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Abstract

Cytochrome P450s (CYP) plays an important role in metabolism and clearance of most clinically 

utilized drugs and other xenobiotics. They are important in metabolism of endogenous compounds 

including fatty acids, sterols, steroids and lipid soluble vitamins. Dietary factors such as 

phytochemicals are capable of affecting CYP expression and activity which may be important in 

diet-drug interactions and in development of fatty liver disease, cardiovascular disease and cancer. 

One important diet-CYP interaction is with diets containing plant proteins, particularly soy 

protein. Soy diets are traditionally consumed in Asian countries and are linked to lower incidence 

of several cancers and of cardiovascular disease in Asian populations. Soy is also an important 

protein source in vegetarian and vegan diets and the sole protein source in soy infant formulas. 

Recent studies suggest that consumption of soy can inhibit induction of CY1 enzymes by 

polycyclic aromatic hydrocarbons which may contribute to cancer prevention. In addition, there is 

data to suggest that soy components promiscuously activate several nuclear receptors including 

PXR, PPAR and LXR resulting in increased expression of CYP3As, CYP4As and CYPs involved 

in metabolism of cholesterol to bile acids. Such soy-CYP interactions may alter drug 

pharmacokinetics and therapeutic efficacy and be associated with improved lipid homeostasis and 

reduced risk of cardiovascular disease. The current review summarizes results from in vitro; in 
vivo and clinical studies of soy-CYP interactions and examines the evidence linking the effects of 

soy diets on CYP expression to isoflavone phytoestrogens, particularly genistein and daidzein 

which are associated with soy protein.
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Introduction

The cytochrome P450 (CYP)-dependent monooxygenase system is highly versatile in its 

ability to catalyze the oxidative metabolism of a vast range of xenobiotics and endogenous 

compounds. In the majority of cases this results in increased clearance and detoxication. 

However, in some instances oxidative metabolism can result in formation of reactive 
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intermediates capable of producing cellular injury or acting as mutagens. As a result, 

changes in patterns of expression and activity of multiple CYP enzymes can affect drug 

metabolism, clearance and therapeutic efficacy, and the risk of development of many chronic 

diseases including cardiovascular disease and cancer. Over the past 50 years, studies have 

demonstrated that dietary factors and diet composition have a profound influence on CYP 

regulation with consequences for drug metabolism, toxicity and disease prevalence 

(Ioannides, 1999). This was amply demonstrated in an early study in rabbits by Pineau et al. 

(1991) which revealed large increases in CYP3A6 expression and activity associated with 

switch of diet from breast milk to solid diets at weaning. Subsequently, many investigators 

have focused on the CYP-regulatory effects of specific dietary components including dietary 

fats (reviewed by Hardwick et al., 2009); ethanol (reviewed by Ingelman-Sundberg et al., 

1994; Ronis et al., 1996; Li and Cederbaum 2008) and phytochemicals in fruits and 

vegetables (reviewed by Ioannides, 1999; Lamps and Petersen, 2002; Murray 2006; 

Rodriguez-Fragoso et al., 2011; An et al. 2015). In addition, a significant amount of work 

has examined the effects of dietary protein composition, in particular soy protein and its 

associated phytochemicals, on CYP expression and activity. Such effects are potentially 

important since soy products are an important source of calories in Asians eating traditional 

diets; vegetarians and vegans and are the sole protein source in the million children each 

year who consume soy infant formula (Badger et al., 2002). In addition, soy constitutes a 

significant portion of rodent chow diets and may influence the outcome of pre-clinical 

studies of new therapeutic agents. This is the topic of the current review.

Soy, Aryl Hydrocarbon Receptor (AhR) Signaling and CYP1 Enzymes

Epidemiological data have linked consumption of traditional Asian diets rich in soybean 

products with a lower incidence of several cancers including breast cancer (Wu et al., 2008; 

Korde et al. 2009, Dong and Qin, 2011, Ollberg et al. 2012; Mahmoud et al. 2014). In 

addition, we and others have reported that consumption of soy protein isolate (SPI) results in 

significant protection against chemically-induced breast cancer in several animal models, 

including those involving treatment with the polycyclic aromatic hydrocarbon (PAH) 

dimethylbenz(a)anthracene (DMBA) (Hakkak et al. 2000; Constantinou et al. 2001). One 

potential protective mechanism related to chemical carcinogenesis would be inhibition of 

procarcinogen bioactivation to reduce cancer initiation (Badger et al. 2005). In this regard 

cytochrome P450 enzymes in the CYP1 family under the regulation of the Ah receptor play 

an important role in bioactivation of PAHs to mutagenic metabolites (Shimada and Fujii-

Kuriyama, 2004). There is now extensive evidence that consumption of SPI results in 

downregulation of CYP1 family member inducibility by PAHs in the liver and mammary 

gland of rats. Ronis et al. (2001) examined the inducibility of CYP1A1 and CYP1A2 in the 

liver of male rats fed lifetime diets containing casein, SPI or whey as the sole protein source 

by the PAH and AhR ligand 3-methylcholanthrene (3MC). SPI feeding significantly reduced 

CYP1A1 mRNA and apoprotein induction relative to casein and whey fed groups. This 

correlated with reduced expression of the hepatic AhR after SPI feeding. In contrast, both 

SPI and whey feeding reduced 3MC induction of CYP1A2 mRNA. In contrast, CYP1A1 

mRNA and apoprotein induction by an AhR-independent mechanism after treatment with 

isosafrole was significantly enhanced in the SPI-fed compared to casein or whey fed groups. 
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A similar study was performed in female rats. CYP1 enzymes were induced by DMBA in 

animals fed casein, SPI or whey. Rowlands et al. (2001) reported that DMBA-induction of 

ethoxyresorufin O-deethylase, CY1A1 apoprotein and mRNA in liver was reduced 

significantly by feeding SPI compared to casein. Similarly, DMBA induction of hepatic 

methoxyresorufin O-demethylase activity, CYP1A2 mRNA and CYP1B1 mRNA were lower 

in SPI-fed compared to casein-fed female rats. Moreover, feeding SPI significantly 

suppressed both constitutive and DMBA-induced apoprotein expression of all three CYP1 

enzymes, CYP1A1, CYP1A2 and CYP1B1 in the mammary gland of female rats. This was 

accompanied by reduced expression of AhR protein and its heterodimerization partner 

ARNT (Rowlands et al. 2001). In contrast, no differences were observed in inducibility of 

CYP1A1 and CYP1B1 in the uterus of female rats fed casein or SPI and treated with DMBA 

(Ronis et al. 2016). Also in contrast to data in rats, no significant change in expression of 

CYP1A1 or CP1B1 was observed in the mammary gland of ovariectomized female 

cynomolgus macaques fed soy diets with or without bound phytochemicals for 36 months 

(Scott et al. 2008).

In subsequent mechanistic studies, suppression of DMBA induction of CYP1A1, and of 

binding of AhR/ARNT heterodimers to the XRE element on the CYP1A1 promoter in rat 

liver by feeding SPI, was found to require the presence of SPI bound phytochemicals. These 

effects did not occur after feeding SPI protein stripped of phytochemicals by successive 

ethanol washes (Singhal et al., 2007). However, the phytochemical component involved in 

this response appeared not to be isoflavones. Diets supplemented with the same levels of 

pure genistein or diadzein found in SPI failed to suppress hepatic AhR expression or 

CYP1A1 induction (Singhal et al., 2008). Studies using FGC-4 rat hepatoma cells exposed 

to DMBA and serum from casein and SPI-fed rats demonstrated that factors from the soy 

diet triggered ubiquitination and proteasomal degradation of AhR (Singhal et al. 2007). 

Treatment with serum from SPI-fed rats resulted in reduced association of AhR with the 

cytosolic chaperone protein immunophillin-like X-associated protein (XAP2) and 

translocation of AhR from the cytosol into the nucleus. However, the translocated receptor 

appeared unable to heterodimerize with ARNT or bind to xenobiotic response elements 

(XREs) on the CYP1A1 promoter, but was rather targeted for degradation (Singhal et al. 

2007). The suppressive effect of SPI on DMBA induction of CYP1A1 appears to be 

dependent on the presence of estrogens. The effect was lost after ovariectomy of female rats 

and restored after replacement with estradiol. This was associated with reduced recruitment 

of AhR and ERα to XRE elements on the CYP1A1 promoter (Singhal et al. 2009).

Isoflavones, AhR Signaling and CYP1 Enzymes

Although there are over 100 phytochemicals associated with soy protein products (Fang et 

al., 2004, Kang et al. 2010), the major phytochemical constituents are the isoflavones 

genistein and daidzein. These compounds have structures similar to 17β-estradiol and are 

weakly estrogenic with a higher affinity for estrogen receptor (ER)β than ERα (Badger et 

al. 2002; Szkudelska and Nogowski 2007; Dinsdale and Ward, 2010). In addition, 

breakdown of daidzein by gut bacteria results in the production of the more etrogenic 

metabolite equol in ~20% of soy consumers (Shor et al. 2012). It is commonly assumed that 

the biological effects of soy result from the actions of these phytoestrogen components 
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acting via ER signaling (McCarver et al. 2011). The majority of studies examining the 

effects of pure isoflavones on CYP1 expression and activity have been performed in vitro 
and appear to vary depending on the isoflavone and cell line examined. Genistein was 

reported to inhibit metabolism of ethoxyresorufin in mouse liver microsomes and to be a 

non-competitive inhibitor of recombinant human CYP1A2 at mM concentrations (Helsby et 

al., 1998). Genistein was also reported to inhibit recombinant human CYP1A1 and CYP1B1 

activity at lower Ki of 15 and 0.7 μM respectively wheras daidzein was ineffective (Chan 

and Leung, 2003). In contrast, genistein, daidzein and the daidzein metabolite equol were all 

shown to be dose-dependent CYP1A1 and CYP1B1 inhibitors in transfected V79 cells at 

concentrations from 3–30 μM (Scott et al., 2008). In H411E rat hepatoma cell cultures 

genistein and daidzein were both reported to inhibit induction of CYP1A1 by omeprazole 

which activates the AhR/ARNT complex without AhR binding. However, neither were able 

to block induction of CYP1A1 by the AhR ligands PAH benzo(a)pyrene or 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) (Backlund et al., 1997). In contrast, in MCF-7 human 

mammary carcinoma cells, human ketatinocytes and human alveolar type II A549 lung 

adenocarcinomas, genistein and daidzein have been reported to inhibit dioxin and DMBA-

induced CYP1A1 expression (Gradin et al., 1994; Hukkanen et al. 2000; Chan and Leung, 

2003, Wagner et al. 2008). In keratinocytes, genistein inhibition was shown to target the 

ligand binding domain of AhR and interactions with the chaperone protein HSP-90 but did 

not result in AhR degradation (Gradin et al., 1994). In contrast to CYP1A1, CYP1B1 

expression and induction by TCDD has been reported to be unaffected by genistein in both 

MCF-7 and lung adenocarcinoma cells (Hukkanen et al., 2000; Wagner et al. 2008). 

Moreover, Wei et al. (2015) reported synergistic induction of CYP1B1 in MCF-7 cells by 

genistein and DMBA. Only one human clinical study has examined the effects of genistein 

on CYP1 activity. Daily ingestion of 1 g genisten/day for 14 days by healthy human 

volunteers resulted in a 41% decrease in caffeine metabolite ratios used to assess CYP1A2 

activity (Chen et al. 2011).

Soy and CYP2 Enzymes

In contrast to effects on CYP1 enzymes, the effects of soy feeding on expression of CYP 

family 2 members appear more limited. Mezei et al. (2002) reported 3-fold upregulation of a 

member of the CYP2A subfamily in the liver of gerbils fed SPI for 28 days relative to 

gerbils fed a casein-based diet. In this study, SPI stripped of phytochemicals by ethanol 

washing was almost as effective in CYP2A induction as intact SPI, wheras extracted 

phytochemical extracts also significantly increased CYP expression. Induction of 

pentoxyresorufin O-depentylase, a marker of CYP2B activity was shown to be significantly 

increased in rats fed SPI and treated with the glucocorticoid dexamethasone relative to 

dexamethasone-treated rats fed casein (Ronis et al. 1999). However, no similar increase was 

observed in CYP2B1 apoprotein. In addition, array analysis of hepatic gene expression 

profiles of ovariectomized female rats fed SPI for 14 days revealed a significant 3-fold 

increase in expression of CYP2C13 mRNA (Singhal et al. 2009a). Interestingly, a similar 

increase in CYP2C13 expression was observed when these rats where treated with estradiol 

to restore physiological hormone levels. Array analysis of hepatic gene expression in 

neonatal pigs fed cow’s milk or soy-based infant formula indicated a significantly greater 
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expression of CYP2D6 mRNA in both male and female piglets fed soy formula (Ronis et al. 

2011a).

Isoflavones and CYP2 Enzymes

Information on the effects of isoflavones on CYP2 enzymes is also limited. Genistein, 

daidzein and glycitein have been shown to non-competitively inhibit nicotine C-oxidation 

catalyzed by recombinant human CYP2A6 at Ki concentrations of 1.3, 0.7 and 5.2 μM 

respectively. In addition, isoflavone supplement consumption for 5 days was shown to 

significantly decrease nicotine metabolism in a Japanese clinical study (Nakajima et al. 

2006). In rats, consumption of an isoflavone extract at levels of up to 300 mg/kg diet was 

reported to have no effect on hepatic expression of CYP2B1/2, CYP2C11 or CYP2E1 

mRNAs (Kishida et al. 2004). At higher dietary concentrations of 1250 mg/kg, genistein was 

found to decrease expression of CYP2C11 apoprotein and testosterone 2α- and 16α-

hydroxylation (Laurenzana et al. 2002). Genistein and equol were also shown to be non-

competitive inhibitors of CYP2E1 activity at Ki concentrations of 10 mM and 560 μM 

(Helsby et al. 1998). In an in vivo pharmacokinetic study in rats, genistein was also found to 

inhibit the clearance of the anticancer drug paclitaxel whether administered orally or by i.v. 

(Li and Choi 2007). However, it is unclear if this is associated with inhibition of CYP2C or 

CYP3A activity or effects on ABC transporter expression.

Soy, PXR-Signaling and CYP3A Enzymes

The effects of soy on CYP3A enzymes has received a significant amount of attention given 

the widespread consumption of soy products and the importance of CYP3As in the 

metabolism of a majority of clinically utilized drugs in both adults and pediatric patients 

(Ronis and Ingelman-Sundberg, 1998,de Wildt et al. 1999). Ronis et al. (1999) reported that 

lifetime SPI feeding of male rats resulted in significantly higher hepatic CYP3A apoprotein 

expression and dexamethasone inducibility compared to rats fed diets using casein as the 

sole protein source in adults. Feeding SPI also resulted in significantly increased microsomal 

6β-hydroxylation of the CYP3A substrates testosterone and corticosterone and increased 

CYP3A-dependent N-demethylation of erythromycin and ethylmorphine after 

dexamethasone treatment relative to casein-fed rats (Ronis et al. 1999). In subsequent 

studies in weanling rats fed casein or SPI, Ronis et al. (2004) demonstrated that SPI 

consumption resulted in expression of hepatic CYP3A1 (CYP3A23) and CYP3A2 mRNA in 

rats as young as age 25 days. These enzymes were undetectable in rats fed casein. SPI 

consumption increased metabolism of the CYP3A substrate midazolam 2-fold. Feeding SPI 

also significantly increased induction of CYP3A2 mRNA and CYP3A apoprotein by 

dexamethasone and clotrimazole at this age relative to feeding casein. Using peptide-specific 

antibodies against CYP3A1 and CYP3A2, Ronis et al. (2006b) demonstrated that the effects 

of SPI feeding on hepatic CYP3A expression was a direct effect of the diet as opposed to 

developmental programming associated with early soy consumption. In addition, CYP3A1 

was observed to be expressed at high levels in both liver and the intestinal jejunum of SPI-

fed rats at age 33 days relative to casein-fed rats. More recent studies by Ronis et al. (2011b) 

examining quantitation of newly synthesized hepatic CYP3A1 transcripts by nuclear run-on 

analysis demonstrated a higher rate of basal transcription of the CYP3A1 gene in SPI-fed 
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compared to casein fed rats accompanied by increased recruitment of the pregnane X-

receptor to a response element on the CYP3A1 promoter. The rat is not the only species in 

which increased expression of CYP3A enzymes has been reported in response to feeding 

soy products. Li et al. (2009) reported a 5.7-fold increase in expression of CYP3A11 in mice 

fed SPI diets containing high levels of isoflavones relative to mice fed diets containing SPI 

stripped of phytochemicals by successive ethanol washes. Ronis et al. (2011a) reported 

significantly increased expression of hepatic CYP3A29 and CYP3A46 mRNA, increased 

expression of CYP3A apoprotein and increased CYP3A-dependent microsomal metabolism 

of erythromycin and 6β-hydroxylation of testosterone in neonatal male and female piglets 

fed soy-based infant formula relative to piglets which were fed cow’s milk formula or 

breastfed sows milk. Collectively these data suggest that consumption of soy products by 

Asians eating traditional diets, vegetarians, vegans and soy formula consumption by infants 

may alter the clearance and therapeutic efficacy of a wide variety of medications and require 

dosage adjustment.

Isoflavones, PXR-Signaling and CYP3A Enzymes

In contrast to the consistent reports of increased expression of CYP3A mRNAs, protein and 

activities observed in animals fed soy products, the literature on the effects of pure 

isoflavones on CYP3A enzymes is more variable. Significant inhibition of activity of human 

CYP3A4 stably transfected into V79 cells by daidzein at concentrations of 1–30 μM has 

been reported. In contrast no effect was observed with genistein while equol appeared to 

increase CYP3A4 activity in a dose-dependent manor by post-transcriptional mechanisms 

(Scott et al. 2008). In contrast, genistein has been reported to inhibit vitamin D3-induced 

CYP3A4 expression in human intestinal Caco-2 cells (Sergent et al. 2009). Administration 

of isoflavone containing soy extracts to rats at doses up to 300 mg/kg diet was reported to 

have no effect on expression of hepatic CYP3A1 or CYP3A2 mRNAs (Kishida et al. 2004). 

A higher dietary dose of 1250 mg/kg genistein given throughout development was reported 

to decrease hepatic CYP3A apoprotein expression in male rats (Laurenzana et al. 2002). In 

contrast, genistein, daidzein and equol have been reported to upregulate human CYP3A4 

promoter directed luciferase expression in HepG2 cells at concentrations of 5–10 μM and to 

increase CYP3A11 expression in primary mouse hepatocytes from wild type but not PXR −/

− mice (Li et al. 2009). It was reported that the isoflavones differed in their affinity for 

mouse and human PXR with genistein being the most potent mouse ligand while equol was 

the most potent human ligand. Additional evidence for activation of PXR by isoflavones 

come from studies in HepG2 cells transfected with Gal4 luciferase reporter and a chimeric 

plasmid in which the Gal4 DNA-binding domain is fused to PXR (Ricketts et al. 2005). 

However, the concentration of isoflavones required to activate PXR and induce CYP3A in 

these in vitro assays was super physiological. Total isoflavone concentrations following 

consumption of SPI range from 1–2 μM depending on the species, age and sex (Gu et al., 

2006, Singhal et al. 2009b). Moreover, almost all of the isoflavones are conjugated with 

glucuronide or sulfate as they are absorbed from the small intestine and plasma 

concentrations of biologically active isoflavone aglycones only range from 0.5–7% of the 

total (Gu et al., 2006, Ronis et al. 2006a). Thus total plasma isoflavone aglycone 

concentrations after consumption of SPI are in the range of 10–140 nM. It is therefore 
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unclear to what degree isoflavones are responsible for the increase in CYP3A expression 

observed after consumption of SPI. Ronis et al. (2006b) reported a lack of effect of casein 

diets containing 250 mg/kg pure genistein (a level comparable to that found in SPI) on 

expression of hepatic CYP3A1 or CYP3A2 mRNA or protein in weanling rats. A similar 

lack of effect on expression of hepatic CYP3A1 was observed in rats fed casein diets 

containing pure daidzein at 250 mg/kg or fed diets containing SPI stripped of 

phytochemicals. These data suggest that soy phytochemicals other than isoflavones are 

responsible for PXR activation and CYP3A1 upregulation. In contrast, although genistein 

diets also had no effect on expression of rat hepatic CYP3A2, both dietary daidzein and 

phytochemical stripped soy protein diets significantly increased expression of CYP3A2 

mRNA, CYP3A2 protein and testosterone 6β-hydroxylase activity (Ronis et al. 2006b). A 

recent clinical study in healthy Chinese volunteers receiving genistein for 14 days reported 

significant increases in clearance of CYP3A substrates midazolam and talinolol suggesting 

that consumption of genistein supplements may result in a modest increase in CYP3A in 

humans (Xiao et al. 2012).

Soy, PPARα-Signaling and CYP4 Enzymes

Consumption of SPI has been shown to inhibit the development of hepatic triglyceride 

accumulation and steatosis in several different rodent models including rats fed high fat 

diets, rats overfed with high fat diets by total enteral nutrition; high fat fed 129/SV mice; in 

obese yellow Avy/a mice and in obese Zucker rats (Mezei et al. 2003; 2006; Badger et al. 

2008, Ronis et al. 2009). The anti-steatotic effects of SPI appear due to activation of 

signaling through both the peroxisome proliferator activated receptor (PPARα) pathway to 

increase fatty acid degradation. A variety of downstream PPARα-regulated genes including, 

acyl CoA oxidase, carnitine palmitoyl transferase and several CYP4As have been reported to 

be elevated after feeding diets containing SPI relative to feeding diets made with casein. 

CYP4A14 mRNA was induced 4-fold in SPI-fed yellow Avy/a mice relative to mice fed 

casein (Badger et al. 2008). Ronis et al. (2011) reported a 2–6-fold increase in expression of 

hepatic CYP4A21 in male and female neonatal piglets fed soy-based infant formula relative 

to piglets which were sow fed or fed cow’s milk based formula. However, not all CYP4A 

enzymes were reported to be elevated after SPI feeding. Simmen et al. (2010) reported a 

reduction in rat hepatic CYP4A10 after lifetime feeding of SPI compared to casein. Ronis et 

al. (2011a) reported that unlike CYP4A21, pig hepatic CYP4A24 was unresponsive to 

feeding of soy infant formula. Mezei et al. 2006 reported that SPI improved steatosis in high 

fat-fed mice relative to mice fed SPI stripped of phytochemicals and that this effect was 

blocked in PPARα −/− mice. Consistent with an effect via PPARα activation Badger et al. 

(2008) reported increased binding of PPARα to the PPRE element in the acyl COA oxidase 

promoter in SPI-fed yellow Avy/a mice relative to mice fed casein using electrophoretic 

mobility shift assays. In addition, feeding SPI has been reported to increase hepatic PPARα 
mRNA expression (Ronis et al. 2009).

Isoflavones, PPAR-signaling and CYP4 Enzymes

A number of studies have examined the effects of isoflavones on PPARα activation. In vitro 

studies by Mezei et al. 2002; 2006; Shay and Banz 2005 and Ricketts et al. 2005 
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demonstrate activation of PPARα and PPARγ by isoflavone extracts and purified 

isoflavones. However, the same issues apply to PPAR activation as to PXR activation by 

isoflavones in comparison to bioactivity associated with other phytochemical and protein/

peptide components of SPI. The in vitro studies on PPAR activation also use super-

physiological levels of isoflavones not attainable in vivo after feeding SPI. Only one study 

has directly examined the effects of pure isoflavones on CYP4 expression. Comparison of 

the effects of diets containing intact SPI, phytochemical stripped SPI and casein diets + 

genistein or daidzein at concentrations found in SPI on PPAR expression and expression of 

downstream PPAR-regulated genes was reported in rats by Ronis et al. (2009). Significant 

increases in these pathways were observed in rats fed either intact SPI or stripped of 

phytochemicals compared to casein. In contrast, neither dietary genistein nor daidzein at 

levels found in SPI had effects on these pathways. Thus it appears that while high levels of 

isoflavones can have effects on lipid metabolism via PPAR activation which may be of 

relevance to consumers of isoflavone supplements, protein/peptide components of SPI 

appear to be responsible for the effects of soy on PPAR-mediated pathways. Only one other 

paper has been published on the effects of pure isoflavones on CYP4 enzymes. Hsu et al. 

(2011) reported that AMPK activation and genistein upregulated the transcription of 

CYP4F2 mRNA in human HepG2 hepatoma cells. The effects of genistein on CYP4F2 were 

blocked by inhibitors of SIRT1 and calmodulin kinase kinase and it was suggested that these 

pathways were upstream of activation of AMPK.

Effects of Soy on CYP-dependent metabolism of cholesterol

There is convincing evidence that soy consumption is linked to protection against 

cardiovascular disease as the result of improved serum lipoprotein profile (Clarkson, 1998; 

Gil-Izquierdo et al., 2012). Meta analyses suggest a 5% decrease in serum LDL cholesterol 

associated with soy protein intake (Zhan and Ho, 2005; Anderson and Bush, 2011). Similar 

significant decreases in plasma and hepatic cholesterol have been reported in obese Zucker 

rats fed SPI (Mezei et al., 2002); in rats fed high fat/0.5% cholesterol diets (Ronis et al. 

2009) and in piglets fed soy-based infant formula relative to sow-fed piglets (Ronis et al. 

2011a). This effect has been linked to increased CYP-dependent conversion of cholesterol to 

bile acids by CYP7A1 (cholesterol 7α hydroxylase). CYP7A1 mRNA and apoprotein were 

reported to be significantly upregulated by feeding high fat/0.5% cholesterol diets containing 

SPI with or without phytochemical stripping to rats for 40 days from weaning relative to rats 

fed the same diet made with casein (Ronis et al 2009). Increased CYP7A1 expression was 

accompanied by evidence of increased expression and activation of the nuclear receptor 

LXR in the liver of SPI fed rats. In addition, feeding of soy infant formula to neonatal piglets 

also resulted in significantly increased expression of hepatic CYP7A1 relative to piglets fed 

sow milk or cow’s milk formula (Ronis et al. 2011a). Additional in vivo studies in mice 

revealed increased hepatic expression of CYP8B1 (sterol 12α hydroxylase) another 

important CYP enzyme involved in bile acid formation in animals fed intact SPI compared 

to SPI stripped of phytochemicals (Li et al. 2007).
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Effects of isoflavones on CYP-dependent metabolism of cholesterol

In contrast to lack of effects of diets supplemented with pure isoflavones at physiologically 

relevant levels on expression of hepatic CYP3A and CYP4A enzymes, casein diets 

supplemented with 250 mg/kg genistein or daidzein were reported to increase expression of 

CYP7A1 to a similar degree as intact SPI (Ronis et al. 2009). In addition, there is evidence 

from in vitro studies of isoflavones using a Gal4 fusion reporter system that isoflavones are 

capable of activating LXR (Ricketts et al. 2005). Additional in vitro studies with isoflavones 

in primary human hepatocytes and in HepG2 cells suggest that isoflavones increase 

expression of CYP8B1 via activation of hepatocyte nuclear factor 4α (Li et al. 2007).

Effects of Soy and Isoflavones on CYP-dependent Steroid Metabolism

Human clinical studies provide little evidence that consumption of soy products or 

isoflavones dramatically affect serum sex hormone levels (Hooper et al. 2009; Hamilton-

Reeves et al. 2010). However, many in vitro and animal studies have suggested that at 

pharmacological concentrations genistein and daidzein can affect expression and activity of 

many CYP enzymes involved in synthesis and metabolism of sex steroids, glucocorticoids 

and vitamin D3 metabolites. In studies in cultured pig granulosa cells genistein was reported 

to inhibit CYP11A1 activity (cholesterol side chain cleavage enzyme) which catalyzes the 

conversion of cholesterol to pregnanolone and reduced progesterone production (Piasecka-

Srader et al. 2014). Interestingly in this regard, Miousee et al. (2013) reported that feeding 

SPI compared to casein diets reduced serum progesterone in weanling female but not male 

rats. In contrast, the reported effects of genistein on CYP19 (aromatase) expression and 

activity are inconsistent. Rice et. al. (2006) reported that 10μM genistein reduced CYP19 

mRNA in human granulosa-luteal cells and Brooks and Thompson (2005) reported a similar 

dose of genistein inhibited aromatase activity in human MCF-7 mammary cancer cells. On 

the other hand, Piasecka-Srader et al. (2014) reported no effects of genistein on aromatase 

expression or activity in pig granulosa cells, Myllymaki et al. (2005) report that genistein 

stimulated aromatase activity in cultured isolated immature rat ovarian follicles and van 

Dursen et al. (2011) reported that genistein induced aromatase expression in MCF-7 cells. 

Mesiandro et al. (1999). Ohno et al. (2002) reported that genistein and daidzein were 

competitive inhibitors of adrenal CYP21 (steroid 21-hydroxylase). Isoflavones were also 

able to inhibit basal and ACTH-stimulated glucocorticoid synthesis in pig adrenal glands ex 

–vivo (Kaminska et al. 2014) and high doses of pure genistein were able to suppress serum 

corticosterone by 50% in weanling rats in vivo (Ohno et al. 2003). It has been demonstrated 

that genistein can inhibit expression and activity of both 25-hydroxyvitamn D3 1α 
hydroxylase (CYP27B1) and 24-hydroxylase (CYP24) in prostate cancer cells in vitro 
(Farhan and Cross 2002; Farhan et al. 2003; Swami et al. 2005). In contrast, genistein but 

not equol was reported to inhibit CYP24 expression and activity but induce CYP27B1 in 

human colon and breast cancer cells (Lechner et al. 2006).

Conclusions

There is conclusive data to suggest that consumption of dietary SPI and other soy products 

significantly alter the expression and activity of CYP enzymes in a species, organ and cell 
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type specific manner. Inhibition of AhR-mediated CYP1 induction may play a role in the 

reduced cancer risk observed in many Asian populations consuming traditional soy-rich 

diets. In addition, increased expression of CYP2 and CYP3A enzymes may increase the 

clearance, reduce the half-life and change the therapeutic efficacy of many clinically utilized 

drugs in soy-formula-fed infants and adult vegans and vegetarians. Also, increased 

expression of CYPs involved in fatty acid and sterol metabolism after soy consumption may 

play a role in improved lipid homeostasis and reduced cardiovascular risk. From the 

perspective of pre-clinical drug development and toxicity testing it is also important to 

remember that most rodent chows contain a high level of soy. This will undoubtedly 

significantly affect both therapeutic and toxic endpoints relative to animals fed soy free diets 

such as the 2020X Teklad Global diet or semi-purified diets such as AIN-93G (Hakkak et al. 

1993). The role of isoflavones in the effects of soy on CYP expression is unclear. 

Bioavailability of isoflavones following soy consumption is limited by the food matrix in 

whole diets and by the nature of isoflavones in soy, where they are found mainly as 

glycoside conjugates (genistin, daidzin) as opposed to the bioactive aglycones genistein and 

daidzein (Badger et al. 2002). In addition, extensive first pass conjugation of isoflavone 

aglycones to inactive glucuronides and sulfates occurs during absorption from the gut (Gu et 

al., 2006; Ronis et al., 2006a) resulting in very low plasma concentrations of aglycones of 

less than 1 μM. In vitro studies in cell lines have often utilized supra-physiological 

concentrations of isoflavones only attainable as the result of supplement consumption as 

opposed to eating of soy products. Some similar effects on CYP3A CYP4, and CYP7A1 

expression associated with activation of nuclear receptors such as PXR, PPARs and LXR 

occur in in vitro systems at isoflavone concentrations considerably higher than observed in 
vivo after feeding SPI. Comparisons of CYP expression in rodents fed casein, SPI with or 

without phytochemical striping or fed casein with pure isoflavone supplementation suggest 

that other protein/peptide and phytochemical components on SPI may also play a role in 

CYP regulation. It is clear that reductionist approaches to establishing molecular 

mechanisms underlying the biological effects of whole diets can be highly misleading. This 

is certainly the case when it comes to soy and isoflavones. Many investigators and regulatory 

agencies have equated the biological effects of soy with those of pure genistein, particularly 

in relation to estrogen receptor-mediated effects (Hsieh et al. 1998; McCarver et al. 2011, 

Jefferson et al. 2009). However, we have comprehensively demonstrated that unlike 

genistein, SPI consumption as the sole protein source does not have estrogenic actions on 

gene expression profiles either in the liver (Singhal et. al. 2009, Ronis et al., 2011a) or in 

estrogen-sensitive reproductive tissues such as the mammary, uterus or testis (Ronis et al., 

2012; Miousse et al., 2013; Ronis et al., 2014; Ronis et al., 2016). These data suggest that 

although studies on the effects of pure isoflavones on CYP expression and activity may be of 

importance in consumers of isoflavone supplements, they probably have limited relevance to 

soy consumers.
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Table 3

Effects of Soy and Isoflavones on CYP4 and PPARα Signaling

Agent CYP Effect Proposed Mechanism Reference

Diet in Vivo

SPI CYP4A14 Increased Hepatic Expression PPARα Activation Badger et al. (2008)

Soy Formula CYP4A21 Increased Hepatic Expression Ronis et al. (2011a)

SPI CYP4A10 Reduced Hepatic Expression Simmen et al. (2010)

Soy Formula CYP4A24 No Effect Ronis et al. (2011a)

SPI Reduced Steatosis, Increased PPARα Activation Mezei et al. (2003; 2006)

Downstream Gene Expression Badger et al. (2008), 
Ronis et al. (2009)

SPI Increased PPARα Expression Ronis et al. (2009)

Genistein, Daidzein No Effect on PPARα-Dependent 
Genes

Ronis et al. (2009)

In Vitro Studies

Genistein, Daidzein PPARα Activation, Induction of 
Dependent Genes

Ligand Binding Mezei et al. (2003; 2006) 
Shay and Banz (2005)

Genistein, Daidzein, Isoflavones PPARα Activation, 2 Hybrid System Ligand Binding Ricketts et al. (2005)

Genistein CYP4F2 Induction in HepG2 cells AMPK Activation Hsu et al. (2011)

CYP4A14 - mouse; CYP4A21, CYP4A24 - piglet; CYP4A10 - rat; CYP4F2
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