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Abstract—The effects of dialkyl and monoalkyl phthalates and some related compounds on mitochon-
drial respiration of rat liver were investigated. In a series of dialkyl phthalates, di-n-propyl phthalate
showed the most remarkable inhibition on the state-3 respiration. The inhibitory effects were reduced
with either decreasing or increasing chain length for this compound. Di-(2-ethylhexyl)phthalate had
no effect. On the other hand, in a series of monoalkyl phthalates the inhibition was increased as
the alkyl group was lengthened up to heptyl. Relationship between chemical structure and inhibitory
effect was also studied using some phthalate analogs and related compounds. It was shown that the
length of alkyl chains was more important than aromatic ring structure for the inhibitory effects
of phthalates. Mechanisms of inhibitory effects by phthalates were discussed, and it was suggested
that dialkyl and monoalkyl phthalates mainly acted as energy-transfer inhibitors and blocked the
point before the DNP-sensitive site in the energy-transfer pathway.

Because of the wide distribution of phthalic ester plas-
ticizers in our environment, there are many possible
pathways through which these compounds can be in-
troduced into the human body. So, recently consider-

able attention has been paid to the biological effects

of these chemicals, especially of di-(2-ethylhexyl)ph-
thalate (DEHP), a representative plasticizer,

On the distribution studies of DEHP in rats, some
investigators reported preferential localization of
phthalate in the liver in a short time after intravenous
injection [1-6]. The same localization was also
observed in feeding studies [6,7]. In other exper-
iments with rats, it was observed that high dosages
of DEHP were associated with growth retardation
and increase of liver weight [6, 8-12].

Most of the urinary metabolites of DEHP were
those to be expected from the w- or w-1 oxidation
and the subsequent f-oxidation of the alkyl side chain
of mono-(2-ethylhexyl)phthalate (MEHP) [6, 13].
These metabolic changes are believed to occur mainly
in the liver.

On the.other hand, Nazir et al. have observed the
specific localization of DEHP in bovine heart muscle
mitochondria [14], although the biological signifi-
cance of this phenomenon is not clear. Recently,
Ohyama reported the effect of dialkyl phthalates on
the respiration of rat liver mitochondria and con-
cluded that phthalic esters were electron and energy
transport inhibitors but not uncouplers [15].

This paper deals with the effects of dialkyl and
monoalkyl phthalates on mitochondrial respiration of
rat liver.

Abbreviations:  DEHP,  di-(2-ethylhexyl)phthalate;
MEHP, mono-(2-ethylhexyl)phthalate; BPBG, butylphtha-
Iyl butylglycolate; DBP, di-n-butylphthalate; DPP, di-n-
propylphthalate; DNP, 2 4-dinitrophenol.

MATERIALS AND METHODS

Preparation of mitochondrial fraction. Mitochon-
drial fraction was prepared from the liver of male
Wistar rats (150-250g), according to the method
modified by Hagihara [16]. The medium for this
preparation contained 0.21 M mannitol, 75 mM suc-
rose, 10mM Tris-HCl buffer (pH7.4) and 0.1 mM
EDTA. One ml of the final suspension contained the
mitochondrial fraction isolated from 1g of wet liver.

Protein determination. Protein was determined by
the Biuret reaction [17] using crystalline bovine
serum albumin as a standard.

Assay of oxidative phosphorylation. In some cases,
the oxygen consumption was measured by the War-
burg manometric technique in air as the gas phase.
The main compartment contained 75mM Tris-HCI
buffer (pH 7.4), 20mM phosphate buffer (pH 7.4),
10 mM KCl, 5 mM MgCl,, 10 mM KF, 2.5mM ATP,
1 mM phthalates (in ethanol) and 0.2 ml of mitochon-
drial suspension. The final concentration of ethanol
was 2%, The reaction volume was adjusted to 2.0 ml
with 0.25 M sucrose. The center well contained 0.2 mi
of 20%, (w/v) KOH. After equilibration for 10 min at
30°, the reaction was started by tipping in 20mM
sodium succinate, 20 mM glucose and 1 mg of hexo-
kinase from a side-arm. After measurement of the O,
uptake for 10 min, the reaction was stopped by the
addition of trichloroacetic acid in final concentration
of 5% (w/v). Orthophosphate remaining in the super-
natant was determined by the method of Fiske and
Subbarow [18]. The disappearance of phosphate was
taken as a measure of the amount of high-energy
bond formation. However, in most cases, the oxygen
consumption was measured polarographically by an
oxygen electrode apparatus with a rotating platinum
electrode {(Model PO 100A, Yanagimoto Co. Ltd.) at
25° The reaction vessel contained 0.25 M mannitol,
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Table 1. Effects of dialkyl phthalates on mitochondrial respiration by manometric determination

Number of Uptake of O, Uptake of P
Phthalate experiments (1atoms/10 min) (umoles/10 min) P:O

25 6,54 + 0.14* 11.26 +0.20 172 4 003
Dimethyl- 8 584 + 033 9.10 £ 042 1.56 + 0.05
Diethyl- 8 4.03 + 0.17 5.10 + 048 1.27 + 0.10
Di-n-propyl- 8 336 + 0.20 0.69 + 0.38 1.21 + 0.10
Di-n-butyl- 8 533 +037 221 £ 054 041 + 0.09
Di-n-amyl- 8 549 + 029 6.89 + 046 127 + 008
Di-n-hexyl- 10 539 £ 022 833 +£0.23 1.56 + 0.04
Di-n-heptyl- 10 590 + 024 9.48 + 0.52 1.60 + 0.04
Di-n-octyl- 10 6.13 +0.24 9.68 4+ 0.37 1.58 + 0.05
Di-(2-ethylhexyl)- 10 6.56 + 0.25 10.97 + 0.57 1.67 + 0.06
BPBG 8 535+ 034 7.14 + 055 1.33 4+ 007

* Values represent means + S. E. for the number of experiments listed.

10 mM Tris-HCI buffer (pH 7.4), 10 mM phosphate
buffer (pH 74), 10mM KCl, 2mM MgCl,, 0.2mM
EDTA and 2.0-2.8 mg of mitochondrial protein. The
total volume of reaction mixture was 2 ml. The state-4
and state-3 respirations were initiated by the addition
of 3mM sodium succinate and 375 uM ADP respect-
ively. One mM phthalates (in ethanol) was added.at
each state. The final concentration of ethanol was 1%,
The respiratory control ratio (R.C.) was obtained ‘as
the ratio of the respiration rate of state-3 to that of
state-4, and the phosphorylative activity {ADP/O
ratio) was calculated from the concentration of ADP
and oxygen consumed at state-3 as described by
Chance et al. [19].

Reagents. MEHP and phthalic monoesters from
methyl to n-octyl, except for ethyl ester, were synthe-
sized by condensation of the corresponding alcohols
with phthalic anhydride [20], and its chemical purity
was checked by gas chromatography after methyla-
tion. Dialkyl phthalates and monocethyl phthalate
were purchased from Tokyo Kasei Co., butyl phthalyl
butyl glycolate (BPBG) and hexokinase from Wako
chemical Co., ATP from Sigma, ADP from P-L Bio-
chemicals, and oligomycin was the kind gift of the
late Dr. S. Muraoka. Other chemicals were of the
highest purity commercially available.

RESULTS

Effects of dialky! phthalates on mitochondrial respir-
ation. In Table 1 are shown the effects of dialkyl

phthalates on mitochondrial respiration and oxidative
phosphorylation measured by the manometric deter-
mination. A series of phthalates having alkyl group
from methyl to n-octyl were tested, and all of them
inhibited the O, uptake, the phosphorylation and
P:O ratio in greater or lesser degree. The inhibition
of the phosphorylation was more extensive than that
of the O, uptake. As the most remarkable example,
in the case of di-n-propyl phthalate (DPP), the O,
uptake was inhibited about 50 per cent, and the phos-
phorylation almost completely. The inhibitions by
dialkyl phthalates were enhanced sharply as the alkyl
chains were increased from methyl to propyl, but
reduced reversely as the chains further increased from
butyl to octyl. It is noteworthy that the most common
plasticizer, DEHP, showed no inhibition. The inhibi-
tion by BPBG was the same extent as di-n-amyl
phthalate.

As shown in Table 2, the inhibitory effects of dial-
ky! phthalates on the state-3 respiration measured by
the polarographic method were similar to the above-
mentioned manometric results in the order of the
length of alkyl chains, but the degree of the inhibition
was generally more potent. On the other hand, the
state-4 respiration was scarcely inhibited, or rather
stimulated in some cases. Di-n-butyl phthalate (DBP)
stimulated considerably the state-4 respiration and in-
hibited the state-3 respiration, but DPP showed little
effect on the state-4 respiration and strongly inhibited
the state-3 respiration. In both DBP and DPP the
respiratory controls were lost completely, The inhibi-

Table 2. Effects of dialkyl phthalates on mitochondrial respiration by polarographic
determination

Uptake of O, (#M/min)

Phthalate State-4 State-3 R.C. ADP:O
16 77 481 1.69
Dimethyl- 16 60 375 1.68
Diethyl- 15 32 2.13 1.66
Di-n-propyl- 17 17 1.0
Di-n-butyl- 30 30 1.0
Di-n-amyt- 15 42 2.80 1.54
Di-n-hexyl- 16 66 4.13 1.69
Di-n-heptyl- 16 69 4.31 1.69
Di-n-octyl- 17 70 4.11 1.68
Di-{2-ethythexyl)- 16 75 469 1.72
BPBG 17 46 271 1.55
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Fig. 1. Inhibition of mitochondrial respiration by dialkyl
phthalates, Relative respiratory rate means the ratio of the
respiratory rate in the presence of phthalates to that in
the absence of phthalates. 0——O, manometric determina-
tion; @—@, polarographic determination (state-3); n,
carbon number of alkyl chain in dialkyl phthalate.

tory effects of dialkyl phthalates measured by two
methods are summarized in Fig. 1.

Figure 2 shows the effect of DBP concentration
on the respiration. The state-3 respiration and the
respiratory control ratio were decreased with increas-
ing the concentration of DBP, but the stimulation
of the state-4 respiration was not so severely affected
as in the case of the state-3 respiration.

In Fig. 3, the inhibition of respiration by DBP was
compared with the effects of 2,4-dinitrophenol (DNP)
and oligomycin. Oligomycin inhibited the state-3 res-
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Fig. 2. Effect of DBP concentration on respiration and

respiratory control ratio. @——@, state-3 oxygen uptake;

O—C, state-4 oxygen uptake; O—---Q, respiratory con-
trol ratio.

piration to the level of state-4, and the inhibition was
reversed by DNP. The inhibition of the state-3 respir-
ation by DBP exhibited little difference from that by
oligomycin in the time course of the inhibition and
it was not reversed by DNP (Fig. 3a). This result
suggests that DBP has the property somewhat differ-
ent from a typical energy transfer inhibitor and its
blocking site is located before the DNP-sensitive site.
Oligomycin had no effect on DNP-stimulated respir-
ation, but DBP showed the inhibition which was
comparable to its inhibitory effect on the state-3 res-
piration {Fig. 3b). This observation also supports the
assumption concerning the blocking site of DBP de-
scribed above.

Effects of some related compounds. In order to eluci-
date the correlation between the inhibitory effect and
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Fig. 3. Polarographic traces showing oxygen utilization by liver mitochondria. Each composite curve

consists of a series of superimposed traces of individual experiments in which the amount of inhibitor

added at the points indicated was varied. Traces a and ¢ are comparison of inhibitory effect of DBP

or MEHP with oligomycin. Trace showing effect of oligomycin was indicated by the dotted line.

At the indicated point, DNP was added to test its effect in releasing the respiratory inhibition. Traces

b and d show the effect of DBP or MEHP on the DNP-stimulated respiration. Concentration: DNP.
0.1 mM; oligomycin, 10 ug/ml
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Table 3. Comparison of inhibitory effects of di-(Z-ethylhexyl) and di-n-butyl esters on mitochondrial
respiration

Inhibition at

Compound state-3 (%) RC.
Diethyl cyclohexane-1.2- CO0G, Hy 16 361
dicarboxylate €000, Hy
Di-n-butyl cyclohexane-1,2- CO0C, By 77 1.29
dicarboxylate COOC4Hy
Di-(2-ethylhexyD) cyclohexane- E:ECOO%H” 13 418
1,2-dicarboxylate COOCyH; »
Di-(2-ethylhexyl) tetrahydro- €O0CeHy 7 10 4.16
phthalate CO0CaHy
R COOCgHy
Di-(2-cthylhexyl) phthalate @CMBH” 3 469
. ) COOC,Hy
Di-n-butyl phthalate Qcoa Cutly 61 1.0
. CO0C By
Di-n-butyl isophthalate 53 240
CO0Cy He
, COOC, Hy
Di-n-butyl terephthalate /©/ 38 30
CyHs COO
' R, ~COOC, Hy
Di-n-butyl maleate & 45 3.6
B~ C00C, Hy
Dinbate] § e~ COOC, By
i-n-butyl fumarate i 3 4
y [%:9 COO/&\H 343
. H\c _~COQCx Hy »
Di-(2-ethylhexyl} maleate ] 17 4.37
B~ TNC00C Hy 9
He .~ COOCs B
Di-(2-ethylhexyl} fumarate \g o7 G 481
¥ 20007 T8
Potassium phthalate COOK 15 345
COOK
2-gthylhexanol* €, Hs CH{(C, Hs )CHy DH 4 4.80

* Concentration was 1%,

chemical structure of phthalic esters, the several
related compounds were tested, as seen in Table 3,
The inhibitions of the state-3 respiration by dialkyl
cyclohexane-1,2-dicarboxylates were similar to those
by dialkyl phthalates, in decreasing order for di-n-
butyl, diethyl and di-{2-ethythexyl) groups. Di-n-
butyl cyclohexane-1,2-dicarboxylate was the strongest
inhibitor of all the related compounds tested. Di-(2-
ethylhexyl) cyclohexane-12-dicarboxylate was the
most effective, when compared with the other two
di-(2-ethythexyl) esters, that is, of tetrahydrophthalate
and of phthalate.

Di-n-butyl esters of iso and terephthalic acid were
also effective and the inhibitory effects of these three
isomers were decreased in the order of DBP, di-n-
butyl isophthalate and di-n-butyl terephthalate.

Di-n-butyl maleate, which structure is identical
with the partial structure of DBP, inhibited about
30 per cent of the respiration, but the trans isomer
of this compound, di-n-butyl fumarate was little effec-
tive. When butyl group of these compounds was re-
placed by 2-ethylhexyl group, the cis isomer was more
effective than the trans isomer.

Phthalic acid showed some inhibitory effect on res-
piration, but 2-ethylhexanol gave little effect at the
concentration of 1%,

Effects of monoalky!l phthalates. As shown in Table
4, the inhibitory effects of monoalky! phthalates on
the state-3 respiration and the respiratory control
ratios were enhanced, and ADP:O ratios were
reduced with increasing the length of alkyl chains up
to heptyl group. In the case of the monophthalates
with alkyl groups longer than butyl, the respiratory
contro] was lost and ADP:O ratio could not be
obtained. MEHP showed approximately the same in-
hibition as mono-#-heptyl phthalate, the strongest in-
hibitor of di- and monoalky! phthalates tested, and
its presence of 100 uM concentration was enough to
cause 50 per cent inhibition of the state-3 respira-
tion.

In Figs. 3¢ and 3d, the inhibition of respiration
by MEHP was compared with the effects of DNP
and oligomyecin as shown in the case of DBP. The
inhibitory effect of MEHP was similar to that of DBP
but more potent, so that MEHP inhibited the state-3
respiration to the level lower than state-4 at the high
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Table 4. Effects of monoalkyl phthalates on mitochondrial respiration

Uptake of O, (uM/min)

Concn
Phthalate (mM) State-4 State-3 R.C. ADP:O

g 16 63 394 1.60
Monomethyl- 1 16 57 3.56 1.60
Monoethyl- i 17 59 347 1.54
Mono-n-propyl- 1 17 59 347 1.52
Mono-n-butyl- 1 19 43 2.26
Mono-n-amyl- 1 16 34 213
Mono-n-hexyl- 1 16 24 1.50
Mono-n-heptyl- 1 17 9

01 18 29 1.61
Mono-n-octyl- 1 16 16 1.0

0.1 17 34 20
Mono-(2-ethylhexyl)- 1 15 10

0.1 16 28 1.75

concentration. This result suggests that MEHP shares
the property as an inhibitor of electron transport.

DISCUSSION

The toxicological evaluation of dialkyl phthalates
has been done by many workers [21-23] and it has
been indicated that the inverse relationship existed
between the toxicity and the molecular weight, and
that the toxicity in experimental animals and tissue
culture cells was parallel to their water solubility.
However, recently other workers [24, 25] reported the
different observation on tissue culture cells from that
mentioned above.

The difficulty encountered in our experiment was
tow solubility of phthalates in aqueous media. There-
fore phthalates were dissolved in ethanol and added
to the mitochondrial system. However, it has been
reported that ethanol was not suitable as a vehicle,
since ethanol had some inhibitory effect on the respir-
ation of freshly isolated mitochondria with succinate
[26,27]. In fact this finding agreed with our prelimi-
nary experiment. Then, in order to minimize the effect
of ethanol, the addition of ethanol was restricted to
the final concentration of 1%, in most cases, and not
exceed 2% in any case.

In our results, the inhibition of mitochondrial res-
piration by dialkyl phthalates was not always fol-
lowed in the order of the length of alkyl chains, but
the maximum inhibitory effect on the state-3 respir-
ation was observed in DPP.

On the other hand, monoalkyl phthalates exhibited
an increase in inhibitory effect with increase in the
length of alkyl chains.

It was noteworthy that the inhibitory effect of
MEHP, a metabolic intermediate of DEHP, was the
strongest among the dialkyl and monoalkyl phtha-
lates tested, whereas DEHP had no effect. This fact
reminds us of the report [12] that MEHP produced
liver enlargement accompanied by depression of the
activity of mitochondrial enzyme such as succinate
dehydrogenase and by mitochondrial swelling.
MEHP may play an important role in the hepato-
toxic effect associated with DEHP as well as its effect
on mitochondria.

Rowland has pointed out the strain difference
between Wistar and Sprague-Dawley rats on the
metabolism of DEHP by the contents of alimentary
tract [28]. However, such a marked difference
between two strains was not found in our mitochon-
drial experiments with DBP or DEHP.

In comparative studies on the effects of the com-
ponents of phthalic ester, phthalic acid inhibited the
respiration to some extent, while 2-ethylhexanol was
little effective. With regard to normal alcohols, it has
been reported that alcohols from methyl to octyl inhi-
bited the mitochondrial respiration proportionally to
the length of the chains [29]. We have found also
the similar result with alcohols from methyl to butyl.

From the viewpoint of structure-inhibitory effect
relationships, the effect of positional isomers of DBP
was compared. The effect of DBP (ortho-substituted
ester) was the strongest, followed by that of di-n-butyl
isophthalate (meta) and di-n-butyl terephthalate
{(para). Di-n-butyl maleate showed a remarkable effect
in contrast to the corresponding fumarate. From
these results, it was concluded that the ortho or cis
form of dialkyl phthalate was more effective than the
others. Furthermore, cyclohexane-1,2-dicarboxylate
also gave the strong inhibitory effect, so it seemed
that aromatic ring was not always essential to this
kind of inhibition. A similar tendency was seen in
both cyclohexane-1,2-dicarboxylates and phthalates
with regard to the effect of alkyl groups on the respir-
atory inhibition.

Various inhibitors of respiration have been used
to analyze the mechanism of oxidative phosphoryla-
tion [30]. Then, in order to elucidate the nature of
respiratory inhibition by phthalates, DBP or MEHP
was compared with several well known inhibitors.
The inhibitory effects of these phthalates were
observed mainly on the state-3 respiration and P:O
ratio, and this fact suggests that phthalates have the
property of energy-transfer inhibitor. When these
phthalates were compared with oligomyein, a typical
energy-transfer inhibitor, their inhibitions were some-
what different in the time course of inhibition, and
entirely different in subsequent stimulation by DNP.
Another difference between MEHP and oligomycin
was observed in their effects on DNP-stimulated res-
piration. DBP showed the effect somewhat similar to
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uncoupling agents, but was not so potent as DNP,
a representative uncoupler.

When compared with oligomycin and DNP, it may
be supposed that the blocking site of these phthalates
lies before the DNP-sensitive site of respiratory chain.
Superficially, the inhibitions of phthalates were differ-
ent from those of malonate and rotenone, electron
transfer inhibitors, while in higher concentration and
prolonged reaction time, MEHP seemed to inhibit
even the endogenous respiration. Consequently, the
effect of phthalates would be also associated with the
electron transfer inhibition.

With regard to the inhibitory effects of di-n-alkyl
phthalates on the state-3 respiration, our present
result was agreed with Ohyama’s report except DPP
was the most potent instead of DBP. On the other
hand, the inhibition of the state-4 respiration was
apparently different between the two authors.
Ohyama showed the clear parallel relationship
between per cent inhibition in state-3 and state-4 and
the carbon number of the alkyl groups of phthalic
esters, whereas we could find no inhibition of the
state-4 by a sertes of dialkyl phthalates and rather
stimulating effect of DBP. This discrepancy might be
attributable to the difference of the amount of mito-
chondrial fraction added to the reaction mixture:
there may have been differences in morphological
purity, and the amount of protein added was differ-
ent—2.0-2.8 mg in our case, and 1.0 mg in the work
of Ohyama.

Recently we ascertained that the effect of DBP on
the state-4 respiration was changed from stimulatory
to inhibitory when the amount of mitochondrial pro-
tein was decreased stepwise from 4.5mg to 1.0mg.
This fact shows that DBP acts as an uncoupler when
the concentration of mitochondrial protein was high,
but it acts reversely as an electron transport inhibitor
when the concentration was low. However, real
mechanism of the inhibition by phthalates is
remained to be determined in future.
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