouse neonatal F chow 
uterine 
epithelial 
cells 

increse PPARy, Gpr109a, 
Arnt1, Cebpa, Klf4, Copeb, 
Egr2 
decrease Acsl1, Rarb, Dlk1 
(adipogenesis) 
increase Slc27a1, Slc27a2 

    activation PPARγ 

increse PPARy, 
Gpr109a, Arnt1, 
Cebpa, Klf4, Copeb, 
Egr2 
decrease Acsl1, Rarb, 
Dlk1 (adipogenesis) 
increase Slc27a1, 
Slc27a2 

induce adipogenesis 
and lipid metabolism 

[2] 

DES olive oil 0.5 mg/kg 24 h ip 
C57BL/6J 
mice 

6 weeks old M chow liver 
PPARγ, C/EBPα, LPL, aP2and 
Srebf1, FAS 

    activation PPARγ 
PPARγ, C/EBPα, LPL, 
aP2and 
Srebf1, FAS 

fatty acid uptake, 
triglyceride synthesis 
and lipid 
accumulation 

[3] 

DES olive oil 

0.01 mg/kg 
(0.025, 0.05 or 
0.1 mg/kg - 
fetal death) 

 12GD, 
7PND 

gavage 
C57BL/6J 
mice 

perinatal 
(pregnant/pup
s PND21) 

F chow 
liver, 
plasma, fat 

          

increase body weight 
in female offspring, 
liver weight and 
perirenal fat mass 
increase serum TG, 
blood glucose level 

[3] 

DES 
sesame 
oil  

 3 μg/kg 5 d sc 
C57BL/6 J 
mice 

neonatal F chow   
decrease Nr1h2, Scarb1, 
Hmgcr 
increase Ppary2, Acat1 

      

decrease Nr1h2, 
Scarb1, Hmgcr 
increase Ppary2, 
Acat1 

increase serum 
cholesterol 

[4] 

DEHP corn oil   8 w gavage CD-1 mice adult M chow 

tibias, 
mouse 
bone 
marrow 
cells 

decrease ALP, Runx2, OCN 
(osteocalcin) 

  decresed ALP increase PPARy mRNA Wnt/β-catenin 

increase adipogenesis, 
inhibit 
osteoblastogenesis, 
alter BMD and 
microstructure 

[5] 

MEHP, 
phatalate
s 

        human 
12-19 yo, 20-
59yo 

F               

positive association 
with phatalates and 
increased BMI and 
waist circumference 

[6] 

DEHP 0.5% CMC 625 mg/kg 28 d  gavage 

C57BL/6J, 
hepatocyte 
PPARy KO, 
macrophage 
PPARy KO 

adult M chow 

plasma     
decrease TG, increase CHO, 
LDL, HDL 

      [7] 

liver     increase TG     

reprogram 
macrophage 
polarization, thereby 
affecting lipid 
homeostasis in the 
mouse liver 

[7] 

phatalate
s 

        human adult, 70 yo           reduced HDL in the liver     

monomethyl ph, 
monoisobutyl ph, 
monoethyl phatalates 
but not MEHP are 
associated with 
increase prevalence of 
diabetes 

[8] 

PFOA ddH2O 
 1.25 - 20.0 
mg/(kg·d) 

14 d gavage 
Sprague 
Dewley rats 

adult M chow     
decresed Ppary, Cbp, Rxra 
increased Sirt1 

reduced serum TC and LDL 
increase ALP, ALT 

    
reduced glycogen 
storage in the liver 
(glycolysis) 

[9] 

PFOA   
0, 0.01, 0.1, 
0.5 and 1 mg/L 

    
Rana 
nigromaculat
a (frog) 

adult M+F     
PPARγ, ACC, FAS, GPAT, 
SREBP2 and HMG-CoA 

  
increase TG content in male 
liver, increadse TC 

    
lipid accumulation 
damage in the 
amphibian livers 

[10
] 



36 
 

Table for in vivo evidence  PPARγ   

treatment model organism biomarkers result 

ED veh. dose 
lengt

h 
exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect rf 

PFOA   
0.002-0.02%, 
w/w 

10 d 
dietary 
treatment 

C57BL/6 mice adult M chow             
hepatotoxicity, 
hepatomegaly 

[11
] 

PFOA   0.01-1 mg/kg 17 d 
gavaged GD1-
17 

CD-1 mice fetal   chow       
increase miR-183-96-182 
cluster 

  Ppary independent 

hepatocellular 
hypertrophy, 
periportal 
inflammation 

[12
] 

PFOA 
Milli-Q 
water 

 0.08, 0.31, 
1.25, 5, and 20 
mg/kg/day 

28 d    PPARα-null     chow   increase PPARa, SREBPs SREBP maturation increased decrease TC in the liver PPARα     
[13
] 

PFOA, 
PFOS 

        human 

Canadian 
Health 
Measures 
Survey (2007-
2009) 

                

no significant 
association with 
cholesterol outcomes 
and PFOS or PFOA. 
But PFHxS yes (LDL, 
TC, non-HDL, TC/HDL 
ratio) 

[14
] 

PFOA water 5 mg/kg 
GD1-
17 

gavage CD-1 mice 
fetal and 
postnatal 

  chow 

liver (heart, 
kidney, 
intestine, 
stomach, 
lung, 
adrenal, 
spleen, 
thymus) 

increase Cyp4y14, Cyp2b10, 
Acox1, Pdk4, Mel, Ehhadh 

        

metabolic disruption, 
poor postnatal 
survival, persistent 
weight deficit 

[15
] 

PFOA, 
PFOA 

        human 

young 
hypertension 
cohort in 
Taiwan (12-
30yo) 

                

no relationship  of 
PFOA, PFOS glucose 
homeostasis, 
adiponectin, lipid 
profile and 
inflammatory markers 
young hypertension 
cohort in Taiwan 

[16
] 

PFOA, 
PFOS 

methanol
: 0.01% 
by 
volume 

0.2 mg/kg   
gelatine 
capsules 
gavage 

salmon     chow 
liver, 
kidney 

upregulated PPARα and γ, 
ACOX1, TBARS,, Catalase, SOD 

          
[17
] 

PFOA   30 mg/kg 28 d  gavage 
Sprague-
Dawley rats 

adult M chow liver   
increase in Pgc-1alpha 
decreased Cox II and Cox IV  

      
induces mitochondrial 
biogenesis 

[18
] 

HFPO-DA   1-125 mg/kg/d     
Sprague-
Dawley rat 

perinatal                 

decrease birth weight, 
dams dosed GD8 - 
PND2 had greater 
liver weight and 
gestational weight 
gain effects 

[19
] 

PFOS 
0.5% 
Tween 20 

5 or 20 mg/kg 14 d gavage BALB/c mice adult M 
chow, 
HFD 

plasma, 
liver 

decrease CPT1A, CYP7A1, 
PPARα 

  

increase liver fat, decrease 
glycogen 
chow and HFD: decrease 
serum glucose, TG, TC, HDL, 
LDL, increase albumin 

  PPARα 

both diet PFOS 
reduces lipid and 
lipoprotein in the 
serum, decreasing 
liver glycogen content 
was also observed, 
accompanied by 
reduced serum 
glucose levels, lipid 
droplets accumulation 
in the liver 

[20
] 
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Table for in vivo evidence  PPARγ   

treatment model organism biomarkers result 

ED veh. dose 
lengt

h 
exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect rf 

6:2 Cl-
PFESA 

  
1, 3 and 10 
μg/L 

10 w   C57BL/6 mice adult F chow       
liver: eosinophilic granularity 
characteristic of peroxisome 
proliferation 

    

induced hepatic 
cytoplasmic 
vacuolation and 
hepatomegaly, 
abnormal decrease in 
acyl-carnitine, which 
interfered with fatty 
acid transport, 
differentiation of 3T3-
L1 cells by increasing 
PPAR-γ expression 

[21
] 

PFOS 
0.5% 
Tween 20 

5, or 10mg/kg 
GD1-
17 

gavage CD-1 mice fetal   chow liver, lung 

increase Pparα signaling 
(Cyp4a14, Ehhadh, Fabp1....) 
increase lipid metabolism 
(Acox1, Acaa1, Dci, Hadha, 
Hadhb, Acad1 

      PPARα   
[22
] 

PFOS 5% DMSO 
0.1 or 1.0 
mg/ml 

single 
dose 

microinjectio
n 

White 
Leghorn 
chicken 

in ovo   chow   

downregulation ACAD8, 
ACSL6, ELOVL3, FABP7, 
ACAA2, ACAT1, ACSM3, CPT2, 
DECR1, FABP3, FABP5 

        

suppression of 
transcription of genes 
involved in fatty acid 
oxidation and PPAR-
mediated 
transcription 

[23
] 

PFOS   3mg/kg 
GD2-
20 

gavage 
Sprague-
Dawley rats 

in utero   chow       increase TG in the liver   PPARα, LXRα 

increase in expression 
of gene transcripts 
associated with 
hepatic peroxisomal 
proliferation as well 
as those responsible 
for fatty acid 
activation, transport 
and oxidation 
pathways 
stimulation of foetal 
hepatic fatty acid 
biosynthesis and a net 
reduction of Cyp7a1 
transcript 

[24
] 

PFOA, 
PFOS 

  10 μg/L     
frog Rana 
nigromaculat
a 

      liver           

change the hepatic 
fatty acid composition 
and significantly 
increase the hepatic 
TG content 

[25
] 

PFOS   20 or 100 ppm 7 days   
Sprague-
Dawley rats 

adult M chow       

increased liver weight; 
decreased plasma 
cholesterol, alanine 
aminotransferase, and 
triglycerides; decreased liver 
DNA concentration and 
increased hepatocellular 
cytosolic CYP450 
concentration; increased 
liver activity of acyl CoA 
oxidase, CYP4A, CYP2B, and 
CYP3A; increased liver 
proliferative index and 
decreased liver apoptotic 
index; decreased 
hepatocellular glycogen-
induced vacuoles; increased 
centrilobular hepatocellular 
hypertrophy 

  Pparα, PXR, CAR   
[26
] 
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Table for in vivo evidence  PPARγ   

treatment model organism biomarkers result 

ED veh. dose 
lengt

h 
exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect rf 

PFOA   10 mg/kg 7 d gavage, 

SV129 wild-
type (WT) and 
PPARa null 
mice 

adult M chow liver 

increase in the expression of 
FA transport and synthesis 
genes, as well as TG synthesis 
genes (CD36, Fsp27, Fasn, 
Lipg, Lpl, Scd1) 

  
increase liver weight in wt 
and ppar null mice, increase 
lipid content, cell size, TG 

      
[27
] 

TBT corn oil 
250 and 500 
μg/kg/day 

40 d gavage C57BL/6 mice adult M chow 
mammary 
gland 

increase PPARγ, FABP4, LXRα, 
FXRα, 
SREBP-1c, ACLY, ACC1, FAS, 
SCD-1, LXRβ 
TNF1, IL-6 

      PPARy 

 induced the 
expression of genes 
involved in 
lipogenesis, lipid 
metabolism and 
macrophage 
activation in mouse 
liver 

[28
] 

TBT   100 ng/kg/day 15 d gavage Wistar rats adult F chow   increase PPARy, Era   
increase adipocyte diameter, 
inflammation 
decrease GSH level 

  PPARy 
abnormal mammary 
gland fat 
accumulation 

[29
] 

TBT   
5 and 50 
μg·kg-1 

30 d 
ip (once every 
3 d) 

mice adult M chow 

liver, 
skeletal 
muscle, 
plasma 

  
decrease AKT 
phosphorylation in the liver 
and muscle 

reduces serum adiponectin, 
glucose tolerance 

    

 increased epididymal 
and liver fat 
accumulation, 
hyperlipidaemia, an 
elevated low-density 
lipoprotein/high-
density lipoprotein 
ratio, serum 
adiponectin 
deficiency, worse 
glucose tolerance, 
and lower insulin-
dependent AKT 
phosphorylation in 
the liver and muscle 
in mice 

[30
] 

TBT 
0.4% 
ethanol 

0.1 μg/kg/da
y 

15 d gavage Wistar rats adult F chow       
increase GPT, GOT 
worsen glucose tolerance, 
increase plasma glucose 

    
increase body and fat 
weight 

[31
] 

TBT 0.5% CMC 0.1 mg/kg 24 h gavage 
C57BL/6J 
mice 

in utero M+F     increase FABP4         
predisposes 
multipotent stem cells 
to become adipocytes 

[32
] 

TPhP corn oil 1 or 5 mg/kg   gavage C57BL/6 mice prenatal     placenta   
increasse PPARy, CD36, 
FABP4, FATP4 

decrease gestation period, 
lipid content in placenta, TG 

  PPARy 

accumulate in 
placenta, induce lipid 
accumulation, 
disturbs hormone 
secretion and 
angiogenesis 

[33
] 

TPhP   10 mg/kg 6 w ip C57BL/6 J adult M 

low or 
HFD for 
13 
weeks 

  

did not induce expression of 
browning-related genes (e.g. 
Elovl3, Cidea, Acaa2, CoxIV) in 
mature adipocytes 

  increase adipocytes number selective PPARγ ligand     
[34
] 

TPhP olive oil 
25 and 50 
mg/kg 

5 w gavage C57bl/6 mice pubertal M+F chow   

F: decease Pk, Chrebo, Pdk, 
increase G6pase, Pepck, Pgc1a 
M: decrease Chrebp, FBPase, 
Pc, Pgc1a, Glut2 

  

increase adiponectin in 
males, decrease in females 
in females: increase serum 
glucose, TC, TG, HDL, reduce 
LDL; in male increase TC, 
HDL, decrease LDL 
increase IR in female 
reduced glycolysis, induced 
gluconeogenesis in female 

    

causes a sexually 
dimorphic 
metabolism 
dysfunction 
associated with 
disordered 
adiponectin receptors 
in pubertal mice 

[35
] 

DDE   5 mg/kg  6 w gavage 
Sprague-
Dawley rats 

adult M chow   
decrease Pparγ expression, 
Ucp1 

        
reduce the browning 
of WAT, obesogenic 
activity 

[36
] 
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Table for in vivo evidence  PPARγ   

treatment model organism biomarkers result 

ED veh. dose 
lengt

h 
exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect rf 

DEHP corn oil 0.75 mg/kg 
GD6-
21 

  
Sprague-
Dawley rats 

in utero M chow   increase Pparγ increase Pparg 
decrease insulin in serum, 
decrease TG in early life but 
increase lifelong 

      
[37
] 

DEHP, 
DBP 

        human intrauerine     cord blood       
PPAR/PTEN/Akt signal 
pathway 

  embryotoxic 
[38
] 

DEHP   
, 50, 500 
mg/kg/d 

8 
weeks 

gavage Wistar rats adolescent   HFD 
liver, 
adipose 

    
decreased DNA-methylation 
of PPARγ, JAK3, STAT5 

      
[39
] 

DEHP + 
ethanol 

0.5% CMC 
625-2500 
mg/kg 

28 d  gavage 
C57BL/6 J 
mice 

        

increase Fabp4, Fasn, Acsl1, 
PLin2 (lipid storage) 
lipid oxidation (Hadh, Etfdh, 
Acox1, Acadm, Hmgcs2, Cpt1a) 
FA uptake and biosynthesis 
(CD36, Acsl1, Fasn, Acaca, 
Acots) 

  
increase liver weight, 
decrease TG 

    

hepatic lipid 
accumulation, 
synergistic effect on 
the unsaturated fatty 
acid metabolism 

[40
] 

DEHP         
C57BL/6J 
mice 

            decrease adipokine       
[41
] 

DEHP olive oil 
0.05, 5 and 
500mg/kg 

15 
weeks 

gastric 
intubation 

SD rats adult M chow liver   
reduced insulin receptor and 
GLUT4 

liver damage, glucose 
tolerance, and insulin 
tolerance 

  
PPARy - inhibited in 
vitro with GW9662, 
L02 cells 

  
[42
] 

DEHP + 
PCBs 

  
15 mg/kg + 7.5 
mg/kg 

12 d    mice adult M     increase PPARy, decreased Era   
increase liver/body weight 
ratio 
decrease phospholipase A 

      
[43
] 

DEHP olive oil 0.5 mg/kg 
24 h 
GF7-
PND7 

ip 
C57BL/6 J 
mice 

perinatal   chow 
liver 
adipose 

increase PPARy, CEBPa, AP2, 
FAS, SREBF1, LPL, 

  

increase body weight in 
offspring, and fat 
increase TC, TG and glucose 
in serum 

    promotes obesity 
[44
] 

DEHP   
750 or 1500 
mg/kg/day 

GD0-
19 

  
Sprague-
Dawley rat 

pregnant F chow placenta 
increase PPARa, PPARy, CD36, 
FATP1, HFABP, CYP4a1 
decrease COX2 

        
influence essential FA 
homeostasis 

[45
] 

BPA corn oil 
0.05, 0.5, 5 
mg/kg 

GD5-
19 

gavage 
Sprague-
Dawley rats 

perinatal 

M 
offspring 
PND21, 
56 

chow serum, liver 
decrease PPARα, CPT1a 
increase SREBP-1, ACCA, FAS, 
SCD-1 

decrease PPARα, CPT1a 
increase SREBP-1, SCD-1 
increase mTOR, CRTC2 

increased liver body ratio, 
increase TG, TC in serum and 
liver 

    
impair hepatic lipid 
metabolism 

[46
] 

BPA 
drinking 
water 

500 μg/kg/ 
8 
weeks 

in drinking 
water 

C57BL/6 mice adult M chow   

increase PLIN1, ELOVL6, 
GNAI2, ANGPT4, SCD1, LPL 
decrease ApoD, ACSL3, FADS1, 
FADS2, G0S2 
increase IL-6, TNF-α 

  
increase TG, fat weight 
decrease serum TG, LDL-C, 
increase serum HDL-C 

    

stimulated NAFLD-like 
phenotype, increase 
de novo lipogenesis, 
lipid transport 

[47
] 

BPA corn oil 5 μg/kg 
GD0-
19/21 

  
C57BL/6J 
mice 

perinatal 
M+F 
offspring 

chow   increase FA metabolis, Malat1   

increase body weight, 
decrease TG in liver and 
serum of female, decrease 
body weight, increase 
glucose clearance, increase 
liver TC in males 

      
[48
] 

BPA corn oil 1-1000 μg/kg 
GD7-
17 

  
C57BL/6J 
mice 

perinatal 

M+F 
offspirng 
(PNDä22
, 43 

chow + 
HFD 

  
increase SREBP1, FASN, ACC-1, 
SCD-1, PPARy, decrease 
PPARa, HNF1b 

increase PPARy, decrease 
HNF1b 

increase liver weight, TG, 
lipid content in chow and 
HFD 
increase glycogen in the 
liver, increase ipGGT AUC 

PPARy (inhibited by 
dh PPARy, ICI182780 

  induced fatty liver 
[49
] 
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Table for in vivo evidence  PPARγ   

treatment model organism biomarkers result 

ED veh. dose 
lengt

h 
exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect rf 

BPA         human adults                 
increase LDL, 
decrease HDL 

[50
] 

BPA   5 μg/kg 

GD7-
17 + 
PND21
-140 

gavage C57Bl/6J mice 
perinatal + 
postantal 

M 
offsprin
g 

      
increase body weight and fat 
mass 

      
[51
] 

BPA 
10 nM, 1, 
80 µM 

      human 
children 3-13 
yo 

M-F   omental fat increase 11β-HSD1, PPARy, LPL   
increase lipid accumulation, 
11β-HSD1 activity 

GR, PPARy   
promotes 
adipogenesis 

[52
] 
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4. PXR 

4.1. PXR – description of signalling pathways 

4.1.1. PXR in fatty acid metabolism 

PXR activation in mice results in hepatic steatosis defined by a marked triglycerides accumulation. PXR 

induces hepatic expression of transcription factor and proteins involved in fatty acid uptake and lipogenesis 

while supressing fatty acid β-oxidation.  

Importantly, PXR induces fatty acid uptake in liver by induction od CD36, a fatty acid translocase 

involved in fatty acid transport. CD36 has been confirmed as a direct transcriptional target of PXR (Zhou et al., 

2008). Moreover, the crosstalk between PPARγ and PXR has been reported (Zhou et al., 2006). PPARγ  is well 

known master regulator of adipogenesis and lipid homeostasis. Even though the exact mechanism is not yet 

established, PXR activation of PPARγ and its downstream target genes including CD36 contributes to the 

development of hepatic steatosis. In addition, PXR stimulates the expression of stearyl CoA desaturase-1 (SCD-

1), fatty acid synthase (FASN), fatty acid elongase (FAE) genes that leads to enhance de novo synthesis of lipids 

(Moreau et al., 2008). Interestingly, the increased expression of lipogenic enzymes has been shown to be 

independent on their primary upstream regulator Sterol regulatory element-binding transcription factor 1 

(SREBP1) (Zhou et al., 2006). Instead, the activation of the thyroid hormone (TH)-responsive spot 14 protein 

(S14) has been proposed to play an important role in the upregulation of lipogenic enzymes including ATP 

citrate lyase (ACLY) and FASN in human hepatocytes (Moreau et al., 2009; Moreau et al., 2008). Recent findings 

revealed that lipin-1, responsible for triglycerides synthesis, represents yet another potential justification of 

the lipogenic impact of PXR in the liver. The solute carrier family 13 member 5 (SLC13A5) was identified in 

another investigation as a PXR target gene that mediates PXR's involvement in drug-induced steatosis and 

metabolic diseases in humans (Li et al., 2015).  

While the lipogenesis is increased upon PXR activation, the steatotic action of PXR was linked to the 

inhibition of numerous genes involved in fatty acid β -oxidation, including PPARα and thiolase. Additionally, the 

rate-limiting enzymes for β -oxidation and ketogenesis, carnitine palmitoyltransferase 1 (CPT-1) and 3-hydroxy-

3-methylglutaryl-CoA synthase (HMGCS) were suppressed following the treatment of PXR agonist in mice. This 

effect was caused by the competitive binding of activated PXR to Forkhead box A2 (FoxA2), hepatic nuclear 

factor 4 (HNF4) and/or Peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1) preventing 

function of these transcriptional factors and subsequently inhibits binding to its target genes, CPT-1 and 

HMGCS. Finally, our recent metabolomics studies in high-fat diet-fed and PXR activator treated mice showed 

reduced S-adenosyl-methionine (SAM)/S-adenosyl-homocysteine (SAH)-ratio and phosphatidylcholine levels 

that are known to associate with reduced VLDL secretion that also may contribute to increased liver triglyceride 

levels (Karpale et al., 2023). 
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Signalling pathways of PXR in fatty acid metabolism: 
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4.1.2. PXR in cholesterol metabolism 

PXR agonists have been reporter to elevate serum cholesterol in animal models as well as in humans. 

PXR induces hypercholesterolaemia by regulation cholesterol metabolism at multiple levels including de novo 

cholesterol synthesis, intestinal absorption and detoxification.  

Sterol regulatory-element binding proteins (SREBPs) are transcriptional factors that play a major role 

in regulating the rates of cholesterol and triglyceride biogenesis in the liver. The SREBP2 isoform is known to 

regulate genes involved in cholesterol de novo synthesis. PXR promotes SREBP2 activity and subsequent 

upregulation of genes including HMG-CoA reductase (HMGCR), the rate limiting enzyme in cholesterol 

synthesis. To be activated, SREBP2 requires activation of SREPB-cleavage activating protein (SCAP). On the 

other hand, the insulin-induced gene 1 (INSIG1) bears SREBP2 in its inactive form. Surprisingly, PXR has been 

shown to increase Insig1 mRNA while have no effect on Insig1 protein level. Therefore, the exact mechanism 

of SREBP2-SCAP-INSIG1 complex activation remains to be elucidated. Additionally, fibroblast growth factor 21 

(FGF21), which supresses SREBP2 activity under physiological conditions, has been decreased following PXR 

activation. In another study, PXR directly induced squalene epoxidase (SQLE), another rate-limiting enzyme in 

the synthesis of the cholesterol precursor lanosterol (Karpale et al., 2022). 

While the cholesterol synthesis is increased, its transformation to bile acids, that represents a major 

way of cholesterol elimination, is decreased upon PXR activation. PXR inhibits cholesterol 7α-hydroxylase 

(CYP7A1), a rate-limiting enzyme in the bile acid synthesis (Li and Chiang, 2005; Moreau et al., 2008). In 

addition, PXR favours alternative routes of cholesterol elimination by inducing multidrug resistance protein 2 

(MRP2) and MRP3 transporter proteins that facilitate cholesterol excretion to blood and urine instead of bile 

and feces (Handschin and Meyer, 2005). 

PXR activation leads to increased plasma proprotein convertase subtilisin/kexin type 9 (PCSK9) that 

induce degradation of LDL receptor which results in a decreased hepatic LDL uptake. At molecular level, PXR 

promotes PCSK9 via proteolytic activation of SREBP2 (Karpale et al., 2021). Thereby, this represents another 

mechanism by which PXR elevates the levels of circulating atherogenic lipids.  

In addition, PXR has been demonstrated to directly regulate Niemann-Pick C1-like 1 (NPC1L1), an 

intestinal cholesterol transporter protein. Therefor PXR might increase cholesterol plasma concentration by 

upregulating its intestinal absorption (Karpale et al., 2022; Sui et al., 2015). 

Finally, PXR activation has been reported to increase HDL cholesterol as well. This is probably mediated 

by increasing activity of LXR induced by 4β-hydroxycholesterol (4βHC). 4βHC is a product of PXR-mediated 

CYP3A4 activity and LXR agonist. LXR promotes expression of ATP-binding cassette transporter A1 (ABCA1) and 

ABCG1 which facilitate cholesterol efflux in macrophages (Hukkanen and Hakkola, 2020; Sporstøl et al., 2005). 

In addition, apoliprotein A-I ( ApoA-I) is also increased and further promotes HDL assembly (Bachmann et al., 

2004). 
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Signalling pathways of PXR in cholesterol metabolism: 
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4.1.3. PXR in glucose metabolism 

The impact of PXR on glucose metabolism and insulin resistance is unclear. Various models of PXR 

ablation have reported worsened insulin resistance, but a harmful effect on glucose metabolism upon PXR 

activation was reported as well. Mechanistically, PXR has been shown to downregulate glucose transporter 2 

(GLUT2) in the liver. GLUT2 provides a glucose influx to the liver and there reduce plasma glucose concentration 

(Hassani-Nezhad-Gashti et al., 2018; Liu et al., 2022). In addition, treatment of PXR agonists resulted in 

decrease of phosphoenolpyruvate carboxykinase (PEPCK) and  glucose 6-phosphatase (G6Pase) expression in 

mice on chow diet (He et al., 2013; Kodama et al., 2004; Kodama et al., 2007). However, this effect has not 

been observed in ob/ob animals (Wang et al., 2022). Repression of PEPCK and G6Pase was observed in high-

fat diet-fed mice in response to PXR activation, however, this did not affect glucose production in pyruvate 

tolerance test suggesting no clear effect on gluconeogenesis (Karpale et al., 2023). Interestingly, PEPCK and 

G6Pase expression was upregulated after PXR induction on human hepatocytes (Gotoh and Negishi, 2015). 

Taken together, a significant species specificity in the ability of PXR to activate these gluconeogenesis-related 

target genes must be taken in account and the functional significance of PEPCK and G6Pase regulation by PXR 

remains open. PXR activation was also found to decrease liver glycogen level in high-fat diet-fed mice, which 

resulted in reduced ability to release glucose in response to glucagon (Karpale et al., 2023). Altogether, the 

effect of PXR activators on glucose metabolism is complex and both plasma glucose increasing and decreasing 

effects and mechanisms have described in various conditions. 
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Signalling pathways of PXR in glucose metabolism: 
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4.1.4. Relevance to EDs in PXR signalling pathways: 

PXR is activated by various EDs such as BPA (DeKeyser et al., 2011; Kojima et al., 2019; Kuzbari et al., 

2013; Liu et al., 2019; Sui et al., 2012; Takeshita et al., 2001), cypermethrin (Abass et al., 2012; Creusot et al., 

2021; Fujino et al., 2019), phthalates (Cooper et al., 2008; DeKeyser et al., 2011; Hurst and Waxman, 2004; 

Laurenzana et al., 2016), PCB 153 (Al-Salman and Plant, 2012), PFAS (Bjork et al., 2011) or propiconazole 

(Creusot et al., 2021; Knebel et al., 2019; Knebel et al., 2022; Lasch et al., 2021). These EDs has been linked in 

context of PXR activation to disrupted lipid homeostasis (Attema et al., 2022; Goetz and Dix, 2009; Wahlang et 

al., 2013) and increased atherosclerosis (Sui et al., 2014; Sui et al., 2018) in rodent models. In addition to its 

metabolic effects, PXR activation has been associated with increased hepatotoxicity (Goetz et al., 2006), liver 

proliferation (Kim et al., 2010) and tumour prevalence (Butenhoff et al., 2012) in mice. Therefore, the activation 

of PXR signalling pathways by EDs might lead to deleterious metabolic effects.  
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4.2. PXR - in vitro evidence 

Table for in vitro evidence PXR 

treatment   biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

BPA       PXR mild, CAR strong activator           [1] 

BPA     HG5LN PXR cells PXR, EC50=93.7 ± 27.6 µM           [2] 

BPA       PXR agonist, CAR inverse agonist           [3] 

BPA, BPAF 1, 10 µM   
HepG2, 3T3L1 
preadypocytes 

PXR EC50=0.65 µM 
increase Fabp4, 
Cebpa, adiponectin 

  

increase glucuronidation of UGT:1A10, 
2A1, 2A2 
increase lipid accumulation in 
preadipodytes 

    [4] 

BPA 100 µM   
HepG2, HepG2/PXR, 
HepaRG 

  
increase CYP3A4, 
decrease CYP2B6 
decrease fASN 

increase pERK1/2 increase lipid bioaccumulation ERK   [5] 

BPA, DES 10-50μM   
DPX2 human 
hepatoma cell line 

hPXR activation (no rat PXR activation) increase CYP3A4 
increase CYP3A4 
enzymatic activity 

      [6] 

BPA     

human hepatic cell line 
HepG2 and intestine 
epithelial cell line 
LS180 

hPXR activation, no mPXR 
increase CYP3A4, 
UGT1A1, MDR1 

        [7] 

BPA, DEHP     HepG2 activate hPXR           [8] 

BPA     COS-1 activate CAR1, CAR3, PXR           [9] 

DEHP, DiNP     
COS-1, human 
hepatocytes 

activate CAR2, PXR   
increase CYP2B6, 
3A4 

      [9] 

cypermethrin     HG5LN cells hPXR activation EC50=1.6 µM           [10] 

DDE     HG5LN cells hPXR activation EC50=5.5 µM           [10] 

propiconazole     HG5LN cells hPXR activation EC50=13 µM           [10] 

cypermethrin       rat PXR activation EC50=0.47 µM           [11] 

cypermethrin     HepaRG cells PXR activation increase CYP3A4         [12] 

atrazine         increase CYP2B6     
CAR-independent 
mechanisms 

  [12] 

DES      HepG2 PXR antagonistic effect           [13] 

MEHP       activate CAR2, PXR 
increase CYP2B6, 
CYP3A4 

        [14] 

DEHP, MEHP 1-50 µM   

HepG2, the rat 
hepatoma H4IIE-C3 cell 
line, human 
hepatocytes 

PXR activation  increase CYP3A5   
PXR, GR enhance 
activation 

  [15] 

DEHP     HepG2 mPXR, hPXR activation, EC50=7-8µM           [16] 

PCB153     Huh7 PXR, CAR agonist     
activates CYP3A4, MDR1 reporter gene 
expression 

    [17] 
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Table for in vitro evidence PXR 

treatment   biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

PFOA 25 µM 24 h 
primary rat and human 
hepatocytes 

PPARα, CAR, PXR, LXRα 

Acox1, Ehhadh, 
Cyp4a11 
Cyp2b2, Cyp2c6 
Cyp3a1 
Srebf1, Abcg5 

        [18] 

PFOS 25 µM 24 h 
primary rat and human 
hepatocytes 

PPARα, CAR, PXR, LXRα, FXR 

Acox1, Ehhadh, 
Cyp4a1 
Cyp2b2, Cyp2c6 
Cyp3a1,  
Srebf, Abcg5, Abca1 
Abcb11, Nr0b2 

        [18] 

propiconazole + 
tebuconazole 

10 µM 24 h, 6 d HepG2, HepaRG cells PXR activation EC50=6 µM 
decrease CYP7A1, 
CYP8B1, ABCG5, 
ABCC3 

  
BSEP inhibition (decrease taurocholate 
transport) 

    [19] 

propiconazole   72 h HepaRG cells 
AHR, CAR, PXR, RARa activation 
PPAa, LXRa, RXRa inhibition 

decrease CAR, 
ACOX2, SREBF1 
increase CYP1A1, 
CYP1A2, CYP2B6, 
CYP3A4 

  increase TG accumulation     [20] 

propiconazole     HepG2, HepaRG cells CAR, PXR, PPARα 
induced expression 
of steatosis-related 
genes 

  cellular triglyceride accumulation PXR steatosis [21] 

propiconazole     HepG2, HepaRG cells AHR ligand  CYP1A1 and CYP1A2 
CYP1A1 protein and 
enzyme activity 

      [22] 

propiconazole     
HepG2, HepaRG cells, 
primary rat 
hepatocytes 

CAR ligand 
increase CYP2B6 
Cyp2b1 (rat) 

  
increase CYP2B6, CYP2B1 promoter 
activity 

    [23] 

TPHP 2, 10 µM 24h HepG2 PXR, PPARy 
increase DGAT2, 
SCD1, SREBP1C 

  
increase lipid accumulation 
decrease ATP level 

    [24] 

TPHP     CHO cells ERα, ERβ, PXR, activato AR, GR antagonist           [25] 

baicalein       activates PXR in a Cdx2-dependent manner            [26] 

DBP     HCC cels PXR activation         increase migration og HCC cels [27] 
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4.3. PXR - in vivo evidence 

Table for in vivo evidence PXR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

BPA diet 50 mg/kg 
GD-PND21, + 
13 w, + 3 w 
recovery 

oral 
huPXR•ApoE-/- 
mouse model 

perinatal M 

semisynthetic diet 
containing 4.2% 
fat and 0.02% 
cholesterol  

  
increase CD36 in hPXR male 
mice 

increase CD36 in hPXR 
male mice 

increase aortic root lesion in 
hPXR male mice 

human PXR 

histone 
modification in 
CD36 promoter: 
increase 
H3K4me3, 
decrease 
H3K27me 

 increased 
atherosclerosis or CVD 
risk in humans 

[1] 

BPA     14, 35 d   Gobiocypris rarus   M+F     SULT1 ST6           [2] 

BPA diet 50 mg/kg 
GD-PND21, + 
12 w + 4 w 
recovery 

  

PXR-humanized 
ApoE deficient 
(huPXR•ApoE−/−) 
mouse line  

  M 

semisynthetic diet 
containing 4.2% 
fat and 0.02% 
cholesterol  

  
increase CYP3A11, MDRa1, 
CD36 in hPXR mice 

  
increase aortic root leasion in 
hPXR male mice 

hPXR, no effect on  
mPXR, of PXR-/- mice 

  
increase 
atherosclerosis 

[3] 

DDE     GD-PND21   
Sprague-Dawley 
rats 

      lliver increase CYP3A1, 2B6     
CAR nuclear 
accumulation 

    [4] 

PCB153   54μg/kg/d 
perinatal 
GD6-
PND21+300D 

  
wt and PXRKO 
mice 

              PXR   

PXR in protection 
against xenobiotic-
induced oxidative 
stress by maintaining 
proper metabolism in 
response to PCB-153 
exposure 

[5] 

PCB153         human                   
Cancer risk was below 
1×10(-6)  

[6] 

PCB153   50 mg/kg 4 d ip C57BL6/J mice   M 
control or 42% 
milk fat diet for 12 
weeks 

  in HFD increase FAS    

 in high-fat-fed mice was 
associated with increased 
visceral adiposity, hepatic 
steatosis and plasma adipokines 
including adiponectin, leptin, 
resistin and plasminogen 
activator inhibitor-1 levels. 

    

an obesogen that 
exacerbates hepatic 
steatosis, alters 
adipocytokines and 
disrupts normal 
hepatic lipid 
metabolism when 
administered with HFD 
but not control diet 

[7] 

PCB153 
sesame 
oil 

1 - 300 
mg/kg 

4-168 h gavage C57BL6/J mice         
increase Cyp2b10, Cyp3a11, 
Ces2, Insig2 and Abcc3 

  
vacuolization and hepatocellular 
hypertrophy 

CAR, PXR     [8] 

PFOA   
0.05 or 0.3 
mg/kg 

20 w   
C57BL/6J 
wildtype and 
PPARα-/- mice 

  M HFD 
liver, 
plasma 

    
increase hepatic TG, decrease 
body weight, increase liver 
weight 

PPARα dependent 
manner, n the absence 
of PPARα, the 
involvement of PXR 
and CAR became more 
prominent 

  
disrupts hepatic lipid 

metabolism 
[9] 
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Table for in vivo evidence PXR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PFOA   1mg/kg/d 2, 8, 16 w gavage C57BL/6 mice     
chow, HFD 16 
weeks 

  

increase Cd36, Acox1, 
Srebf1, Cpt1a, ApoB 
decrease Fasn 
increase Col1a1, Timp, TgfB 
increade Ppara, Cyp4a10, 
Ppary, Car, Cyp2b10m Pxr, 
Cyp3a11 

  

increase liver weight, decrease 
body weight, increased serum 
ALT (chow diet) 
increase BrdU, Ccnd1, Cmyc 
decrease liver triglycerides (HFD 
diet) 

PPARα, CAR, PXR   

pre-existing NAFLD 
might impact on many 
biological effects 
induced by PFOA  

[10] 

PFOA   40 mg/kg single dose ip C57BL/6 mice adult M chow liver 
increase Cyp2b10, Cyp3a11, 
Cyp4a14 

increase Cyp2b, Cyp4a 
increa CAR  

  Pxr, Car, Pparα     [11] 

PFOA   
300, 175, 
20, or 10 
mg/kg/day 

1, 3, 5 d gavage 
Sprague-Dawley 
rats 

adult M chow  liver, serum 

decrease Cyp1a1, Cyp1a2, 
Cyp7a1, Cyp7b1, Cyp8b1 
increase Cyp3a3, Cyp3a9, 
Cyp4a14, Cyp17a1 

  

hepatocyte eosinophilia, 
hypertrophy, nonzonal 
macrovesicular lipid 
decrease serum cholesterol, T4, 
T3 

Pxr, Car, Pparα, AhR     [12] 

PFOS   
300, 175, 
20, or 10 
mg/kg/day 

1, 3, 5 d gavage 
Sprague-Dawley 
rats 

adult M chow liver, serum 
decrease Cyp7b1, 
increase Cyp4a14, Cyp17a1 

  

hepatocyte eosinophilia, 
hypertrophy, nonzonal 
macrovesicular lipid 
decrease serum cholesterol, T4, 
T3 

Pxr, Car, Pparα     [12] 

propiconazole   
300 
mg/kg/day 

1, 3, 5 d gavage 
Sprague-Dawley 
rats 

adult M chow liver, serum 
increase Cyp3a3, Cyp3a9 
decrease Cyp4a14, Cyp7a1, 
Cyp8b1, Cyp17a1 

  

hepatocyte eosinophilia, 
hypertrophy, nonzonal 
macrovesicular lipid 
increase serum cholesterol 

Pxr, Car, Pparα     [12] 

PFOS   
10 mg/kg // 
5 mg/kg 

7 // 28 d   
wild type, Ppara-
null and PPARA-
humanized mice 

adult M chow   

increase Acox1, Cyp4a10 in 
wt mice 
increase Cyp2b10, Cyp3a11 
in all three genotypes 

  
increase liver weigh in all three 
genotypes 

Pparα, Pxr, Car     [13] 

PFOS   
50mg 
PFOS/kg 

28 d diet rats adult  M chow       

increase mi 200 family, 
decrease miR-122-5p, miR-21-
5p 
decrease miR-23b-3p/27b-
3p/24-3p cluster 

Pparα, Pxr, Car   
effects on TH 
homeostasis 

[14] 

PFOS   
0, 0.5, 2, 5, 
and 20 μg/g 

104 w diet 
Sprague Dawley 
rats 

adult M, F chow liver     

decrease serum cholesterol, 
increase serum urea nitrogen 
increase hepatocellular 
hypertrophy, proliferation, 
vacuolation, increased 
eosinophilic granulation 

PPARα/CAR/PXR-
mediated mode of 
action 

  
increases in 
hepatocellular 
adenoma 

[15] 

PFOS   
20 or 100 
ppm 

1, 7, or 28 d   
Sprague-Dawley 
rats 

adult M chow liver, serum   
increase CYP4A1, 
CYP2B1/2, CYP3A1 

increase liver weight, decrease 
plasma lipid, increase hepatic 
DNA, hepatic P450 
concentration 
increase liver proliferative 
index, decreased the liver 
apoptic index 
increase activity of : CYP4A, 
ACOX, , CYP2B, CYP3A 

      [16] 
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Table for in vivo evidence PXR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PFOS   
20 or 100 
ppm 

7 days plus 
recovery 1, 
28, 56, and 
84 

  
Sprague-Dawley 
rats 

adult M chow liver, serum     

ncreased liver weight; 
decreased plasma cholesterol, 
alanine aminotransferase, and 
triglycerides; decreased liver 
DNA concentration and 
increased hepatocellular 
cytosolic CYP450 concentration; 
increased liver activity of acyl 
CoA oxidase, CYP4A, CYP2B, and 
CYP3A; increased liver 
proliferative index and 
decreased liver apoptotic index; 
decreased hepatocellular 
glycogen-induced vacuoles; 
increased centrilobular 
hepatocellular hypertrophy 

PPARα and CAR/PXR     [17] 

propiconazole     28 d   rats         increase Cyp1a1 and Cyp1a2     AhR     [18] 

propiconazole   
500, 2500 
ppm 

GD6-PND92   
Wistar Han IGS 
rats 

perinatal to 
adult 

M chow liver, testis 

increase Aldh1a1, Cyp1a1, 
Cyp2b2, Cyp3a1, Cyp3a2, 
Slco1a4, Udpgtr2 
increase Cyp4a10, Pcx, 
Ppap2b (fatty acid 
metabolism) 
increase Ugt1a1, Ugt2a1 
(steroid metabolism) 

    CAR, PXR, PPARα   

perturbed the fatty 
acid, steroid, and 
xenobiotic metabolism 
pathways 

[19] 

propiconazole   
10, 75, 150 
mg/kg 

14 days gavage CD-1 mice adult       

increase Cyp1a2, Cyp2c37, 
Cyp51, Cyp2b10, Cyp24a1, 
Cyp2c55, Cyp3a11 
decrease Cyp2c40, Cyp2d26 
increase Aldh1a1, Aldh1a7, 
Aldrl6, Gstm2, Gsta2, Ces2 
increase Slco1b2, Slco17a5, 
Slco1a4, Slco1a5 
decrease Slc13a2 

  
increased relative liver/body 
weight ratios 

CAR, PXR, PPARα   
liver hypertrophy, 
hepatotoxicity 

[20] 

TDCPP diet 
0.02, 1, 100 
mg/kg 

  diet C57BL/6J mice adult M+F chow liver increase Cyp3a11, Gstm3   
male sex-specific adiposity, 
fasting hyperglycaemia, and 
insulin resistance 

FXR, PXR activation, AR 
inhibition 

    [21] 

DBP   
10, 50, or 
500 mg/kg 

GD12-19 oral 
Sprague-Dawley 
rats 

maternal + 
foetus 

M+F chow liver 
increase CYP 2B1, CYP 3A1, 
and CYP 4A1 

increase CYP 2B1, CYP 
3A1, and CYP 4A1 

  CAR, PXR     [22] 

DEHP   500 mg/kg 1, 7, or 28 d oral 
Sprague-Dawley 
rats 

prepubertal   chow  liver   
increase CAR, PXR, 
CYP2B1, PPARα 

increase liver weight, 
proliferation (increase PCNA) 

CAR, PXR, PPARα   
increase liver 
proliferation 

[23] 
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5. CAR 

5.1. CAR – description of signalling pathways 

5.1.1. CAR in fatty acid metabolism 

CAR has been described as a negative regulator of lipid metabolism in the murine liver. CAR activation 

was shown to alleviate hepatic steatosis by downregulation of lipogenic genes in mouse models subjected to 

metabolic or nutritional stress (high fat diet), in leptin-deficient (ob/ob) or Ldlr−/− mice, or in mice on lithogenic 

diet, (Dong et al., 2009; Gao et al., 2009; Cheng et al., 2017; Sberna et al., 2011). Mechanistically, insulin 

induced gene 1 (Insig-1) prevents the proteolytic activation of sterol regulatory element-binding protein 1c 

(Srebp-1c) in the endoplasmic reticulum  (Dong et al., 2009; Roth et al., 2008). The upregulation of Insig-1 upon 

CAR activation has been proposed to be responsible for the inhibitory effects of CAR on lipogenic genes 

including Srebp-1 downstream target genes acetyl-CoA carboxylase 1 (Acc1), fatty acid synthase (Fasn), 

stearoyl-CoA desaturase (Scd1) (Dong et al., 2009; Ueda et al., 2002; Wang et al., 2022). Furthermore, CAR 

activation enhanced energy expenditure in brown adipose tissue and peripheral fat mobilization, represses 

very low-density lipoprotein/TG secretion, decreased serum TGs and reduced hepatic steatosis in high-fat diet-

treated mice and ob/ob mice (Dong et al., 2009; Gao and Xie, 2012; Jiang and Xie, 2013; Molnar et al., 2013). 

In addition, the activation of CAR has been shown to decrease LXRα-mediated Srebp-1 induction (Zhai 

et al., 2010). According to a recent study, the gene fibronectin type III domain-containing protein 5 

(Fndc5)/Irisin is a direct CAR target that further supresses lipogenesis via the adenosine 5′-monophosphate 

(AMP)-activated protein kinase pathway (Mo et al., 2016). 

Contrary to the anti-obesogenic effect of CAR activation (Dong et al., 2009; Gao et al., 2009; Masuyama 

and Hiramatsu, 2012) several studies reported its pro-lipogenic effects (Breuker et al., 2010; Maglich et al., 

2009; Marmugi et al., 2016). The upregulation of lipogenic genes by CAR was described in human hepatocytes 

(Breuker et al., 2010). In another study, CAR mediated upregulation of lipogenic genes as well as neutral lipid 

accumulation in the liver in mice under chow diet. This was associated with CAR-mediated upregulation of 

Fasn, elongation (Elovl6) and esterification (Gpat) genes and the patatin-like phospholipase domain-containing 

protein 3 (Pnpla3) (Marmugi et al., 2016).  

 

Besides the effect of CAR on lipogenesis, it has been reported that CAR interferes with fatty acid 

oxidation. By attaching to DNA regions that overlap with the PPARα-binding site in the promoter region of 3-

hydroxyacyl-CoA dehydrogenase (Ehhadh), a crucial enzyme in peroxisomal fatty acid β-oxidation. Also, CAR 

has been reported to suppresses mitochondrial enzymes involved in fatty acid β-oxidation carnitine 

palmitoyltransferase 1 (Cpt1) and the enoyl CoA isomerase (Eci) (Gao et al., 2009; Moreau et al., 2008; Ueda 

et al., 2002). Another paper suggested an increase in hepatic -oxidation, but no substantial effects of CAR 

activation were observed on gene expression of key components of this pathway in obese mice (Dong et al., 

2009). In methionine choline-deficient diet-fed mice, CAR activation was connected with rather peroxisome 

than with mitochondrial -oxidation (Baskin-Bey et al., 2007). 
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Signalling pathways of CAR in fatty acid metabolism : 
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5.1.2. CAR in glucose metabolism 

Albeit the precise mechanism is complex and remains undescribed, the majority of the available data 

clearly suggests that CAR activation represses the glucogenic pathway by interfering with transcription factors 

or cofactors involved in the transcriptional control of enzymes involved in gluconeogenesis such as 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase).  At least two molecular 

mechanisms appear to be described in the CAR-mediated regulation of gluconeogenic enzymes. First, a direct 

inactivation of transcriptional activity of hepatocyte nuclear factor 4 (HNF4) and forkhead box protein O1 

(FOX1) by competitive inhibition of their binding to the target genes promoters (Kodama et al., 2004; Yarushkin 

et al., 2013). Second mechanism includes the repression of transcription factors by inhibition of their common 

upstream regulator peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) (Miao et 

al., 2006; Moreau et al., 2008; Puigserver et al., 2003; Wada et al., 2009).  
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Signalling pathways of CAR in glucose metabolism: 
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5.1.3. Relevance for EDs in CAR signalling pathways: 

CAR represents an important target for various EDs including phthalates (DeKeyser et al., 2011; 

Laurenzana et al., 2016; Zhang et al., 2015), diethylstilbestrol (Küblbeck et al., 2011), PCB 153 (Al-Salman and 

Plant, 2012), PFAS (Bjork et al., 2011) or propiconazole (Knebel et al., 2019; Knebel et al., 2018; Lasch et al., 

2021). These EDs has been linked to disrupted lipid homeostasis (Attema et al., 2022; Goetz and Dix, 2009; 

Kobayashi et al., 2021; Wahlang et al., 2013) and obesity (Lv et al., 2016; Wahlang et al., 2013) in rodent models 

. In addition to its metabolic effects, CAR activation has been associated with increased hepatotoxicity (Goetz 

et al., 2006; Zhao et al., 2021), liver proliferation (Kim et al., 2010) and tumour prevalence (Butenhoff et al., 

2012) in mice. Therefore, the activation of CAR signalling pathways by EDs might lead to deleterious metabolic 

effects.  
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5.2. CAR – in vitro evidence 

Table for in vitro evidence CAR 

treatment   biomarkers result 
ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

DEHP, MEHP     
transactivation and mammalian two-
hybrid protein interaction assays 

hCAR2 > hPXR > hPPAR           [1] 

DEHP, MEHP     human CAR yeast two-hybrid assay 
hCAR REC10=29.51 μM (DEHP), 4.27 μM 
(MEHP) 

          [2] 

DEHP, DiNP     COS-1, human hepatocytes activate CAR2, PXR   
increase CYP2B6, 
3A4 

      [3] 

BPA     CHO-K1 and COS-7 cells 
ERα, ERβ, PXR agonist, AR, GR antagonist 
CAR inverse agonist  

          [4] 

DDE       PXR agonist           [5] 

DES, 
cypermethrin, 
DEHP 

    C3A hepatoma cells hCAR, hPXR, hAhR           [6] 

DES     a recombinant yeast-cell assay CAR agonist           [7] 

PCB153     Huh7 PXR, CAR agonist     
activates CYP3A4, MDR1 reporter gene 
expression 

    [8] 

PFOA 25 µM 24 h primary rat and human hepatocytes PPARa, CAR, PXR, LXRα 

Acox1, Ehhadh, 
Cyp4a11 
Cyp2b2, Cyp2c6 
Cyp3a1 
Srebf1, Abcg5 

        [9] 

PFOA     HepaRG 
indirect activators of mouse and human 
CAR 

increase CYP2B6       hepatotoxicity [10] 

PFOS 25 µM 24 h primary rat and human hepatocytes PPARa, CAR, PXR, LXRα, FXR 

Acox1, Ehhadh, 
Cyp4a1 
Cyp2b2, Cyp2c6 
Cyp3a1,  
Srebf, Abcg5, Abca1 
Abcb11, Nr0b2 

        [9] 

propiconazole + 
tebuconazole 

10 µM 
24 h, 6 
days 

HepG2, HepaRG cells PXR activation EC50=6 µM 
decrease CYP7A1, 
CYP8B1, ABCG5, 
ABCC3 

  
BSEP inhibition (decrease taurocholate 
transport) 

    [11] 

propiconazole   72 h HepaRG cells 
AhR, CAR, PXR, RARα activation 
PPARα, LXRα, RXRα inhibition 

decrease CAR, 
ACOX2, SREBF1 
increase CYP1A1, 
CYP1A2, CYP2B6, 
CYP3A4 

  increase TG accumulation     [12] 

propiconazole     HepG2, HepaRG cells CAR, PXR, PPARα 
induced expression 
of steatosis-related 
genes 

  cellular triglyceride accumulation PXR  steatosis [13] 

propiconazole     HepG2, HepaRG cells AhR ligand  CYP1A1 and CYP1A2 
CYP1A1 protein and 
enzyme activity 

      [14] 
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Table for in vitro evidence CAR 

treatment   biomarkers result 
ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

propiconazole     
HepG2, HepaRG cells, primary rat 
hepatocytes 

CAR ligand 
increase CYP2B6 
Cyp2b1 (rat) 

  
increase CYP2B6, CYP2B1 promoter 
activity 

    [15] 

baicalein     Primary human hepatocytes indirect hCAR activator           [16] 
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5.3. CAR – in vivo evidence 

Table for in vivo evidence CAR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

DEHP corn oil 
500, 
1000 
mg/kg 

4 w 
n/a 
(gavage) 

SPF male ICR 
mice 

3 weeks old M chow lung 

increase AHR, ARNT, CYP1A1, 
CYP1A2, CYP1B1 
increase CAR, RXR, PXR, 
CYP2E1, CYP2F2 

increase AHR, ARNT, CYP1A1, 
CYP1A2, CYP1B1 
increase CAR, PXR, CYP2E1,  

  AHR, CAR   
DEHP-induced lung 
injury 

[1] 

DEHP corn oil 
500, 
1000 
mg/kg 

4 w gavage 
SPF male ICR 
mice 

3 weeks old M chow liver 

increase ARNT, CYP1A1, 
CYP1A2, CYP1B1 
increase CAR, PXR (nuclear 
and total), CYP3A4, CYP2E1, 
CYP4A12, CYP4A14, CYP4A29, 
CYP4B1. CYP4F14, CYP4V3 

increase CYP P450 activity, Cyt b5, 
APND, ERND, AH activity 
increase Nrf2, Keap1 
increase AHR, CYP1A1CYP1B1, 
CYP1A2 
increase CYP3A4, CYP2E1, CAR, 
PXR 

increase liver weight 
increase oxidative stress 
markers? ROS, MDA, H2O2, 
*OH, decrease CAT, T-AOC, 
T-SOD, GSH-PX, GST 

AHR, CAR, PXR Nrf2  liver damage [2] 

DEHP corn oil 
50 and 
200 
mg/kg 

5  w gavage C3H/He mice adult M chow 
hypothalamus, 
WAT, liver, 
serum 

in WAT decrease FAS, ACCA, 
Srebp1c (decrease 
lipogenesis), increase B- 
oxidation - CPT1a, PPARa, 
increase lipid uptake: LPL, 
CD36, FATP, FABP4, increase 
lipolysis? ATGL, HSL 
in liver: increase CAR, 
Cyp2b10, Sult1a1, Ugt1a1 

increase liver CAR 

body weight gain and 
adipogenesis 
Marked hyperphagia and 
daytime hypothermia 
increased WAT, liver 
hypothyroidism (decrease 
T3, T4, serum TSH 

  

hepatic CAR activation 
and hypothalamic TRH 
inhibition induced by 
hypothalamic leptin 
resistance 

induce obesity [3] 

DEHP corn oil 
977, 
1953 
mg/kg 

2 w gavage 

wild-type 
(mPPARα) and 
humanized 
PPARα (hPPARα) 
mice 

adult M chow liver 

mPPARa: increase MCAD, 
LVCAD, PH, PT, Cyp4a14, FAS 
decrease CAR 
hPPARa: increase FAS, MTP 

mPPARa: increase LVCAD, PH, PT 
hPPARa: increase MCAD, VLCAD, 
PH, PT, PPARa increase Cyp2b10 

  

hepatic PPARα of 
mPPARα mice was 
more strongly 
activated than that of 
hPPARα mice 
activated hepatic 
constitutive 
androstane receptor 
(CAR) more in hPPARα 
mice than in mPPARα 
mice 

    [4] 

DEHP   
500 
mg/kg 

1, 7, or 28 d oral 
Sprague-Dawley 
rats 

prepubertal   chow  liver   
increase CAR, PXR, CYP2B1, 
PPARa 

increase liver weight, 
proliferation (increase 
PCNA) 

CAR, PXR, PPARa   
increase liver 
proliferation 

[5] 

DEHP         

wild-type, 
PPARalpha-null, 
and CAR-null 
mice 

        
induction of genes Cyp2b10, 
Cyp3a11, and 
metallothionine-1 

    

1) most (approximately 
94%) of the 
transcriptional changes 
induced by DEHP were 
PPARα-dependent, (2) 
many PPARα-
independent genes 
overlapped with those 
regulated by PB, (3) 
induction of genes 
Cyp2b10, Cyp3a11, 
and metallothionine-1 
by DEHP was CAR 
dependent but PPARα-
independent, and (4) 
induction of a number 
of genes (Cyp8b1, 
Gstm4, and Gstm7) 
was independent of 
both CAR and PPARα. 

    [6] 

carbofuran   
0.0097 
mg/L 

30 d   
zebrafish Danio 
rerio 

  M+F chow   
increase tdhB, crh, cas9, bcl-2, 
gpx, mn-sod, ucp 

          [7] 
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Table for in vivo evidence CAR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

DDE     GD-PND21   
Sprague-Dawley 
rats 

      lliver increase CYP3A1, 2B6     
CAR nuclear 
accumulation 

    [8] 

PCB153   50 mg/kg 4 ip C57BL6/J mice   M 

control 
or 42% 
milk 
fat 
diet 
for 12 
weeks 

  in HFD increase FAS    

 in high-fat-fed mice was 
associated with increased 
visceral adiposity, hepatic 
steatosis and plasma 
adipokines including 
adiponectin, leptin, resistin 
and plasminogen activator 
inhibitor-1 levels. 

    

an obesogen that 
exacerbates hepatic 
steatosis, alters 
adipocytokines and 
disrupts normal 
hepatic lipid 
metabolism when 
administered with HFD 
but not control diet 

[9] 

PCB153 
sesame 
oil 

1 - 300 
mg/kg 

4-168 h gavage C57BL6/J mice         
increase Cyp2b10, Cyp3a11, 
Ces2, Insig2 and Abcc3 

  
vacuolization and 
hepatocellular hypertrophy 

CAR, PXR     [10] 

PCB153 corn oil 50 mg/kg 4 w gavage 

Car-null mice on 
the C57BL/6 
genetic 
background 

  M chow   

increase Cyp2b10 
decrease Pepck, Cd36, Ppary, 
Adipoq in wt; Pepck, Ppary, 
Adipoq, Rbp4, increase in Car-
/- 

    CAR   
disrupted retinoid 
homeostasis 

[11] 

PFOA   
0.05 or 
0.3 
mg/kg 

20 w   
C57BL/6J 
wildtype and 
PPARα-/- mice 

  M HFD liver, plasma     
increase hepatic TG, 
decrease body weight, 
increase liver weight 

PPARα dependent 
manner, n the absence 
of PPARα, the 
involvement of PXR 
and CAR became more 
prominent 

  
disrupts hepatic lipid 

metabolism 
[12] 

PFOA   1mg/kg/d 2, 8, 16 w gavage C57BL/6 mice     

chow, 
HFD 
16 
weeks 

  

increase Cd36, Acox1, Srebf1, 
Cpt1a, ApoB 
decrease Fasn 
increase Col1a1, Timp, TgfB 
increase Ppara, Cyp4a10, 
Ppary, Car, Cyp2b10m Pxr, 
Cyp3a11 

  

increase liver weight, 
decrease body weight, 
increased serum ALT (chow 
diet) 
increase BrdU, Ccnd1, Cmyc 
decrease liver triglycerides 
(HFD diet) 

PPARα, CAR, PXR   

pre-existing NAFLD 
might impact on many 
biological effects 
induced by PFOA  

[13] 

PFOA   40 mg/kg single dose ip C57BL/6 mice adult M chow liver 
increase Cyp2b10, Cyp3a11, 
Cyp4a14 

increase Cyp2b, Cyp4a 
increase CAR  

  Pxr, Car, Pparα     [14] 

PFOA   
300, 175, 
20, or 10 
mg/kg 

1, 3, 5 d gavage 
Sprague-Dawley 
rats 

adult M chow  liver, serum 

decrease Cyp1a1, Cyp1a2, 
Cyp7a1, Cyp7b1, Cyp8b1 
increase Cyp3a3, Cyp3a9, 
Cyp4a14, Cyp17a1 

  

hepatocyte eosinophilia, 
hypertrophy, nonzonal 
macrovesicular lipid 
decrease serum cholesterol, 
T4, T3 

Pxr, Car, Pparα, AhR     [15] 

PFOS         human 
pregnant 
women, 
Japan 

          
decreased palmitic, 
palmitoleic, and oleic acid 
levels 

    

the interactions 
between maternal 
PFOS levels and 
PPARGC1A or PPARD 
may modify maternal 
FA levels 

[16] 

PFOA   
1 or 3 
mg/kg 

7 d gavage 
C57BL/6 wt, 
Ppara -/- 

adult M chow liver 

increased Ces1d, 1e, 1f, 1 g, 
2c, and 2e mRNAs 
upregulation of Cyp4a14 
(Ppara) 

increased Ces1 and 2   PPARα, CAR, PXR PPARα 

modulates the 
expression and 
function of hepatic Ces 
enzymes 

[17] 

PFOS 
0.5% 
Tween 
20 

3 or 10 
mg/kg 

7 d gavage 
WT and PPARα-
null 129/SV 

adult M chow       increase liver weight       [18] 

PFOS   
50mg 
PFOS/kg 

28 d diet rats adult  M chow       

increase mi 200 family, 
decrease miR-122-5p, miR-
21-5p 
decrease miR-23b-3p/27b-
3p/24-3p cluster 

Pparα, Pxr, Car   
effects on TH 
homeostasis 

[19] 
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Table for in vivo evidence CAR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PFOS   
0, 0.5, 2, 
5, and 20 
μg/g 

104 w diet 
Sprague Dawley 
rats 

adult M, F chow liver     

decrease serum cholesterol, 
increase serum urea 
nitrogenm increase 
hepatocellular hypertrophy, 
proliferation, vacuolation, 
increased eosinophilic 
granulation 

PPARα/CAR/PXR-
mediated mode of 
action 

  
increases in 
hepatocellular 
adenoma 

[20] 

PFOS   
20 or 100 
ppm 

1, 7, or 28 d   
Sprague-Dawley 
rats 

adult M chow liver, serum   
increase CYP4A1, CYP2B1/2, 
CYP3A1 

increase liver weight, 
decrease plasma lipid, 
increase hepatic DNA, 
hepatic P450 concentration 
increase liver proliferative 
index, decreased the liver 
apoptic index 
increase activity of : CYP4A, 
ACOX, , CYP2B, CYP3A 

      [21] 

PFOS   
20 or 100 
ppm 

7 d plus 
recovery 1, 
28, 56, and 
84 

  
Sprague-Dawley 
rats 

adult M chow liver, serum     

ncreased liver weight; 
decreased plasma 
cholesterol, alanine 
aminotransferase, and 
triglycerides; decreased liver 
DNA concentration and 
increased hepatocellular 
cytosolic CYP450 
concentration; increased 
liver activity of acyl CoA 
oxidase, CYP4A, CYP2B, and 
CYP3A; increased liver 
proliferative index and 
decreased liver apoptotic 
index; decreased 
hepatocellular glycogen-
induced vacuoles; increased 
centrilobular hepatocellular 
hypertrophy 

PPARα and CAR/PXR     [22] 

PFOA, PFOS water 
3 or 10 
mg/kg 

7 d gavage 

Pparα-null mice 
(129S4/SvJae-
Pparatm1Gonz/J, 
stock #003580) 
and wild-type 
mice 
(129S1/SvlmJ, 
stock #002448) 

adult M chow liver     increased liver weight 

PPARα as a primary 
target, PFAAs also have 
the potential to 
activate CAR, PPARγ, 
and ERα as well as 
suppress STAT5B 

    [23] 

PFOS diet 

0.003 % 
or 0.006 
% DIET 
(cca 
5//10 
mg/kg) 

7 d diet 

wild-type, Ppara-
null and PPARA-
humanized mice 
on an Sv/129 
genetic 
background  

adult M CHOW liver 

increase Acox1, Cyp4a10 only 
in wt mice 
increase Cyp2b10, Cyp3a11 in 
all three genetypes 

  increase liver weight       [24] 

propiconazole     28 d   rats         increase Cyp1a1 and Cyp1a2     AHR     [25] 
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treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

propiconazole   
500, 
2500 
ppm 

GD6-PND92   
Wistar Han IGS 
rats 

perinatal to 
adult 

M chow liver, testis 

increase Aldh1a1, Cyp1a1, 
Cyp2b2, Cyp3a1, Cyp3a2, 
Slco1a4, Udpgtr2 
increase Cyp4a10, Pcx, 
Ppap2b (fatty acid 
metabolism) 
increase Ugt1a1, Ugt2a1 
(steroid metabolism) 

    CAR, PXR, PPARα   

perturbed the fatty 
acid, steroid, and 
xenobiotic metabolism 
pathways 

[26] 

propiconazole   
10, 75, 
150 
mg/kg 

14 d gavage CD-1 mice adult       

increase Cyp1a2, Cyp2c37, 
Cyp51, Cyp2b10, Cyp24a1, 
Cyp2c55, Cyp3a11 
decrease Cyp2c40, Cyp2d26 
increase Aldh1a1, Aldh1a7, 
Aldrl6, Gstm2, Gsta2, Ces2 
increase Slco1b2, Slco17a5, 
Slco1a4, Slco1a5 
decrease Slc13a2 

  
increased relative liver/body 
weight ratios 

CAR, PXR, PPARα   
liver hypertrophy, 
hepatotoxicity 

[27] 

DBP   
10, 50, or 
500 
mg/kg 

GD12-19 oral 
Sprague-Dawley 
rats 

maternal + 
foetus 

M+F chow liver 
increase CYP 2B1, CYP 3A1, 
and CYP 4A1 

increase CYP 2B1, CYP 3A1, and 
CYP 4A1 

  CAR, PXR     [28] 

propiconazole         
wild-type and 
CAR-null mice 

            
increased liver weight and 
hepatocyte proliferation 

CAR dependent 
manner 

    [29] 

propiconazole   
300 
mg/kg/ 

1, 3, 5 d gavage 
Sprague-Dawley 
rats 

adult M chow liver, serum 
increase Cyp3a3, Cyp3a9 
decrease Cyp4a14, Cyp7a1, 
Cyp8b1, Cyp17a1 

  

hepatocyte eosinophilia, 
hypertrophy, nonzonal 
macrovesicular lipid 
increase serum cholesterol 

Pxr, Car, Pparα     [15] 

propiconazole diet 
100, 500 
and 2500 
ppm, 

104 w diet CD-1 mice adult M+F chow liver     increase liver weight m and hCAR3     [30] 
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6. FXR 

6.1.  FXR – description of signalling pathways  

6.1.1. FXR in cholesterol metabolism 

FXR suppresses the conversion of cholesterol to bile acids. The rate-limiting enzyme in the synthesis 

of bile acid from cholesterol, 7α-hydroxylase (CYP7A1) is regulated by negative bile acid-dependent feedback 

loop at the transcriptional level (Russell and Setchell, 1992). However, FXR does not bind directly to the 

putative bile acid response element (BARE) in its promoter, but it controls CYP7A1 gene expression via two 

distinct mechanisms. First, it up-regulates expression of the atypical nuclear receptor small heterodimer 

partner (SHP, NR0B2) in the hepatocytes which in turn promotes dissociation of coactivators of the hepatic 

nuclear factor 4 (HNF4, NR2A1) or the liver receptor homolog-1 (LRH-1 NR5A2) (Goodwin et al., 2000; Lu et 

al., 2000). HNF4 and LRH-1 bind to the BARE region of the CYP7A1 gene and transactivate its expression (Li 

and Chiang, 2013; Pellicciari et al., 2005).  Secondly, FXR induces secretion of fibroblast growth factor -19 (FGF-

19, corresponding to murine FGF-15) from enterocytes. FGF-19 via activation of the hepatic FGF receptor 4 

(FGFR4) and represses CYP7A1 as well as CYP8B1 genes expression by interfering with the c-Jun N-terminal 

kinase pathway in hepatocytes (Holt et al., 2003; Yu et al., 2000). 
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Signalling pathways of FXR in cholesterol metabolism : 
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6.1.2. FXR in lipid metabolism 

FXR regulates lipid and lipoprotein metabolism by altering the transcription of several genes involved in fatty 

acid and triglyceride synthesis and lipoprotein secretion and plasma clearance. FXR down-regulates sterol 

response element binding protein-1c (SREBP-1c) in the liver via SHP-dependent manner (Watanabe et al., 

2004). SREBP-1c represents the master gene regulator of a wide range of genes participating in fatty acid and 

triglyceride synthesis such as acetyl-CoA carboxylase (ACC), acetyl-CoA synthetase (AceCS) and fatty acid 

synthetase (FASN). Moreover, FXR stimulates activity of lipoprotein lipase via induction of its activator, 

apolipoprotein (apo)C-II (Kast et al., 2001), and inhibition of its repressor, apoC-III (Claudel et al., 2003). By 

these mechanisms, FXR activation enables to lower plasma level of triglycerides and very low-density 

lipoprotein (VLDL) (Hirokane et al., 2004). FXR was also reported to regulate some other genes involved in lipid 

metabolism such as fatty acid transporter CD36, peroxisome proliferator-activated receptors (PPARs) or 

syndecan-1 (Cipriani et al., 2010; Fuchs et al., 2016). Of interest, FXR KO mice exhibit proatherogenic 

lipoprotein profile with increased triglycerides and cholesterol plasma levels along with circulating free fatty 

acids. However, FXR deficiency prevented from formation of atherosclerotic lesions in mice on high fat diet 

(Zhang et al., 2004) suggesting rather intricate involvement of FXR signalling in the regulation of lipoprotein 

homeostasis. 
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Signalling pathways of  FXR in lipid metabolism : 
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6.1.3. FXR in glucose metabolism 

The role of FXR in glucose metabolism is complex. FXR KO mice exhibit elevated plasma glucose levels 

and impaired insulin sensitivity (Ma et al., 2006). FXR ligands have been shown to lower expression of enzymes 

involved in gluconeogenesis including phosphoenol-pyruvate carboxylase (PEPCK) and glucose -6-phosphatase 

(G6Pase) (Cariou et al., 2005). On the other hand, high levels of glucose attenuate FXR expression implying 

mutual regulation between FXR and plasma glucose (Duran-Sandoval et al., 2004). Of note, the effect on 

glucose homeostasis mediated by FXR might not be beneficial during obesity (Prawitt et al., 2011). 
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Signalling pathways of FXR in glucose metabolism: 
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7. LXR 

7.1. LXR – in vitro evidence 

Table for in vitro evidence LXR 

treatment   biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref. 

TPP 0.1-20 µM   
human primary 
preadipocytes 

  

increase FABP4, 
PPARγ, C/EBPα, LPL, 
PLIN, SREBF 
increase ITIH1, 
PCK1, GPBAR1, 
PPP1R1A, SLCO4C1, 
FNDC5, ADIPOQ, 
CDHR1, ITIH4 
decrease BPIFB4, 
GPR78, MYH11, 
AMZ1, FBXL22, 
RGS5, D4S234E, 
CORIN, KRT18 

increase FABP4 increase lipid accumulation PPARγ, LXR, TR increase adipogenesis [1] 

PFOA, PFOS     reporter PPARα, PPARγ, no LXR activation           [2] 

TBT 0.1 μM 48 h 
human adrenocortical 
carcinoma cells 
(H295R) 

  increase LXRα, FXR 
increase HSD17B10, 
FABP5 
decrease SFN 

  
LXR/RXR, FXR/RXR 
activation, fatty acid 
metabolism 

regulation of sterol, glucose, and lipid 
metabolism 

[3] 

TBT 80 nM 24 h  

mouse bone marrow 
multipotent 
mesenchymal stromal 
cells (BM-MSC) 

  

increase Fabp4, 
Abca1, and Tgm2 in 
RXR-dependent 
manner 

  

decrease alkaline phosphatase activity, 
mineralization, and expression of 
osteoblast-related genes 
lipid accumulation and expression of 
adipocyte-related genes 

LXR/RXR - inhibited 
by RXR antagonist 

suppressed osteogenesis activates 
adipogenesis 

[4] 

BPA 25 μM 2, 4 d 
human differentiating 
preadipocytes 

  no significant effect     LXR, RXR hepatic fibrosis, cholestasis [5] 

MEHP 

10 μM + 10 µM 
genistein 
(phytoestrogen) 
-  

  
 MA-10 mouse tumor 
Leydig cells 

LXRα 

Increase mRNA of 
steroidogenic and 
cholesterol 
mediators Star, 
Cyp11a, Srb1 and 
Hsl, as well as 
upstream orphan 
nuclear receptors 
Nr2f2 and Sf1 
increase Hmgcoa, 
Srebp1c, Fasn 

  
increase levels of several neutral lipids and 
phospholipid classes 

    [6] 
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7.2. LXR – in vivo evidence  

Table for in vivo evidence LXR 

treatment model organism biomarkers result 

ED veh. dose length exposure species life stage sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

TBT   10 mg/kg 
10 
weeks 

gavage 
C57BL/6J 
mice 

adult F chow bone     

smaller cross-sectional area and 
thinner cortex 
increases in trabecular thickness, 
number, and bone volume 
fraction 

induces RXR, PPARγ, 
and LXR-mediated 
gene transcription 

RXR - an RXR 
antagonist, but not an 
LXR antagonist, 
significantly inhibited 
TBTs ability to 
suppress osteoclast 
differentiation 

suppresses osteoblast 
differentiation in vitro 

[1] 

TBT   
50, 100, 
and 150 
ppm/kg 

65 days oral 
Syrian 
hamsters 

adult M chow testis 

increase ApoE and LDL-R 
decrease SR-B1, LXR, PPARs α, β, 
and γ, SCAP, SREBP 1 and 2, 3β-
HSD, 17β-HSD, CYP17A1, and 
P450SCC 

  decrease viability of Leydig cells   
ApoE and SREBP as the 
major factors 
regulating genes 

hinders intracellular 
cholesterol transport 
resulting in abnormal 
sex steroid 
biosynthesis and 
alteration of 
steroidogenic enzyme 
activities 

[2] 

TBT   1 nM 6 days   
zebrafish 
(Danio rerio) 

embryo 
(developmental 
exposure) 

  

chow, 
HFD, 
high 
glucose 
diet 

  ppara, lxr and lepa         affect adipogenesis [3] 

DEHP corn oil 
250, 500, 
and 750 
mg/kg 

45 days gavage quails adult   chow 
liver, 
plasma 

increase LXR, SREBF1, SCD 
increase NF-kB, p65, TNFα, IL6, 
IL8, IL1B 
increase PPARα, PPARγ 

increase LXR, SREBP-1c, ACC, 
FASN 
increase PPARα, PPARy 

increased blood lipids and the 
accumulation of triglycerides (TG), 
total cholesterol (TC), and non-
esterified fatty acid (NEFA) in the 
liver 

  
LXR/SREBP-
1c/PPARα/γ and NF-κB 
signaling pathways 

  [4] 

DEHP   
500 and 
1000 mg/kg 

  intragastrically mice                 PPARα/PPARγ/FXR/LXR steatosis [5] 

BPA 
10% 
PEG 

1, 10, 50, 
250 μg/kg 

35 days gavage 
C57BL/6J 
mice 

adult M chow 
liver, 
plasma 

increase acc, cpt1, lxr, decrease, 
cyp4a10, cd36 (lipid metabolism) 
increase eno1, gapdhs, pk, pdh, 
decrease glut2, hk2, pck1, g6pc, cs 
(glucose metabolism) 

  

decrease liver and body weight, 
TG 
affect linoleic acid metabolism, 
taurine and hypotaurine 
metabolism, valine, leucine and 
isoleucine biosynthesis and 
arachidonic acid metabolism 

    
affect fatty acid and 
glucose metabolism 

[6] 

DES corn oil 0.75 μg 4 days subcutaneous 

wild-type and 
Lxr-deficient 
mice 
(C57BL/129sv) 

newborn 
treatment, 
investigated at 
10 or 45 days 
of age 

    testis 
in wt: decrease Star, Cyp11a1, 
Cyp17 in Lxr-/- decrease Cyp11a1, 
Cyp17 (Leydig cell markers) 

  

decrease of the body mass at 10 
days only in the Lxr-deficient mice 
suggesting a protective effect of 
Lxr 
decrease cholesterol, 
phosphatidylethanolamine, 
phosphatidylcholine, sphingosine 
in wt 

  Lxrα and Lxrβ   [7] 
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8. GR 

8.1. GR – in vitro evidence 

Table for in vitro evidence GR 
treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

DEHP 8 nM to 50 µM   COS7 gene reporter 
whale THRβ agonist and antagonist, GR 
inhibition 

          [1] 

DEHP + 
Dexamethasone 

    
HepG2 cells and A549 
cells 

synergistic activation of human GR 
increased PEPCK, 
FAS and MKP-1 

        [2] 

DEHP + metal 
coexposure 

    HepaRG cells       

differential expression levels of arginase-1 
and -2, argininosuccinate synthase, 
carbamoyl-phosphate synthase, ornithine 
carbamoyltransferase, and 
argininosuccinate lyase 

  perturbations of the urea cycle [3] 

DEHP     
HCT 116 human colon 
carcinoma cells  

    

overexpression of 
Hsp70 protein 
affected Glucose-6-
phosphate 
dehydrogenase 
(G6PD) and 6-
phosphogluconate 
dehydrogenase 
(6PGD) 

increase SOD, CAT, decrease GSH, GR 
(glutathione reductase) 

  triggers oxidative stress and apoptosis [4] 

BPA       
human PXR, CAR, ERα/β, GR LXRα/β 
agonist 

          [5] 

BPA       ERα/β, ERRγ, PXR agonist; no effect on GR           [6] 

BPA       weak GR antagonist           [7] 

BPA 
20 μmol/L, 40 
μmol/L, or 80 
μmol/L 

9 d 3T3-L1 cells PPARγ, GR activation 
increase PPARγ, 
C/EBPα and 
adiponectin 

increase PPARγ, 
C/EBPα and 
adiponectin, 
increase GR 
phosphorylation and 
activity 
increase 
phosphorylation of 
p38, MKK3 

    obesity, adipocyte differentiation [8] 

BPA     3T3-L1 cells GR activation increase aP2 increase aP2     increase adipocyte differentiation [9] 

BPA 1-50 μM BPA   
primary human 
preadipocytes 

effect via ER not GR (ER antagonist ICI 
inhibited effect) 

  
increase aP2, 
adipsin, C/EBPα, 
PPARγ 

increase TG   
increase in differentiation and lipid 
accumulation  

[10] 

BPA 1 µmol/L 24 h 3T3-L1 cells increase GRE-luciferase activity   
increase IR-beta, 
C/EBPα, adiponectin 

      [11] 

cypermethrin       human GR antagonist           [12] 
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Table for in vitro evidence GR 

treatment biomarkers result 

ED veh. length cell line NR effect mRNA protein other sign.pathway "metabolic" effect ref 

PFOS 0.2–20 μM 6, 16 h THP-1 cells 
GR agonist profile (inhibited by 
mifepristone GR inhibitor) 

decrease RACK1 
mRNA 

decrease IL-1β     immunotoxic potential [13] 

DDE 0.00502 mg/mL     GR antagonistic activity           [14] 

PFOS 
0.0147 mg/mL 
and 0.0294 
mg/mL 

-   
increase cortisol activity on GR (no GR 
agonistic activity alone) 

          [14] 

TBT     HepG2 cells       
induced elevation in malondialdehyde 
(MDA) 

  oxidative stress [15] 

TPHP       GR and MR antagonistic activities   
downregulated 
CYP17,CYP21, and 
CYP11B1 expression 

    disturb steroidogenesis [16] 

TDCPP       AR antagonist, PXR agonist           [17] 

TPHP       AR antagonist, PXR agonist           [17] 
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8.2. GR – in vivo evidence  

Table for in vivo evidence GR 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

atrazine 
1% 
methyl 
cellulose 

125 
mg/kg/d 

GD 16–20 gavage 
Sprague 
Dawley rats 

newborn - 
adult, 
perinatal 
exposure 

M+F chow serum kidney increased renal GR mRNA   

increase cortisol level 
decreased birth weight of females 
increased blood pressure in male 
and female offspring, 7-65 weeks 
after birth 

  maternal stress 
elevated blood 
pressure 

[1] 

PFOS water 
18.75 
mg/kg/d 

GD 2–6 gavage 
Sprague 
Dawley rats 

newborn - 
adult, 
perinatal 
exposure 

M+F chow   increased renal GR mRNA   

decreased maternal weight gain 
decreased birth weight of females 
increased blood presure in male 
and female offspring, 7-65 weeks 
after birth 

  maternal stress 
elevated blood 
pressure 

[1] 

atrazine water 
2, 10, and 
100μg/l 

96 h  water 

freshwater 
fish 
Rhamdia 
quelen 

adult     liver     

leukocyte infiltration, hepatocyte 
vacuolization 
inhibited CAT, GST, GPx and GR 
(gluthatione reductase) activities 
reduces GSH levels 

    liver damage [2] 

DEHP, MEHP         human 

7-yo, 11-yo, 
children 
(Italy, 
Denmark, 
Slovakia) 

    urine           
positive association 
with phthalate and IQ 

[3] 

DEHP   
0, 100, 200, 
and 400 
mg/kg/day 

    rats prepubertal M chow kidney, liver     
increase G6PD and GR 
(glutathione reductase) decreased 
6-PGD activity  

      [4] 

DEHP         human 

prenatal 
exposure, 
children 3 
and 5 yo 

    urine           

non-DEHP phthalate 
exposures were 
associated with lower 
BMI z-score, waist 
circumference, and fat 
mass in boys during 
early childhood. 

[5] 

BPA corn oil 
0.036 and 
3.42 
mg/kg/day 

1 week 
premating, 
23GD, 6 
day PND 

diet 
Long–Evans 
rats 

prenatal 
exposure, 
PND6 

F chow liver increase HO-1d, iNOS 

decrease CAT, SOD, GPx, GR, 
GST, GSH 
increase HO-1d, iNOS 
increased AST, ALT, GGT 

increase body weight of dams, 
decreases body weight of pups at 
PND6 

    liver injury [6] 

BPA corn oil 
5, 25, and 
125 μg/kg 

35 days gavage Wistar rats adult M chow liver 
increased expression of HO-1, 
GADD45B 

  decreased body weight     
hepatic oxidative 
stress 

[7] 

BPA water 
200 ng/L 
(0.887 nM) 

    zebra fish adult     
liver, 
hypothalamus 

hypothalamus: decrease cart4, 
faah2a, lepa, increase cnr1 
liver: increase srebf2, lrps, 
scrp30, cfdl, abhd4, cnr1, 
decrease ppara 

 increase in the expression of 
the endocannabinoid receptor 
cnr1 

decrease in 
palmitoylethanolamide, increase 
the obesogenic endocannabinoids 
2-arachidonoylglycerol and 
anandamide 

    hepatic steatosis [8] 

BPA         human 

prenatal 
exposure 
children 2.5 
and 4 yo 

    urine           
associated with excess 
child adiposity 

[9] 

cypermethrin corn oil 
25 and 50 
mg/kg/d 

4 months gavage 

New 
Zealand 
white 
rabbits 

adult M chow liver, kidney     
fibrous tissue, inflammation, lipid 
degeneration 

    
cause liver and renal 
inflammation 

[10] 
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Table for in vivo evidence GR 

treatment model organism biomarkers result 

ED veh. dose length exposure species 
life 

stage 
sex diet tissue mRNA protein other NR effect sign.pathway metabolic effect ref 

PCB153         
human, 
Greece 

pregnant 
woman 

                
high PCBs levels in 
early pregnancy had 
higher risk for GDM 

[11] 

PFOS 
2.5% 
Tween 
20 

0.5; 1.0; 3.0 
and 6.0 
mg/kg/d 

28 days gavage 
Sprague-
Dawley rats 

adult M chow 

 
hypothalamus, 
hippocampus, 
pituitary and 
adrenal glands 

  decrease CRF1 in pituitary gland 
decrease CRF1 in pituitary gland 
inhibit GR protein expression in 
prefrontal cortex and amygdala 

    

alter the 
hypothalamic-
pituitary-adrenal (HPA) 
axis activity  

[12] 

TPP water 7.0 mg/l 120h   zebra fish  
embryos, 
larvae 

            
AhRs, PPARα, ER, TRα, 
GR, MR modulation 

    [13] 

TDCPP water 29.6 mg/l 120h   zebra fish  
embryos, 
larvae 

            PPARα, TRα     [13] 
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