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Phytol, present in ruminant fat and milk products, is a 
branched-chain fatty alcohol derived via side-chain cleav-
age of chlorophyll by ruminant bacteria (1, 2). Defects in 
phytol metabolism result in accumulation of lipotoxic phy-
tol metabolites (phytanic acid, pristanic acid) that is associ-
ated with Refsum’s disease and other peroxisomal enzyme 
deficiency diseases in humans (3, 4). Hence considerable 
interest has focused on resolving the enzyme pathway and 
subcellular organelles wherein phytol undergoes hepatic 
metabolism/detoxification (1, 2, 5–7). Briefly, dietary phy-
tol is transported by lipoproteins from the intestine to the 
liver where it is taken up, converted to phytanic acid in the 
endoplasmic reticulum, and then transported to the per-
oxisomal membrane for conversion to phytanoyl-CoA and 
internalization into the peroxisomal matrix. Within peroxi-
somes, phytanoyl-CoA undergoes several cycles of - and 
-oxidation followed by transfer of the resultant short-
chain nonbranched product to mitochondria for comple-
tion of -oxidation. Poorly soluble amphipathic lipids, 
such as phytol (and its metabolites, phytanic acid and phy-
tanoyl-CoA), are highly membrane associated in aqueous 
environments and thus require protein “chaperone(s)” for 
transport through the cytosol to the endoplasmic reticu-
lum (for conversion to phytanic acid) and from there to 
peroxisomes for further metabolism (8). While an intracel-
lular phytol binding/transport protein serving the former 
function is as yet unresolved, several studies have suggested 
that the hepatic sterol carrier protein-2/sterol carrier pro-
tein-x (Scp-2/Scp-x) and liver fatty acid binding protein 
[Fabp1 (L-FABP)] genes are candidates coding for the  
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respective proteins facilitating transport of phytol metabo-
lites (e.g., phytanic acid, pristanic acid) through the cytosol 
and peroxisomal matrix.

Although nearly half of SCP-2 is highly localized in 
peroxisomes, the remainder is extraperoxisomal within 
cytosol (9–11). Some cytosolic SCP-2 is associated with 
two key transmembrane receptors localized within plasma 
membrane cholesterol-rich microdomains: i) caveolin-1, 
involved in long-chain fatty acid (LCFA) uptake and cell 
signaling (12–14); and ii) scavenger receptor B-1 (SRB1), 
which mediates uptake of another branched-side chain 
lipid (cholesterol) from HDL (15–18). Within peroxi-
somes, SCP-2 directly interacts with oxidative enzymes and 
stimulates phytanoyl-CoA 2-hydroxylase, the essential en-
zyme mediating the first step in peroxisomal -oxidation of 
branched-chain fatty acids (8, 19). SCP-2 binds several phy-
tol metabolites, including phytanic acid (formed at the en-
doplasmic reticulum) and phytanoyl-CoA (formed at the 
peroxisome), as well as pristanic acid, phytenic acid, and 
pristanoyl-CoA (formed within the peroxisomal matrix) 
(20, 21). Through an alternate transcription site, the Scp-2/
Scp-x gene also produces SCP-x, an exclusively peroxisomal 
protein that is the only known branched-chain 3-ketoacyl-
CoA thiolase (10, 22–24).

The other major hepatic protein potentially contribut-
ing to cytosolic binding/transport of branched-chain fatty 
acids within hepatocytes is the liver fatty acid binding pro-
tein (FABP1) (23, 25–27). FABP1 is highly localized in  
hepatocyte cytosol (200–400 M in mice and several fold-
higher in humans, levels that are 6- to 8-fold higher than 
those of SCP-2) (24, 28–30). Cytosolic FABP1 directly inter-
acts with fatty acid transport protein-5 (FATP-5), localized 
within cholesterol-rich microdomains of the hepatocyte 
plasma membrane, where it is postulated to facilitate fatty 
acid uptake across the plasma membrane into the hepatocyte 
(31). Importantly, cytosolic FABP1 binds the first phytol 
metabolite (i.e., phytanic acid) formed at the endoplasmic 
reticulum (20, 32, 33). Although FABP1 also binds pris-
tanic acid and phytenic acid, these metabolites are formed 
within the peroxisomal matrix, wherein, with some excep-
tion (34), FABP1 has not been localized (20, 32, 33).

Taken together, the above findings suggest that FABP1 
may function primarily within cytosol to transfer phytanic 
acid from the endoplasmic reticulum to peroxisomes for 
intraperoxisomal transport and metabolism mediated by 
SCP-2 and SCP-x. Consistent with this possibility, overex-
pression of SCP-2, SCP-x, or FABP1 enhanced [3H]phy-
tanic acid uptake and oxidation in transfected L-cell 
fibroblasts (23, 35). Conversely, Fabp1 gene ablation inhib-
ited [3H]phytanic acid uptake and oxidation in mouse 
hepatocytes (26). Studies of the in vivo roles of these pro-
teins in hepatic phytol metabolism are more difficult to in-
terpret because expected reductions in phytol metabolism 
in Scp-2/Scp-x-null (17, 21, 36) or Scp-x-null (24) mice are 
complicated by concomitant compensatory several-fold up-
regulation of FABP1, as well as sex-differences in hepatic 
expression of these proteins.

To further address the roles of SCP-2/SCP-x and FABP1 
in phytol metabolism and the sexual divergence in phytol 

oxidative pathways in a physiological context, the present 
study examined the impact of Fabp1/Scp-2/Scp-x gene abla-
tion on hepatic phytol metabolism, as well as total fatty acid 
content in both male and female mice fed control diet ver-
sus a 0.5% phytol diet. The data showed that, although nei-
ther SCP-2 nor FABP1 bound phytol, both bound phytanic 
acid. Furthermore, triple KO (TKO) markedly impaired 
hepatic phytol metabolism and altered total fatty acid con-
tent (mass) and profile (composition) in a sex-dependent 
fashion. The data suggested a greater role for: i) FABP1 in 
transport of the primary phytol metabolite (i.e., phytanic 
acid) from the endoplasmic reticulum to peroxisomes; and 
ii) SCP-2 and SCP-x in intraperoxisomal transport of phy-
tanoyl-CoA and/or subsequent metabolites to oxidative 
enzymes within the peroxisomal matrix.

MATERIALS AND METHODS

Materials
Fatty acid standards were purchased from Nu-Chek Prep, Inc. 

(Elysian, MN), methyl pristanate from Larodan AB (Malmo, Swe-
den), and phytol, phytanic acid, and phytanic methyl ester from 
Sigma-Aldrich (St. Louis, MO). The 8-anilino-1-naphthalenesul-
fonic acid (ANS) was obtained from Life Technologies (Grand 
Island, NY). Recombinant murine FABP1 (37, 38) and recombi-
nant human SCP-2 (9, 39, 40) were isolated, delipidated, and the 
purity determined as described in the cited articles. All reagents 
and solvents used were of the highest grade available and cell cul-
ture tested. All glassware was washed with sulfuric acid-chromate 
before use.

Phytanic acid and phytol binding to FABP1 and SCP-2
Phytanic acid and phytol binding to FABP1 and SCP-2 was de-

termined by ANS fluorescence displacement assay, as described 
(41). ANS is very weakly fluorescent in buffer and its fluorescence 
increase upon binding to FABP1 or SCP-2 was recorded at 24°C by 
scanning emission from 410 to 600 nm with 380 nm excitation 
using a Varian Cary Eclipse fluorescence spectrophotometer 
(Varian, Inc., Palo Alto, CA). First, FABP1 or SCP-2 (500 nM) was 
titrated with ANS (0–55 M, forward titration). Second, in the 
reverse titration, ANS (100 nM) was titrated with an increasing 
amount of FABP1 (0–4 M) or SCP-2 (0–30 M). From the maxi-
mum of the reverse titration curve calculated by curve fitting, the 
fluorescence intensity of ANS (per nanomole) when fully bound 
to FABP1 or SCP-2 was calculated. This number was used in the 
forward titration to calculate the fractional saturation and free 
ANS concentration. Kd and Bmax were calculated from the binding 
curve fractional saturation (Y) versus free ANS concentration (X). 
FABP1 and SCP-2 bound the synthetic fluorophore ANS with Kds 
of 2.5 ± 0.2 M and 9.4 ± 0.3 M, respectively.

To determine phytanic acid and phytol binding affinity to 
FABP1 and SCP-2, samples of FABP1 or SCP-2 (500 nM) were pre-
incubated with 35 or 50 M ANS, respectively. Each was then ti-
trated with phytanic acid (0–8 M) or phytol (0–33 M). The 
EC50 obtained from the displacement curve and the Kd for ANS 
were used to calculate Ki using the equation: EC50/[ANS] = Ki/Kd.

Animal studies
Adult male and female (2 months of age, 20–30 g) inbred 

C57BL/6NCr WT mice were obtained from the Frederick Cancer 
Research and Development Center (Frederick, MD). Age- and 
sex-matched Fabp1/Scp-2/Scp-x-null [triple KO (TKO)] mice on 
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the C57BL/6NCr background (N6 backcross generation) were 
generated as previously described (42). Mice were given free ac-
cess to water and food (standard rodent chow with 5% calories 
from fat) and kept on a 12 h light/12 h dark cycle. Mice in the 
facility were monitored quarterly for infectious diseases and were 
specific pathogen free, particularly in reference to mouse hepati-
tis virus. Animal protocols were approved by the Animal Care and 
Use Committee of Texas A&M University.

One week before the start of experiments, mice were switched 
to a modified AIN-76A rodent diet (5% calories from fat; diet 
D11243; Research Diets, Inc., New Brunswick, NJ). The modified 
AIN-76A rodent diet (control diet), essentially free of phytoestro-
gens and phytol, avoided potential diet-induced complications in 
gender comparisons (43, 44) and in fatty acid oxidation because 
phytol metabolites are, themselves, potent ligand activators of 
PPAR transcription of fatty acid oxidative enzymes (21, 33, 36, 
45–47). After 1 week on the phytoestrogen-free phytol-free con-
trol diet, the mice were divided into two groups (eight female and 
eight male mice per group): one group remained on the control 
diet, while the other was switched to a modified AIN-76A rodent 
diet supplemented with 0.5% phytol (5% calories from fat; diet 
D01020601; Research Diets, Inc.). The mice were on the diets un-
til they lost approximately 20% of their body weight. Due to the 
rapidity of weight loss by the TKO mice, the length of the study 
was 7 days. When lipids were extracted from both diets and as-
sayed by GC-MS, as described below, phytanic acid was not de-
tected, but a trace amount of phytol (0.058%) was present in the 
AIN-76A control diet. This was 8.5-fold less than in the 0.5% phy-
tol-supplemented AIN-76A rodent control chow (diet D01020601; 
Research Diets, Inc.).

Body weight and food intake of all mice were monitored every 
other day. At the end of the study (day 7), animals were fasted 
overnight, anesthetized (100 mg/kg ketamine, 10 mg/kg xyla-
zine), and cervical dislocation was used to ensure humane death. 
Livers were harvested, snap-frozen on dry ice, and stored at 
80°C. For lipid extraction and fatty acid analysis, liver samples 
(0.1 g) were thoroughly minced, 0.5 ml PBS (pH 7.4) added, 
and homogenized with a motor-driven pestle (Tekmar Co, Cin-
cinnati, OH) at 2,000 rpm. Protein concentration in the homog-
enate was determined by Bradford protein micro-assay (Bio-Rad, 
Hercules, CA) using Costar 96-well assay plates (Corning, Corn-
ing, NY) and quantitated with a BioTek Synergy 2 microplate 
reader (BioTek Instruments, Winooski, VT).

Liver lipid extraction and fatty acid methyl ester 
derivatization

Liver was homogenized as described above, an internal stan-
dard [15:0-methyl ester (15:0-ME)] added, lipids extracted with 
n-hexane:2-propanol (3:2, v/v) (48, 49), and the lipid extract di-
vided into aliquots for fatty acid mass and composition determina-
tions, which were stored under an atmosphere of N2 to limit 
oxidation. Base-catalyzed transesterification (1 M KOH in metha-
nol at 37°C for 20 min, reaction stopped with ethyl formate) was 
performed on aliquots of the extracted lipid fraction from each 
sample to convert the lipid acyl chains to fatty acid methyl esters 
(FAMEs). FAMEs were then extracted into petroleum ether, dried 
under N2, and dissolved in n-hexane and again stored under an 
N2 to limit oxidation. The protein extract residue was dried, di-
gested overnight in 0.2 M KOH (50), and protein concentration 
determined by the method of Bradford (51).

Resolution and quantitation of liver FAMEs by GC and 
GC-MS

Individual FAME species were resolved and quantified basically 
as described earlier (24) and modified as follows: FAMEs were 
resolved using a Thermo Finnigan Trace GC 2000 system (Thermo 

Fisher Scientific Inc., Waltham, MA) equipped with an RTX-2330 
capillary column (0.25 mm inner diameter × 30 m length; Restek, 
Bellefonte, PA). The inlet/injector was set to 220°C with a 10 ml/
min split flow rate, a 1:10 split ratio, and a constant 1 ml/min car-
rier gas flow rate. A temperature program of 100°C for 1 min, 
10°C/min to 140°C for 1 min, 2°C/min to 220°C for 1 min, and 
then ramp at 10°C/min to 260°C for 10 min was used to resolve 
individual FAMEs. Xcalibur version 1.3 software (Thermo Fisher 
Scientific Inc.) was used to detect, identify, and quantitate FAME 
peaks obtained with two different detection systems: 1) for quan-
titation, a flame ionization detector in the Finnigan Trace GC2000 
system; and 2) for identification, chemical and electron ioniza-
tion sources in a Trace DSQ version 1.3.1 mass spectrophotome-
ter detector. Individual peaks were identified by comparison of 
retention times, as well as parental ion molecular weights and 
fragmentation pattern matching using the Xcalibur 1.3 ion frag-
mentation library with those of known methyl ester standards of 
even-number fatty acids, branched-chain FAMEs (phytanic methyl 
ester, pristanic methyl ester), and 15:0-ME internal standard, as 
described earlier (52). Identified FAME peaks were then refer-
enced against the internal standard (15:0-ME) for quantification.

Calculations and statistics
Data for individual fatty acids were calculated both as nano-

moles per milligram liver protein and as percent distribution. 
Fatty acids were also subgrouped according to total, total branched 
chain, total saturated, total unsaturated, total monounsaturated, 
and total polyunsaturated fatty acids expressed as nanomoles per 
milligram liver protein or as a percent of total liver fatty acids. The 
peroxidizability index was calculated as described (53). All values 
are expressed as mean ± SEM with “n” indicated. Statistical analysis 
was performed using one-way ANOVA analysis with Newman-Keuls 
paired comparisons posttest (GraphPad Prism, San Diego, CA). 
Values with P  0.05 were considered statistically significant.

RESULTS

FABP1 and SCP-2 binding specificity for phytol and 
phytanic acid: ANS fluorescence displacement

It is not known whether FABP1 and/or SCP-2 impact he-
patic phytol metabolism by directly binding phytol itself 
and/or by binding phytol metabolites (e.g., phytanic acid). 
The former possibility is suggested by FABP1 and SCP-2 
binding certain other types of fatty alcohols. For example, 
FABP1 binds unsaturated branched-chain alcohol retinol 
(54, 55), alcohol eicosanol (55), and polycyclic branched-
side chain alcohols, such as cholesterol (37) and estradiol 
(55). Likewise, SCP-2 binds cholesterol, a polycyclic alco-
hol with a branched-side chain (9, 56, 57). Therefore, it 
was important to determine whether FABP1 and/or SCP-2 
directly bind phytol and/or just phytol metabolites, such as 
phytanic acid. The ability of FABP1 and SCP-2 to bind phytol 
was determined by displacement of bound ANS, a synthetic 
fluorophore, as described in the Materials and Methods.

Phytol did not significantly displace ANS from FABP1 or 
SCP-2, even at very high phytol concentration (33 M) that 
was nearly 80-fold higher than the protein concentration 
(Fig. 1A). Tyrosine quenching and protein bound NBD-
stearate displacement assays confirmed that FABP and 
SCP2 did not bind phytol or bound phytol with very weak 
affinity, at least several orders of magnitude higher than 
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the Ki of phytanic acid (see below). In contrast, the phytol 
metabolite phytanic acid readily displaced FABP1 and 
SCP-2 bound ANS with essentially superimposable dis-
placement curves (Fig. 1B). Based on the known affinity of 
each protein for ANS, as described in Materials and Meth-
ods, the Ki of phytanic acid for displacing ANS from FABP1 
and SCP-2 was calculated to be 39 ± 3 nM and 125 ± 6 nM, 
respectively.

Because phytanic acid is produced from phytol in the 
endoplasmic reticulum, these findings suggested that cyto-
solic FABP1 and SCP-2 do not facilitate phytol metabolism 
by binding/transfer of diet-derived phytol to the liver en-
doplasmic reticulum for metabolism.

Impact of TKO and dietary phytol on hepatic  
branched-chain fatty acid accumulation

In vitro ligand binding (Fig. 1) and studies with trans-
fected cells individually overexpressing FABP1, SCP-2, or 
SCP-x (23, 35) suggest that all three proteins facilitate 
hepatic phytol metabolism. However, interpreting the in 
vivo significance of loss of these proteins in Scp-2/Scp-x-null 
(17, 21, 36) or Scp-x-null mice (24) is complicated by 
concomitant upregulation of FABP1. To circumvent the 
concomitant upregulation of FABP1, Fabp1 gene ablated 
mice were crossed with Scp-2/Scp-x-null mice to create 
Fabp1/Scp-2/Scp-x-null (i.e., TKO), mice as described in 
the Materials and Methods.

In control-fed mice, TKO differentially impacted hepatic 
accumulation of LCFAs. TKO had no effect on branched-
chain fatty acids, which were not detectable in livers of 
control-diet-fed female or male WT mice (Fig. 2A, B). In 
contrast, TKO elicited a sex-dependent decrease in hepatic 
accumulation of fatty acids in female (Fig. 2C), but not 
male (Fig. 2D), mice. Thus, total LCFAs were significantly 
lower in female TKO mice (Fig. 2E) with no affect observed 
in the male TKO mice (Fig. 2F).

Phytol-diet induced hepatic accumulation of branched-
chain LCFAs in both WT and TKO female mice with a 

modest increase of the TKO over the WT (Fig. 2A). In the 
male TKO mice, there was a similar induction of hepatic 
accumulation of branched-chain LCFAs (Fig. 2A, B), but in 
the male WT mice, there was only a modest induction (Fig. 
2B) such that the hepatic branched-chain content of the 
TKO males was 11-fold (Fig. 2B) more than the WT males. 
Phytol-diet also increased hepatic accumulation of LCFAs 
in both female and male mice (Fig. 2C, D). The latter ef-
fect was exacerbated by TKO in male, but not female, phy-
tol-fed mice (Fig. 2C, D). Together these changes increased 
the hepatic level of total LCFAs by 1.8-fold in both female 
and male WT mice, with the effect being magnified in male 
TKO mice fed phytol-diet (Fig. 2E, F).

Thus, female WT mice appeared much more sensitive to 
dietary phytol than their male counterparts, as evidenced 

Fig.  1.  Displacement of FABP1 and SCP-2 bound ANS by phytol 
versus phytanic acid. FABP1 (500 nM, closed circle) with ANS (35 
M) or SCP-2 (500 nM, open circle) with ANS (50 M) were ti-
trated with increasing amounts of phytol (A) or phytanic acid (B). 
ANS fluorescence remaining was measured by scanning 410–600 
nm with excitation at 380 nm as described in the Materials and 
Methods. Values represent average percent remaining ANS fluores-
cence ± standard error (n = 4–5).

Fig.  2.  Hepatic accumulation of branched-chain, nonbranched, 
and total fatty acids in WT and TKO mice fed dietary phytol. Female 
(A, C, E) and male (B, D, F) WT (open bars) and Fabp1/Scp-2/Scp-x-
null (TKO) (black bars) mice were fed control or 0.5% phytol-sup-
plemented chow as described in the Materials and Methods. 
Hepatic levels of branched-chain FA (A, B), FA (non-branched) (C, 
D), and total FA (E, F) were determined as described in the Materi-
als and Methods. Values represent the mean nanomoles if fatty acid 
per milligrams total liver protein ± SE (n = 4–6); ND, not detected; 
*P  0.05 versus WT on control-diet; $P  0.05 versus TKO on con-
trol-diet; @P  0.05 versus WT on phytol-diet.
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by much higher hepatic accumulation of branched-chain 
LCFAs. TKO exacerbated hepatic accumulation of branched-
chain LCFA in phytol-fed female mice and even more so 
phytol-fed male mice. In contrast, TKO decreased accumu-
lation of LCFAs in female, but not male, mice fed control-diet, 
but increased that in phytol-fed male (but not female) mice.

TKO induces hepatic accumulation of phytol metabolite 
produced in endoplasmic reticulum (phytanic acid)

FABP1 is primarily localized in liver cytosol (58, 59). 
Overexpression of FABP1 in L-cell fibroblasts enhances 
(23, 25), while Fabp1 gene ablation inhibits (26), branched-
chain fatty acid oxidation. Thus, it was important to deter-
mine whether TKO selectively induced accumulation of 
the first phytol-metabolite (i.e., phytanic acid) produced 
from phytol in the endoplasmic reticulum.

Although phytanic acid was not detected in WT female 
or male mice fed control-diet (Fig. 3A–F), phytol-diet elic-
ited sex-dependent accumulation of phytanic acid, the ma-
jor hepatic metabolite of phytol in liver. Phytanic acid 
accumulation was nearly 8-fold greater in phytol-fed WT 
female than WT male mice (Fig. 3A, B). TKO modestly en-
hanced hepatic accumulation of phytanic acid in females 
(Fig. 3A) and markedly exacerbated phytanic acid accumu-
lation in males (Fig. 3B). When phytanic acid was expressed 
as a percent of total fatty acid, TKO again increased phy-
tanic acid accumulation in phytol-fed TKO females and, 
even more so, TKO males (supplemental Fig. S1). Only 
when phytanic acid was expressed as percent of liver total 
branched-chain LCFAs, did the percent phytanic acid not 
differ between phytol-fed male and female WT and TKO 
mice (Fig. 4A, B).

Taken together, these findings showed that the greater 
hepatic accumulation of phytanic acid in phytol-fed WT fe-
males than males correlated with the females’ markedly 
lower expression of FABP1, SCP-2, and SCP-x than WT 
males (60, 61), perhaps analogous to partial “knock-down” 
of these proteins involved in phytol metabolism. This pos-
sibility was supported by the finding that complete ablation 
of all three proteins (i.e., TKO) resulted in a much greater 
quantitative loss of FABP1, SCP-2, and SCP-x in male than 
female mice and, thereby correspondingly, in greater in-
crease in phytanic acid accumulation in phytol-fed TKO 
males than their female counterparts.

TKO induces hepatic accumulation of peroxisomal 
metabolites (pristanic acid and 2,3-pristenic acid) from 
phytanic acid

Once transported into the peroxisomal matrix, phytanic 
acid is further metabolized to pristanic acid and, subse-
quently, to 2,3-pristenic acid (62). Nearly half of SCP-2 and 
all of SCP-x are localized in peroxisomes (10, 11, 22–24, 
63). Thus, it was important to determine whether TKO en-
hanced accumulation of peroxisomal metabolites of phy-
tanic acid.

Although pristanic acid and 2,3-pristenic acid were not 
detected in WT or TKO mice fed control-diet (Fig. 3C–F), 
phytol-fed mice exhibited sex-dependent accumulation of 
phytol metabolites. Although present at lower levels than 

phytanic acid in phytol-fed WT mice, these peroxisomal 
metabolites were detectable in phytol-fed female mice (Fig. 
3C, E) and less so phytol-fed male mice (Fig. 3D, F). In 
phytol-fed mice, TKO decreased hepatic accumulation of 
pristanic acid in females (Fig. 3C), but increased the accu-
mulation in males (Fig. 3D). Both phytol-fed WT and TKO 
female mice had significant accumulation of 2,3-pristenic 
acid without any differential impact by the TKO (Fig. 3E). 
However in phytol-fed male mice, the accumulation of 
2,3-pristenic acid was much less than in the females (Fig. 
3F). Furthermore the TKO exhibited significantly less ac-
cumulation of 2,3-pristenic acid than the WT (Fig. 3F). A 
similar pattern was observed when these metabolites were 
expressed as a percent of total fatty acids (supplemental 
Fig. S1). Only when expressed as percent of liver total 

Fig.  3.  Mass distribution of phytol metabolites in hepatic lipids of 
WT and TKO mice fed dietary phytol. Female (A, C, E) and male 
(B, D, F) WT (white bars) and Fabp1/Scp-2/Scp-x-null (TKO) (black 
bars) mice were fed control or 0.5% phytol-supplemented chow as 
described in the Materials and Methods. Liver lipids were extracted 
and analyzed by GC-MS to determine the contents (nanomoles per 
milligram protein) of phytanic acid (A, B), pristanic acid (C, D), 
and 2,3-pristenic acid (E, F) as described in the Materials and 
Methods. Values represent the mean nanomoles of fatty acie per 
milligram of total liver protein ± SE (n = 4–8); ND, not detected; 
*P  0.05 versus WT control-diet; $P  0.05 versus TKO control-diet; 
@P  0.05 versus WT phytol-diet.
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branched-chain LCFAs, did TKO decrease the percent 
pristanic acid similarly in both males and females (Fig. 4C, 
D), while the percent 2,3-pristenic acid was decreased 
markedly in males, but not in females (Fig. 4E, F).

Thus, loss of L-FABP, SCP-2, and SCP-x in TKO mice dif-
ferentially increased hepatic accumulation of phytanic acid 
metabolites produced in peroxisomes, increasing that of 
pristanic acid, but decreasing that of 2,3-pristenic acid, in 
phytol-fed males. Concomitantly, TKO decreased accumu-
lation of pristanic acid, but not 2,3-pristenic acid in phytol-
fed females. Taken together, these data suggested that loss 
SCP-2/SCP-x in TKO mice subtly impacted accumulation 
of peroxisomal metabolites of phytanic acid, but did not 
result in their massive accumulation.

Impact of TKO on hepatic accumulation of saturated and 
unsaturated fatty acids

Fabp1 and/or Scp-2/Scp-x gene product proteins enhance 
LCFA mitochondrial oxidation by: 1) enhancing LCFA  

uptake/targeting of bound LCFA to mitochondria (64–
68); 2) directly binding to the cytosol facing LCFA-CoA 
binding domain of carnitine palmitoyl-1 acyltransferase 
(CPT1A), the rate limiting enzyme in mitochondrial LCFA 
oxidation, to stimulate LCFA-CoA utilization for oxidation 
(69); 3) targeting nuclei to bind PPAR and facilitate li-
gand (LCFA, LCFA-CoA) activation of transcription of LCFA 
oxidative genes (70–72). Because phytol metabolites (phy-
tanic acid, pristanic acid) are the most potent known natu-
ral activators of PPAR transcriptional activity (46), the 
possibility that TKO may also impact the hepatic propor-
tion of saturated or unsaturated LCFAs was examined. The 
total mass content and percent composition of each class 
of LCFA (i.e., saturated, unsaturated, monounsaturated, 
polyunsaturated) was determined from the complete mass 
content (supplemental Tables S1, S3) and percent compo-
sition (supplemental Tables S2, S4) of all LCFAs detected 
by GC-MS for hepatic lipids from WT and TKO, female and 
male, control-fed and phytol-fed mice indicated.

Dietary phytol increased hepatic mass (nanomoles per 
milligram protein) of saturated fatty acids in both WT male 
and WT female mice (Fig. 5A, B) at the expense of all other 
classes of fatty acids in WT females (supplemental Fig. S2C, 
E, G), but not WT males (supplemental Fig. S2D, F, H). 
When calculated as percent of total liver LCFAs, phytol-diet 
likewise increased the proportion of saturated LCFAs in 
WT females (supplemental Fig. S2A) at the expense of 
mostly MUFA (supplemental Fig. S2C, E, G). In contrast, 
those in WT males were not affected (supplemental Fig. 
S2B, D, F, H).

TKO, alone, did not alter hepatic mass (nanomoles per 
milligram protein) of saturated LCFAs in control-diet-fed 
female or male mice (Fig. 5A, B), even when expressed as 
percent of total nonbranched fatty acids (supplemental 
Fig. S2A, B). TKO exacerbated the impact of phytol diet on 
mass (nanomoles per milligram protein) accumulation of 
saturated LCFA accumulation in male, but not female mice 
(Fig. 5A, B). This trend was observed even when calculated 
as percent of total liver LCFAs (supplemental Fig. S2B). 
The latter increase was at the expense of all other LCFA 
classes (supplemental Fig. S2D, F, H). In contrast, those in 
WT females were not affected (supplemental Fig. S2A, C, 
E, G).

In summary, TKO selectively impacted not only total lev-
els of hepatic LCFAs, but also selectively increased the lev-
els of saturated LCFAs in phytol-fed male mice.

TKO selectively alters the effect of dietary phytol on 
hepatic saturated and unsaturated fatty acid ratios and 
peroxidizability index

The ratios of LCFAs for saturated/unsaturated, polyun-
saturated/monounsaturated, and peroxidizability index 
were determined as described in the Materials and Meth-
ods from the complete LCFA mass (nanomoles per milli-
gram) compositions detected by GC-MS for hepatic lipids 
from WT and TKO, female and male, control-fed and phy-
tol-fed mice (supplemental Tables S1, S3).

When the content of LCFA classes was expressed as ra-
tios or peroxidizability indices, phytol-diet increased the 

Fig.  4.  Relative proportion of phytol metabolites as percent of total 
branched-chain fatty acid content. Liver lipids were extracted and 
analyzed by GC-MS to determine the relative proportions of phy-
tanic acid (A, B), pristanic acid (C, D), and Δ2,3-pristenic acid (E, F) 
as described in the Material and Methods. Values represent the 
mean percent of total liver branched chain fatty acid ± SE (n = 4–6); 
ND, not detected; *P  0.05 versus WT control-diet; $P  0.05 
versus TKO control-diet; @P  0.05 versus WT phytol-diet.
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saturated/unsaturated, as well as polyunsaturated/mono-
unsaturated, fatty acid ratios in WT female (Fig. 6A, C), but 
not WT male (Fig. 6B, D), mice. Concomitantly, phytol-
diet decreased the peroxidizability indices of both WT fe-
male (Fig. 6E) and WT male (Fig. 6F) mice. TKO alone 

had little effect on these indices in either control-fed or 
phytol-fed females (Fig. 6A, C, E) or control-fed males (Fig. 
6B, D, F), and only modestly affected that in phytol-fed 
males by increasing the saturated/unsaturated LCFA ratio. 
The peroxidizability index was not, or only slightly, altered 
by TKO in either control-fed or phytol-fed male or female 
mice (Fig. 6E, F).

Taken together these data suggested that TKO selectively 
decreased the proportion of unsaturated (both mono- and 
polyunsaturated) LCFAs.

Fig.  5.  Mass distribution of fatty acid subgroups in livers of WT 
and TKO mice fed dietary phytol. Female (A, C, E, G) and male (B, 
D, F, H) WT (white bars) and Fabp1/Scp-2/Scp-x-null (TKO) (black 
bars) mice were fed control or 0.5% phytol-supplemented chow as 
described. Liver lipids were extracted and quantities (nanomoles 
per milligram of protein) of total hepatic saturated (Sat) fatty acids 
(A, B), unsaturated (Unsat) fatty acids (C, D), MUFAs (E, F), and 
PUFAs (G, H) determined by GC-MS as described in the Materials 
and Methods. Values represent the mean nanomoles of fatty acid 
per milligram of total liver protein ± SE (n = 4–6); *P  0.05 versus 
WT control-diet; $P  0.05 versus TKO control-diet; @P  0.05 ver-
sus WT phytol-diet.

Fig.  6.  Effect of TKO on hepatic fatty acid subgroup ratios and 
peroxidizability indices in phytol-fed mice. Female (A, C, E) and 
male (B, D, F) WT (white bars) and Fabp1/Scp-2/Scp-x-null (TKO) 
(black bars) mice were fed control or 0.5% phytol-supplemented 
chow. Ratios of saturated fatty acid to unsaturated fatty acid (Sat/
Unsat) (A, B) and PUFAs/MUFAs (C, D) were calculated using the 
corresponding hepatic fatty acid subgroup values in this figure. Per-
oxidizability indices (E, F) were calculated as described in the Mate-
rials and Methods and presented in the same format. Values 
represent the mean ratio (or index) ± SE (n = 4–6); *P  0.05 versus 
WT control-diet; $P  0.05 versus TKO control-diet; @P  0.05 ver-
sus WT phytol-diet.
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DISCUSSION

In contrast to our understanding of the role of cytosolic 
chaperone lipid binding proteins in LCFA metabolism, 
much less is known about how the dietary branched-chain 
phytol molecule and its metabolites are solubilized, trans-
ported, and/or presented to metabolic enzymes within 
liver hepatocytes. The available evidence suggests that 
three intracellular lipid binding proteins may contribute to 
branched-chain fatty acid metabolism: 1) FABP1 (23, 25–
27); 2) SCP-2; and 3) SCP-x, with the latter both encoded 
by a single Scp-2/Scp-x gene through alternate transcrip-
tion sites (8, 10, 22–24). In vitro assays of ligand binding, 
stimulation of enzyme activity, and subcellular localization, 
as well as transfected cell studies from our laboratory and 
other laboratories support potential roles for FABP1, SCP-
2, and SCP-x in hepatic phytol metabolism. However, the 
in vivo functions of these proteins in hepatic phytol me-
tabolism have proven to be more difficult to interpret be-
cause effects of ablating Scp-2/Scp-x (17, 21, 36) or the 
alternate transcription site in Scp-2/Scp-x gene that controls 
transcription of SCP-x mRNA (24) may be counteracted, in 
part, by several-fold concomitant upregulation of FABP1.

To begin to address this issue, the physiological impact 
of a 0.5% phytol-diet on whole body and hepatic pheno-
type has been examined in both WT mice and in mice ab-
lated for all three proteins, i.e., Fabp1/Scp-2/Scp-x null 
(TKO). In WT mice, both whole body and hepatic lipid 
phenotype correlated with WT females’ significantly lower 
expression of FABP1, SCP-2, and SCP-x than WT males (60, 
61). For example, despite similar food consumption, con-
trol-fed WT females had greater body weight gain and ac-
cumulated 3.4-fold more hepatic triacylglyceride than WT 
males (52). Further, phytol-diet alone did not alter food 
consumption in either male or female WT mice, but selec-
tively reduced body weight in WT females, but not WT 
males (52). Finally, phytol-diet alone greatly reduced he-
patic triacylglyceride accumulation by 77% in WT males, 
and less so, by 52% in WT females (52). Because nonalco-
holic fatty liver disease (NAFLD) is characterized by hepatic 
lipid accumulation, these studies suggested that the lower 
hepatic expression of FABP1, SCP-2, and SCP-x in WT 
females may make females more susceptible to NAFLD, 
correlating with high-fat-induced NAFLD in some strains of 
female (73), but not male, mice (74), as well as with the 
higher prevalence of NAFLD in women (74, 75). Further-
more, phytol-diet made WT mice less susceptible to hepatic 
triacylglyceride accumulation, more so males than females 
and correlated with WT females having lower hepatic expres-
sion of FABP1, SCP-2, and SCP-x than WT males (60, 61).

Phenotypic effects of TKO in phytol-fed mice were 
sexual-dimorphic, more severe in males, and correlated with 
the WT male’s higher basal expression of FABP1, SCP-2, and 
SCP-x than their female counterparts (60, 61). TKO elicited 
whole-body weight loss in phytol-fed, but not control-fed, 
male and female mice (60, 61). The TKO-induced weight 
loss in phytol-fed mice was: i) manifested proportionally in 
both lean tissue mass and fat tissue mass; ii) not associ-
ated with decreased food preference for phytol-diet; and 

iii) attributed primarily to markedly decreased food conver-
sion efficiency in TKO males and less so in TKO females. 
Although phytol-diet induced mild hepatocellular necrosis 
and slightly elevated serum aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) in all male (data 
not shown) and female (60) groups, serum AST and ALT 
levels were all within the normal range. Nevertheless, con-
comitant with inducing whole body weight loss, TKO 
decreased liver weight in phytol-fed males (but not females), 
as well as increased hepatic lipid accumulation, especially 
phospholipid (more so in males than females.) The TKO-
induced increase in phospholipid mass in phytol-fed mice 
was not compensated by a decrease in hepatic triacylglyc-
erol (both males and females) or free cholesterol (males). 
The finding that serum levels of -hydroxybutyrate (a physi-
ological marker of fatty acid -oxidation) were not signifi-
cantly altered in either male or female phytol-fed TKO 
mice suggested that the above changes in whole-body and 
hepatic lipid phenotype were not associated with impaired 
fatty acid -oxidation. Taken together, these findings indi-
cated that TKO markedly exacerbated the impact of dietary 
phytol on the whole-body and liver phenotype of male 
and, less so, female mice. Thus, it was important to deter-
mine the extent (if any) to which the TKO-induced phe-
notype alterations in phytol-fed mice might be attributed to 
impaired metabolism of phytol. The data presented herein 
with phytol-fed male and female Fabp1/Scp-2/Scp-x-null 
(TKO) mice provide the following new insights:

First, FABP1 and SCP-2 bound phytol very poorly or not 
at all. This was unexpected because FABP1 is known to 
bind other branched-chain alcohols, such as retinol (54, 
55), and alcohols, such as eicosanol (55). Furthermore, 
both SCP-2 and FABP1 bound polycyclic alcohols with 
branched-side chains (9, 37, 55–57). Thus, contrary to ex-
pectations, neither FABP1 nor SCP-2 appear as likely candi-
date chaperone proteins for transporting phytol from the 
plasma membrane to intracellular metabolic sites, i.e., en-
doplasmic reticulum and peroxisomes. Whether cellular 
retinol binding protein or an as yet unknown branched-
chain lipid binding protein potentially serve as cytosolic 
phytol binding/chaperone protein remains to be resolved.

Second, loss of all three proteins in TKO mice (Fabp1/
Scp-2/Scp-x-null) markedly enhanced accumulation of 
phytanic acid, the major phytol metabolite formed in the 
endoplasmic reticulum. Under phytol feeding, Fabp1-
null mice also induced hepatic phytanic acid accumula-
tion to a high extent (27), while Scp-x null mice elicited 
up to 8-fold less hepatic phytanic acid accumulation (24). 
However, concomitant upregulation of FABP1 in Scp-x-
null mice may have compensated, in part, for the loss of 
SCP-x (24). Although the hepatic mass accumulation of 
phytanic acid was not reported in phytol-fed Scp-2/Scp-x-
null mice, nearly 5-fold concomitant upregulation of FABP1 
similarly complicates resolution of SCP-2/SCP-x contri-
butions to hepatic phytol metabolism to phytanic acid 
(21). In contrast, as shown herein, ablation of all three 
proteins (TKO) elicited the highest hepatic accumulation 
of phytanic acid, the major metabolite of phytol. This may 
be explained by the fact that phytanic acid, produced in 
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the endoplasmic reticulum, must be transported to per-
oxisomes for further oxidation (5). FABP1 and/or SCP-2 
are candidate proteins potentially serving this function 
because: i) both FABP1 and SCP-2 have high affinity for 
phytanic acid and phytanoyl-CoA, as shown herein (Fig. 1) 
and/or earlier with other types of binding assays for 
FABP1 (20, 33, 76, 77) and SCP-2 (20, 21, 78); ii) both 
FABP1 and SCP-2 enhance the cytosolic transport/diffu-
sion of fatty acids (26, 65–67, 79); and iii) overexpression 
of SCP-2, SCP-x, or FABP1 enhanced (23, 25, 35), while 
Fabp1 gene ablation inhibited, metabolism of [3H]phy-
tanic acid (26). However, FABP1 is nearly 8-fold more 
prevalent than SCP-2 in liver (17, 60, 69, 80, 81), and 
FABP1 is more highly distributed in cytosol than SCP-2 
(half of SCP-2 is peroxisomal) (9–11). Taken together, 
these data would suggest FABP1 and, less so, SCP-2 as the 
major candidate chaperone proteins for transporting 
bound phytanic acid from the endoplasmic reticulum to 
peroxisome for further oxidation.

Third, the loss of all three proteins in TKO mice (Fabp1/
Scp-2/Scp-x null) had a greater impact on hepatic phytanic 
acid accumulation in male than female phytol-fed mice. 
Livers of female WT mice normally have lower levels of 
FABP1, SCP-2, and/or SCP-x than their male counterparts 
(24, 52, 80). Consistent with these findings, livers of phy-
tol-fed WT female mice also have higher phytanic acid 
than their male counterparts, as shown in (Fig. 3), and 
earlier (52). This suggested that the higher levels of these 
proteins in male mice would make their hepatic phytol 
metabolism more sensitive to complete loss of these pro-
teins (e.g., TKO).

Fourth, TKO differentially altered the pattern of hepatic 
branched-chain phytol peroxisomal metabolites down-
stream from phytanic acid in phytol-fed female versus male 
mice. Several peroxisomal metabolites of phytanic acid 
(e.g., pristanic acid, 2,3-pristenic acid) were detected in the 
livers of male and female phytol-fed mice, but generally, at 
several orders of magnitude, lower levels than that of phy-
tanic acid produced in the endoplasmic reticulum. This 
suggested that once phytanic acid is transported into the 
peroxisomes, it is very rapidly further metabolized. Never-
theless, TKO still significantly induced hepatic accumulation 
of pristanic acid, while concomitantly decreasing accumu-
lation of the further downstream metabolite, 2,3-pristenic 
acid, in phytol-fed male mice. In contrast, levels of pristanic 
acid and 2,3-pristenic acid differed little between TKO and 
WT phytol-fed females, consistent with the already lower 
expression of SCP-2 and/or SCP-x in WT females, as com-
pared with WT male mice (24, 52, 80). These findings were 
also consistent with the known subcellular distribution of 
SCP-2 and SCP-x, but not FABP1, in peroxisomes. SCP-2 is 
most highly concentrated in peroxisomes and SCP-x is ex-
clusively localized in peroxisomes (9–11). In vitro ligand 
binding studies suggest that SCP-2 binds phytanoyl-CoA 
with high affinity, as well as less strongly binds several  
downstream metabolites (pristanic acid, phytenic acid, 
pristanoyl-CoA) within the peroxisomal matrix (20, 21). 
Although not itself exhibiting any enzyme activity, SCP-2 
stimulates phytanoyl-CoA hydroxylation by phytanoyl-CoA 

hydroxylase, the enzyme mediating the first step in per-
oxisomal -oxidation of branched-chain fatty acids (8). 
Furthermore, SCP-x is the only known branched-chain 
3-ketoacyl-CoA thiolase that catalyzes cleavage of propio-
nyl-CoA from 3-ketopristanoyl-CoA, a downstream peroxi-
somal metabolite of pristenoyl-CoA (82). Finally, when fed 
0.5% phytol-diet, the TKO mice accumulated several fold 
higher levels of phytanic acid and pristanic acid (Fig. 3) 
than Scp-x-null mice on the same diet (24). A complicating 
factor, however, is that the phytol metabolite patterns in 
mice singly ablated for Fabp1, Scp-x, or Scp-2/Scp-x is compli-
cated by compensatory changes in the nonablated pro-
teins. For example, upregulation of SCP-x in Fabp1 gene 
ablated mice yielded a phytol-metabolism pattern consis-
tent with increased peroxisomal metabolites in phytol-fed 
male, but not female, mice (27). Likewise, altered FABP1 
expression in response to singly ablating Scp-x resulted 
in a phytol metabolite pattern consistent with decreased 
extraperoxisomal (females) and peroxisomal (males) phy-
tol metabolism (24). Conversely, massive upregulation of 
FABP1 in Scp-2/Scp-x-null mice resulted in a phytol metabo-
lite pattern consistent with both increased accumulation of 
extraperoxisomal metabolite (phytanic acid), as well as al-
tered pattern of peroxisomal metabolites (21). Taken to-
gether, these findings suggest that TKO not only elicited 
hepatic accumulation of phytanic acid (phytol metabolite 
produced in endoplasmic reticulum), it also more subtly 
altered the pattern of peroxisomal metabolites of phytanic 
acid further downstream.

Fifth, TKO differentially impacted hepatic levels of total 
LCFAs. While phytol-diet increased total LCFAs in both 
male and female WT mice, TKO had little further effect 
on exacerbating this accumulation. Furthermore, with re-
gard to the hepatic content of total 22:6n-3, in the female 
mice there was a profound reduction in 22:6n-3 that was 
not found in the male mice. More importantly, the male 
values for 22:6n-3 in the WT and TKO were similar to the 
level found in the TKO female mouse. The phytol diet en-
hanced the amount in WT versus TKO mice (female) and 
the opposite was seen in the male mice. This suggested a 
significant difference that is sex-based on 22:6n-3 metabo-
lism. As the Sprecher pathways involve the peroxisome, 
this was consistent with important roles for FABP1, SCP-2, 
and SCP-x in peroxisomal fatty acid metabolism as out-
lined in the Introduction. With regard to the sex-specificity, 
this may be attributed to at least two factors: i) Control-fed 
WT females having less hepatic FABP1, SCP-2, and SCP-x 
than WT males (60, 61). FABP1 overexpression stimulates 
(23), while Fabp1 gene ablation inhibits, phytanic and 
pristanic acid metabolism (26, 27). Similarly, SCP-2 or 
SCP-x overexpression enhances (25, 35), while Scp-x (24) 
or Scp-2/Scp-x (22, 83, 84) ablation inhibits metabolism of 
branched-chain fatty acids. Thus, as shown herein, the 
phytol-fed TKO males and females accumulated 6-fold 
and 20% more phytol metabolites (especially phytanic 
acid and pristanic acid), the most potent known ligand ac-
tivators of PPAR, nuclear receptor that controls expres-
sion of many genes in fatty acid metabolism, especially in 
peroxisomes (33, 45, 47); ii) Estrogens inhibit the actions 
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of PPAR agonists (85). Finally, it is important to note that 
the finding of phytol-induced hepatic total LCFA accumu-
lation was in marked contrast to earlier studies wherein 
the respective proteins were singly ablated. For example, 
compensatory alterations in SCP-x expression in phytol-
fed singly ablated Fabp1-null mice resulted in unaltered 
hepatic total LCFAs (27). Likewise, compensatory altera-
tions in FABP1 expression in phytol-fed Scp-x-null mice re-
sulted in unaltered levels of hepatic total LCFAs (24). 
Upregulation of FABP1 in Scp-2/Scp-x-null mice also com-
plicated determination of these proteins’ impact on he-
patic total LCFA levels (21).

Taken together, the finding that neither FABP1 nor 
SCP-2 bound phytol suggested that neither protein likely 
contributed to directly enhance hepatic uptake of phytol 

(Fig. 7). Ablation of the Fabp1, as well as the Scp-2/Scp-x 
gene, created TKO mice, thereby precluding the known 
marked (5-fold) compensatory upregulation of FABP1 in 
Scp-2/Scp-x-null mice (21). The phytanic acid binding af-
finities and hepatic pattern of branched-chain LCFAs in 
phytol-fed TKO mice suggested that FABP1 is more in-
volved than SCP-2 in binding/transfer of phytanic acid 
(produced in the endoplasmic reticulum) through the cy-
tosol to peroxisomes, wherein SCP-2 and SCP-x function in 
binding/transport of phytanoyl-CoA for further metabo-
lism by peroxisomal enzymes (Fig. 7). These findings com-
plemented and helped to clarify earlier studies with 
phytol-fed mice wherein singly ablating the respective pro-
teins elicited concomitant upregulation of nonablated pro-
tein (21, 24, 27).

Fig.  7.  Schematic of proposed FABP1 and SCP-2/SCP-x interactions with the phytol metabolic pathway. FABP1 and SCP-2, both present at 
high level in hepatic cytoplasm, bind phytol metabolites, but not phytol. In this hypothetical scheme, FABP1 and SCP-2 bind phytanic acid 
and phytenic acid (formed from phytol in the endoplasmic reticulum) and transport them to the peroxisome. At the peroxisomal mem-
brane the phytanic and phytenic acid are converted to their respective CoA thioesters, internalized and desorbed into the peroxisomal ma-
trix wherein they are bound (20, 21) by peroxisomal localized SCP-2 (9–11) and potentially FABP1 (34). Within the peroxisomal matrix, 
SCP-2 directly interacts with oxidative enzymes and stimulates phytanoyl-CoA 2-hydroxylase, the essential enzyme mediating the first step in 
peroxisomal -oxidation of branched-chain fatty acids (8, 19). SCP-x, an exclusively peroxisomal protein, is the only known branched-chain 
3-ketoacyl CoA thiolase (10, 22–24). Successive cycles of - and -oxidation shortens the branched-chain fatty acids to yield short-chain 
(<C12) fatty acids (SCFAs), such as formyl-CoA, acetyl-CoA, propionyl-CoA, and 4,8-dimethyl nonanoyl-CoA. Neither FABP1 (38, 86–88) nor 
SCP-2 (20, 40) binds short-chain (<C12) fatty acids or their CoA thioesters.
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