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Abstract

Excessive and chronic alcohol intake leads to a lower hepatic vitamin A status by interfering with vitamin A metabolism.

Dietary provitamin A carotenoids can be converted into vitamin A mainly by carotenoid 15,15’-monooxygenase 1 (CMO1)

and, to a lesser degree, carotenoid 9910’-monooxygenase 2 (CMO2). CMO1 has been shown to be regulated by several

transcription factors, such as the PPAR, retinoid X receptor, and thyroid receptor (TR). The regulation of CMO2has yet to be

identified. The impact of chronic alcohol intake on hepatic expressions of CMO1 and CMO2 and their related transcription

factors are unknown. In this study, Fischer 344 rats were pair-fed either a liquid ethanol Lieber-DeCarli diet (n = 10) or a

control diet (n = 10) for 11 wk. Hepatic retinoid concentration and expressions of CMO1, CMO2, PPARg, PPARa, and TRb

as well as plasma thyroid hormones levels were analyzed. We observed that administering alcohol decreased hepatic

retinoid levels but increased mRNA concentrations of CMO1, CMO2, PPARg, PPARa, and TRb and upregulated protein

levels of CMO2, PPARg, and PPARa. Therewas a positive correlation of PPARgwith CMO1 (r= 0.89; P, 0.0001) and both

PPARg and PPARa with CMO2 (r = 0.72, P , 0.001 and r = 0.62, P , 0.01, respectively). Plasma thyroid hormone

concentrations did not differ between the control rats and alcohol-fed rats. This study suggests that chronic alcohol intake

significantly upregulates hepatic expression of CMO1 and, to a much lesser extent, CMO2. This process may be due to

alcohol-induced PPARg expression and lower vitamin A status in the liver. J. Nutr. 140: 1808–1814, 2010.

Introduction

Excessive and chronic alcohol intake is known to interfere
with endocrine system functions, creating a hormonal and
metabolic imbalance (1–3). Low vitamin A nutritional status is
one of the major alterations caused by chronic alcohol intake.
Vitamin A is stored mainly in the liver in the form of retinyl
esters, which can undergo hydrolysis to retinol, the circulating
form in the body. Substantial work has been done investigating
the mechanisms by which excessive alcohol intake interferes
with retinoid metabolism and signaling (4). More specifically,
alcohol acts as a competitive inhibitor of vitamin A oxidation to
retinoic acid involving alcohol dehydrogenases and acetalde-
hyde dehydrogenases, induces cytochrome P450 enzymes [par-

ticularly cytochrome P450 2E1 (CYP2E1)5] that degrade retinol
and retinoic acid, and alters retinoid homeostasis by increasing
vitamin A mobilization from the liver to extrahepatic tissues.
Nutritional interventions that restore normal vitamin A status
may offer protection at the cellular level to modify alcohol-
related illness in high-risk human populations.

Vitamin A can be consumed directly from the diet, usually in
the form of retinol or retinyl esters from meat and dairy foods. It
can be produced by enzymatic cleavage of provitamin A
carotenoids (b-carotene, a-carotene, and b-cryptoxanthin),
which can be absorbed through the intestines and accumulate in
the liver and other tissues of the human body. Recently, 2 different
carotenoid monooxygenases, carotenoid 15,15’-monooxygenase
1 (CMO1) and carotenoid 9910’-monooxygenase 2 (CMO2),
were molecularly identified (5,6). Both belong to a family
of structurally related nonheme iron oxygenases (7,8). The
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most common carotenoid substrate for CMO1 is b-carotene,
which is cleaved in the central carbon 15,15’-double bond to
produce retinal (9). CMO2 catalyzes the excentric oxidative
cleavage of b-carotene at the C99, C10’ double bond (6,10) to form
b-apo–carotenals, which can be oxidized to b-apo–carotenoic
acids and then further oxidized through a b-oxidation–like
process to form retinoic acid (11). High expressions of CMO1
and CMO2 in the liver may be related to hepatic metabolism of
both provitamin A carotenoids and nonprovitamin A carote-
noids (5,6,10,12). Although the significance of CMO2 in
bioconversion of provitamin A carotenoids into vitamin A has
not been well defined, a recent study demonstrates that hepatic
vitamin A levels were significantly lower in cows with a CMO2
mutation. This indicates that CMO2 is a key regulator of
b-carotene metabolism (13).

CMO1 has been identified as a PPARg target gene in mice.
This is determined by identifying a peroxisomal proliferator
response element (PPRE) in the promoter region of the CMO1
gene, which is a recognition site for PPARg (14). Some authors
report that CMO1 is transcriptionally regulated by the action of
PPAR and retinoid X receptors (RXR) in both mice and humans
(14,15). RXR plays a central role in diverse biologic pathways
by serving as an obligate heterodimeric partner for multiple
steroid hormone nuclear receptors. These include PPAR, thyroid
hormone receptor (TR), vitamin D receptor, and others (16). In
addition, Yamaguchi and Suruga (17) showed that CMO1 is
upregulated by thyroid hormones in human small intestinal-like
Caco-2 cells. This suggests that these hormones contribute to the
absorption and metabolism of vitamin A. The regulation of the
CMO2 gene has yet to be identified, but it is conceivable that
nonprovitamin A carotenoids may play a critical role in the
transcriptional regulation of CMO2 (10,18).

Daily consumption of alcohol is related to reduced b-carotene
levels (19,20). Lower vitamin A levels in the liver during chronic
alcohol consumption are also well documented (21). It is
acknowledged that alcohol activates nuclear transcription factors
involved in the regulation of hepatic gene expression (22);
however, direct evidence regarding the effects of alcohol on
carotenoid cleavage enzymes and ingested b-carotene to vitamin
A is still lacking. Considering that CMO1 can be regulated by
PPAR and TR and alcohol can modulate PPAR and TR, we
investigated the impact of chronic alcohol intake on expressions
of CMO1, CMO2, PPAR, and TRb in the livers of rats.

Materials and Methods

Rats and experimental protocol. Two-month-old male Fischer 344

rats (weighing ~130–140 g) were obtained from Charles River Labora-

tories and were housed in individual cages in an American Association of

Accreditation of Laboratory Animal Care-accredited animal facility at
the Human Nutrition Research Center on Aging at Tufts University.

Their room was under controlled temperature (20–228C), humidity (45–

55%), and lighting (12-h-light/-dark cycle). The rats were acclimatized
over 1 wk to a nonpurified diet (23) and then randomly divided into 2

groups: control (n = 10) and alcohol (n = 10). The alcohol intake in rats

(36% of total energy) was approximately equal to the consumption of

100 g/d of alcohol (7.1 kcal/g alcohol; 1 kcal = 4.184 kJ) in a 2000-kcal
human diet. The rats were adapted to the nutritionally adequate Lieber-

DeCarli liquid control and alcohol diets (Dyets) (24) over a 2-wk period.

In the control diet, isocaloric maltodextrin was the substitute for

ethanol. The Lieber-DeCarli liquid diet contains vitamin A (0.9 mg/
1000 kcal), which is a sufficient amount for both the control and

experimental groups (25). During the experimental period, the rats were

group pair-fed to the alcohol group and were given;70mL/d of the diet.

Body weight was recorded once per week. The diets were prepared twice

per week and were stored at 48C. After 11 wk of treatment, the rats were

killed by terminal exsanguination under deep anesthesia. Blood and

livers were collected and stored at 2808C until required for analysis.

This experimental protocol was reviewed and approved by the Animal

Care and Use Committee at the Human Nutrition Research Center on

Aging at Tufts University.

HPLC analysis. Liver sample extractions were done as described

previously (26). The extracts were evaporated under N2 gas and

resuspended in 50 mL ethanol for injection into the HPLC system, as

described (27). Individual retinoids were identified by coelution with

standards and absorption spectrum analysis and quantified by deter-

mining peak areas calibrated against known amounts of standards.

Total RNA isolation and RT. Total RNA was extracted from liver

tissue using the TriPure reagent (Roche Applied Science) following the

manufacturer’s protocol. Then 400 ng of RNAwas used for the synthesis
of 20 mL of cDNA by Primer Random p(dN)6 and Moloney Murine

Leukemia Virus RT (Invitrogen).

Real-time PCR. CMO1, CMO2, PPARg, PPARa, and TRb mRNA
levels were determined by real-time PCR. Primers were designed using

the Primer Express version 2.0 (Applied Biosystems) software. The

sequences for CMO1 (NCBI reference sequence: NM_053648.2) were:

forward, 59-GCCAACCTGAACAAGGACTTCG-39 and reverse, 59-
AGCCCACTTCTGCATCCTTGTC-39; for CMO2 (NCBI reference

sequence: DQ083174.1): forward, 59-CATGTCAAGGTTTGAGCCA-

CCT-39 and reverse, 59-ACGAATTTGCTCCAGTCCACC-39; for

PPARg (NCBI reference sequence: NM_013124.1): forward, 59-GGA-

AAAAACCCTTGCATCCTTC-39 and reverse, 59-TTCAAACTCCCT-
CATGGCCA-39; for PPARa (NCBI reference sequence: NM_013196.1):

forward, 59-ACTAGCAACAATCCGCCTTTTG-39 and reverse, 59-GGA-

CCTCTGCCTCCTTGTTTTC-39; and for TRb (NCBI reference se-

quence: NM_012672.2): forward, 59-CTACCTCTCTGCATTCGGT-

CTG-39 and reverse, 59-AGGTCTGTTGCCATGCCAA-39. Glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) (NCBI reference sequence:

NM_017008.2) was used as internal control and the sequences were:

forward, 59-AGTGCCAGCCTCGTCTCATAG-39 and reverse, 59-CCT-
TGACTGTGCCGTTGAACT-39. Quantitative measurement was per-

formed using the SYBR Green qPCR kit (Invitrogen) according to the

manufacturer’s instructions on an Applied Biosystems 7000 sequence

detection system. The real-time cycler conditions were as follows:

enzyme activation at 508C for 2 min and after denaturation at 958C for

10 min, the cDNA products were amplified with 40 cycles, each cycle

consisting of denaturation at 958C for 15 s and annealing/extension at

608C for 1 min. Product purity was confirmed by dissociation curve

analysis. Gene expression was quantified relative to the values of the

control group after adjusting for GAPDH by the 22DDCT method as

described previously (28).

Western blotting. Protein abundance of the CMO2, PPARg, and

PPARawere assessed by Western blotting. For CMO2, liver tissues were

homogenized with ice-cold, whole-cell lysate buffer containing inhibi-

tors. Nuclear extraction of liver tissue was used for PPARg and PPARa.

Protein concentration was quantified spectrophotometrically (Bio-Spec

1601) by using Coomassie Blue. Protein samples (50 mg/lane) were

separated by PAGE using 10% SDS-polyacrylamide gels. Samples were

transferred to nitrocellulose membranes (Immobilon-P transfer mem-

brane, Millipore) and blocked with 5% milk. The membrane was

incubated with a CMO2 primary antibody against ferret CMO2, which

was developed in our laboratory and cross-reacts with human and rat

CMO2 (10), for 1.5 h at room temperature followed by the secondary

antibody (against rabbit) for 30 min at room temperature. PPARg

(1:250, Santa Cruz) and PPARa (1:250, Santa Cruz) membranes were

incubated with a primary antibody overnight at 48C, followed by

secondary antibody for 1 h at room temperature. For Western-blot

analysis, GAPDH (1:5000, Chemicon) was used as an internal loading

control. Immunoreactive bands were visualized and quantified using

an imaging densitometry (GS-710, Imaging Densitometer; Bio-Rad

Laboratories).
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Free triiodothyronine, free thyroxine, and thyroid stimulating

hormone dosage. Plasma concentrations of free triiodothyronine

(fT3), free thyroxine (fT4), and thyroid stimulating hormone (TSH) were
measured by ELISA kits (Bio-Quant) following the manufacturer’s

protocol.

Statistical analysis. Sigma Stat (version 3.5) software was used for
statistical analysis. Student’s t test was used for data analysis. To evaluate

the association among CMO1, CMO2, PPARg, PPARa, and TRb,

Pearson correlation coefficient was determined. Differences between

means were considered significant at P , 0.05. Results are expressed as
means 6 SEM.

Results

Body and liver weights. After 11 wk of treatment, the alcohol-
fed rats had lower body (372.8 6 13.1 g) and liver weights
(11.59 6 0.14 g; P , 0.05) than the control groups (429.7 6
5.5 g and 12.69 6 0.35 g, respectively; P , 0.05), as previously
documented (29). The ratio of liver weight:body weight did not
differ between the groups (ranging from 0.029 to 0.031),
indicating that the decreased liver weight associated with the
decreased body weight in the alcohol-fed rats.

Hepatic concentrations of retinoids. Compared with con-
trols, the hepatic concentration of retinoids was significantly
lower in the ethanol-fed rats (Table 1). Ethanol feeding of rats
for 11 wk resulted in lower hepatic retinoic acid, retinol, and
retinyl palmitate concentrations by ~62, 33, and 42%, respec-
tively, compared with rats not fed ethanol.

Hepatic expressions of CMO1 and CMO2. Chronic con-
sumption of alcohol as 36% of total energy intake for 11 wk
significantly increased the expression of CMO1 mRNA (P ,
0.05) (Fig. 1). We were not able to measure the protein level of
CMO1 due to lack of a specific antibody against CMO1.
Ethanol also significantly increased the mRNA (Fig. 2A) and
protein levels (Fig. 2B) for CMO2 (P , 0.05) but to a much
lesser degree then CMO1. In the CMO2, the mRNA expression
was 21% higher and the protein levels were 32% higher in the
ethanol-fed rats compared with the nonalcohol-fed rats.

Hepatic expressions of PPAR. Given that CMO1 is regulated
by PPAR, we then examined hepatic PPAR expressions in
alcohol-fed rats. Alcohol intake significantly upregulated both
mRNA (Fig. 3A) and protein expressions of PPARg and PPARa
(Fig. 3B) compared with the control group of rats.

Plasma concentrations of fT3, fT4, and TSH and hepatic

expression of TRb. Because prolonged alcohol ingestion led to
a significant reduction of plasma levels of fT3 and fT4 in rats
compared with pair-fed controls (30,31) and CMO1 was found
to be upregulated by T3 (30), we examined plasma concentra-

tions of fT3, fT4, and TSH as well as hepatic TRb gene
expression. Plasma concentrations of fT3 (2.87 6 0.69 ng/L vs.
3.03 6 0.57 ng/L), fT4 (0.303 6 0.027 ng/L vs. 0.298 6 0.025
ng/L), and TSH (1.25 6 0.15 mIU/L vs. 1.44 6 0.24 mIU/L; P =
0.06) did not differ significantly between the control and
alcohol-fed groups. Alcohol modestly increased hepatic TRb
gene expression to 1.38-fold that of controls (P , 0.05).

Correlations. We examined correlations between the studied
genes using Pearson correlation coefficient analysis. We found a
correlation between CMO1 and CMO2 (r = 0.65; P , 0.01) in
the liver, suggesting that both genes were affected by alcohol
consumption. We found a strong positive correlation for PPARg
compared with CMO1 (r = 0.89; P, 0.0001) but no correlation
for PPARa compared with CMO1 (r = 0.36). Interestingly, we
observed a correlation for both PPARg compared with CMO2

TABLE 1 Hepatic concentrations of retinoic acid, retinol, and
retinyl palmitate in rats fed control diet or 36%
ethanol diet for 11 wk1

Treatment group Retinoic acid Retinol Retinyl palmitate

nmol/g

Control 0.243 6 0.074 34.1 6 4.97 719 6 87.7

Ethanol 0.092 6 0.013* 22.9 6 3.27* 423 6 54.7*

1 Values are means 6 SD, n = 10. *Different from control, P , 0.01.

FIGURE 1 Hepatic CMO1 mRNA expression in rats fed control diet

or 36% ethanol diet for 11 wk. Values are means 6 SEM, n = 10.

*Different from control, P , 0.05.

FIGURE 2 Hepatic CMO2 mRNA expression (A) and protein

expression (B) in rats fed control diet or 36% ethanol diet for 11 wk.

Values are means 6 SEM, n = 10. *Different from control, P , 0.05.
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(r = 0.72; P , 0.001) and PPARa compared with CMO2 (r =
0.62; P , 0.01) in the liver. In addition, hepatic TRb expression
correlated positively to CMO1 (r = 0.61; P , 0.05) but not to
CMO2 (r = 0.27).

Discussion

Because the liver is the major organ that expresses high levels
of CMO1 and accumulates both provitamin A carotenoids and

vitamin A, we raised the question of whether the conversion of
provitamin A carotenoids into vitamin A by CMO-1 is impaired
by chronic alcohol intake. In this study, we show that chronic
alcohol intake significantly upregulates hepatic expressions of
CMO-1. Because PPRE has been identified in the promoter
region of the CMO1 gene (14) and is transcriptionally regulated
by the action of PPAR and RXR (14,15), we evaluated the
expressions of PPARa and PPARg. Both share functions as well
as have distinct activities in a variety of roles, including the
regulation of lipid metabolism (32). Previous studies show
that hepatic PPARg expression remains unchanged in chronic
alcohol-fed rats (33) and that PPAR expression is decreased by
chronic alcohol feeding (34). However, there was no informa-
tion regarding PPAR protein levels (33) and the specificity of
PPAR subtype (34) in their report. Although our model was a
little different from the previous one, e.g., we used Fisher rats
rather than Sprague-Dawley rats, we found that both PPARa
and PPARg expressions at protein levels were upregulated in the
livers of rats with alcohol feeding (Fig. 3). Interestingly, we
observed that only PPARg expression, not PPARa, was strongly
correlated with CMO1 expression in alcohol-fed rats. This
supports the previous observation that PPARg is essential for
CMO1 gene expression (14). In humans, PPARg alone may not
be sufficient to activate CMO1 expression. For example, the
induction of CMO1 is dependent on the cooperation between
PPARg and myocyte enhancer factor 2 isoform (15).

Our observation of the upregulation of CMO1 by alcohol
intake is in agreement with previous observations that daily
consumption of alcohol is related to reduced b-carotene levels
(19,20), but how can we explain lower vitamin A levels in the
liver during chronic alcohol consumption? Although the Lieber-
DeCarli liquid diet contains a sufficient amount of vitamin A for
both the control and experimental groups, ethanol feeding of
rats for 11 wk resulted in lower hepatic retinoic acid, retinol,
and retinyl palmitate concentrations (by ~62, 33, and 42%,
respectively) compared with nonethanol-fed rats (Table 1).
These data were in agreement with our previous studies showing
that feeding rats with Lieber-DeCarli alcohol liquid diet for 1 mo
significantly reduces hepatic vitamin A and retinoic acid levels in
rats compared with rats pair-fed a diet matched for energy and
vitamin A content (26,35). It is shown that chronic alcohol
intake increases catabolism of retinol and retinoic acid into more
polar metabolites in the liver (36). Work from our laboratory
showed that alcohol-reduced levels of retinol and retinoic acid
were prevented by chlormethiazole, an inhibitor of cytochrome
P4502E1, both in vitro and in vivo (27). This indicates that the
alcohol-enhanced catabolism of retinoids in hepatic tissue after
exposure to alcohol is a major mechanism for lowering vitamin
A status (4). Previously, we conducted an in vitro incubation
experiment with b-carotene using liver homogenates of alcohol-
fed rats compared with controls (X.D.Wang, unpublished data).
Although we did observe a significant loss of b-carotene after the
incubation with the alcohol-fed liver homogenate, we could not
detect either retinal or retinoic acid formation from b-carotene
in the liver homogenates of the alcohol-fed rats compared with
the control. We believe the strong induction of cytochrome P450
enzymes or certain nonspecific oxygenases by alcohol treatment
degraded both b-carotene and newly formed retinol and retinoic
acid. Therefore, even with CMO1 converting provitamin A
carotenoids into vitamin A, the induction of hepatic CYP2E1
enzyme in chronic intermittent drinking continues to be a factor
in destroying retinol and retinoic acid, even after the alcohol is
cleared. In addition, the much lower level of retinoic acid,
compared with retinol and retinyl palmitate (Table 1), could be

FIGURE 3 Hepatic PPARg expressions [mRNA levels (A) and

protein levels (B)] and PPARa expressions [mRNA levels (C) and

protein levels (D)] in rats fed control diet or 36% ethanol diet for 11 wk.

Inset: Representative Western blot for protein expression. Values are

means 6 SEM, n = 10. *Different from control, P , 0.05.
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due to a competitive inhibition of alcohol dehydrogenase and
aldehyde dehydrogenase by alcohol, thereby inhibiting retinol
oxidation into retinal and retinoic acid (37,38). Takitani et al.
(39) reported that hepatic CMO1 expression was suppressed by
all-trans retinoic acid supplementation in the presence of
vitamin A deficiency. It has also been shown that activity and
expression of intestinal CMO1 were downregulated by retinoic
acid treatment in chickens (40). It is an effective feedback
regulatory mechanism of retinoic acid on CMO1 and has been
suggested to be involved in vitamin A homeostasis (41).
Therefore, the diminished feedback inhibition of CMO1 ex-
pression due to alcohol-reduced retinoic acid levels in the liver
could contribute to the upregulation of CMO1 in the present
study as well (Fig. 4). Interestingly, retinal, a metabolite of both
retinol and b-carotene, suppresses PPARg and inhibits adipo-
genesis (42); therefore, the alcohol-reduced retinoid levels in the
liver could contribute to the upregulation of PPARg-mediated
CMO1 expression in the present study. In addition, fatty liver
has been documented in this rat model using Lieber-Decarli
alcoholic diet (29). The previous study in the CMO1 knockout
mouse developed both vitamin A deficiency and a fatty liver
(43). Therefore, in this study, the alcohol-reduced level of retinol
and retinoic acid could be related to the upregulation of PPARg
and fatty liver as well. Future study examining CMO1 expres-
sion in alcohol-fed rats with vitamin A/retinoic acid supplemen-
tation will provide more evidence to support our conclusion.

Thyroid hormone can transcriptionally upregulate CMO1
(17). Because chronic alcohol intake is related to decreased
thyroid axis (30,31), we examined whether the upregulation of
CMO1 by alcohol was due to its effects on circulating thyroid
hormones, including fT3, fT4, and TSH, and hepatic TRb
expression. Although we did not detect any changes on the levels
of fT3, fT4, and TSH, alcohol intake did increase hepatic TRb
expression. This correlated with the expression of CMO1.
Because retinoic acid treatment decreases TR expression in a
dose-dependent manner (41) and chronic alcohol intake results
in lower levels of hepatic vitamin A and retinoic acid (Table 1),
we proposed that alcohol treatment could indirectly increase
hepatic TR expression by decreasing vitamin A levels in the
livers. In addition, it has been reported that patients with
hypothyroidism accumulated significant amounts of carotenoids
in their body (41,44) and that CMO1 was upregulated by T3

(17). Therefore, we speculate that the increase in TRb could
augment thyroid hormone’s effects and contribute to the

upregulation of CMO1. Further studies are needed to evaluate
this notion.

Previously, we showed that CMO2 catalyzes the excentric
cleavage of all trans-b-carotene and cis-lycopene isomers at the
99,10’ double bond (10). In the present study, alcohol intake
caused only a slight increase in both mRNA expression and
protein levels of CMO2 (Fig. 2), indicating that there was little
effect of vitamin A status on CMO2 regulation in the liver.
Although both PPARg and PPARa were modestly correlated to
CMO2 expression, the biochemical evaluation of the CMO2
promoter region has not been completed, and previous studies
did not find PPRE in the CMO2 promoter region (45), we
cannot affirm that PPARs are involved in CMO2 regulation.
However, there is a difference between wild-type cows and those
with a premature stop codon in CMO2, e.g., serum b-carotene
concentrations were 48% higher and hepatic vitamin A levels
were 33% lower in cows with premature stop codon in CMO
(13). Therefore, the upregulation of CMO2 by alcohol may have
certain biological significance in terms of potential interaction of
alcohol with provitamin A carotenoid metabolism. However,
some data show that b-carotene supplementation with concom-
itant alcohol consumption generates intrinsic hepatotoxicity
(46). Recently, we demonstrated that lycopene supplementation
at a higher dose significantly induces hepatic CYP2E1 protein
and the incidence of inflammatory foci in the alcohol-fed rats but
not in the control rats (29). The excessive formation of excentric
cleavage products from carotenoids may produce detrimental
effects in both smokers and alcohol drinkers (47). Clearly,
determining whether CMO2 plays a role in those processes
needs further investigation.

Taken together, these data indicate that chronic alcohol
intake upregulates CMO1, PPARg, and TRb. This corroborates
the idea that CMO1 is transcriptionally regulated by PPARg and
TRb and that regulation of CMO1 acts by a negative feedback
mechanism of vitamin A and retinoic acid. This involvement of
multiple factors on the expression of carotenoid cleavage
enzymes further indicates a complexity of the transcriptional
regulatory mechanisms of carotenoid cleavage enzymes, and
clearly more research is needed.
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