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FULL PAPER 

Accumulation of diacylglycerol induced by CCl4 -derived radicals in rat liver 

membrane and its inhibition with radical trapping reagent - FT-IR spectroscopic 

and HPLC chromatographic observations-

Seokjoo Yoon, Yutaka Maruyama, Akio Kazusaka * and Shoichi Fujita 

(Accepted for publication: Jan. i2, 2000) 

Abstract 

We have investigated the accumulation of diacylglycerol (DAG) induced by carbon tet­

rachloride (CCI4)-derived radicals in the liver of female Sprague-Dawley (SD) rats after in­

traperitoneally injecting CCI4. DAG is an intracellular activator of protein kinase C (PKC) 

which regulates cell proliferation and differentiation. The electron spin resonance (ESR) 

study gave the signal of the PBN-CCb adduct in the liver of the rats which were pretreated 

with PBN, confirming that CCl4 was metabolized into CCb' radicals with cytochrome P450 

. enzyme and indicating that PBN could trap them. The blood biochemical assay supported 

the trapping of the CCl3' radicals; the pretreatment of rats with PBN inhibited the increase 

in the GOT and GPT values upon exposure to CCI4 . The Fourier transform-infrared (FT­

IR) study indicated in comparison with the model compounds that the CCl4 -injected rats 

accumulated DAG in addition to phosphatidylcholine, phosphatidylethanolamine and trig­

lyceride (TG) in the lipid membrane fraction of the liver homogenate. DAG was found to 

be ca. 10-15 % of the membrane phospholipids by weight. However, DAG was not found 

in the lipid of the liver microsomes, suggesting that it is formed only in the cell membrane 
of liver. Also, neither DAG nor TG was found in the lipid membrane of the rats that were 

pretreated with PBN followed by an injection of CC14. The formation of DAG was con­

firmed by an HPLC study. The activation of PKC was observed in liver homogenate in the 

rats that were injected with CCI4. On the basis of the above findings, it was concluded 

that the CCl4-derived radicals stimulate PKC through the accumulation of DAG in the liver 

membrane of the rats. Furthermore, it was shown that PBN has a protective and therapeu­

tic effect against CCl4-induced damage. 
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Introduction 

Carbon tetrachloride (CCI4) is a well­

known hepatotoxicant, which produces hepatitis 

in rats or mice. The CCl4-derived radicals are 

known to be formed during cytochrome P450-

mediated biotransformation followed by the 

lipid peroxidation of the cell membrane in the 

liver2.6,14). Thus, CC14 induces typical radical­

derived hepatitis in rats. Free radicals have 

been reported to stimulate an intracellular sig­

nal transducer through activation of its ligands. 

Diacylglycerol (DAG) is an intracellular activa­

tor of protein kinase C (PKC) in the cell mem­

brane, which plays an important role in the in­

tracellular signal transduction controlling cell 

proliferation and differentiation. Recently, 

PKC has been reported to be activated in the 

rats that were exposed to CCI4
15

). Our goal is 

to elucidate if the CC14 -derived radicals result 

not only in the lipid peroxidation of the mem­

brane but also in the stimulation of the in­

tracellular signal transduction. We especially 

focused on the accumulation of DAG in the liv­

er of female SD rats intraperitoneally injected 

CCI4. We used an FT-IR spectroscopic techni­

que along with HPLC. IR spectroscopy has been 

expanding its application in biology, and its 

usefulness is expected in molecular diagnosis. 

Recently, we have reported that Long-Evans 

Cinnamon (LEC) rats accumulate DAG in the 

liver, and it was suggested that the accumu­

lated DAG plays an important role in the de­

velopment of hepatomas through the activation 

of the proto-oncogene of c_fOS9
,18). 

Materials and Methods 

A nimal treatments 
Twenty-week old female SD rats were 

purchased from Nihon SLC Co. (Hamamatsu, 

Japan). The rats were housed for 7 days be­

fore the experiment in an environmentally reg­

ulated room with a 12 hr light-dark cycle, and 

fed with commercial diet and water ad libitum. 
The O.S mllkg b.w. of CCl4 was intraperi­

toneally injected. When detecting CCl4 -de­

rived radicals with ESR or inhibiting toxic 

effect due to the radicals by radical trapping, 

300 mg/kg b.w. of PBN were intraperitoneally 

injected 30 min before the injection of CCI4 . 

The rats were then killed by decapitation at 3, 

12 or 24 hr later, followed by removing the 

liver. A homogenate was prepared from three 

volumes of 1.15 % KCl solution. Furthermore, 

the liver microsomes were prepared according 

to the method of Omura and Satoll). The 

homogenate and microsomes were stored at -

SO°C until assayed. The serum was collected 

for blood chemical assay using a conventional 

blood chemical analyzer (COBAS READY, 

Roche Japan). 

Chemicals 
N-tert-butyl- a -phenylnitrone (PBN) 

(Aldrich Chern. Co., U.S.A.) and CCl4 (Wako, 

Japan) were used. Phosphatidylcholine (PC) 

from an egg yolk and phosphatidylethanolamine 

(PE) from an egg were obtained from Avanti 

Polar Lipids Inc. (Arabaster, USA). Trig­

lyceride (TG) from pig liver and 1,2-diacylg­

lyceride (DAG) from pig liver lecithin were also 

obtained from Doosan Serdary Research Labor­

atories (Englewood Cliffs, USA). These che­

micals were used as the model compounds with­

out further purification. Pyridine and 3,5-

dinitrobenzoy1chloride were obtained from 

Wako (Tokyo, Japan). All other chemicals 

used were of analytical grade. 

FT-IR and ESR measurements 
FT -IR or ESR spectroscopy was used to 

detect the phospholipids and their metabolites 

or CCl4 -derived radicals in the extracts from 

the liver homogenate and microsomes, respec­

tively. IR samples were prepared by extract­

ing neutral lipids and phospholipids from both 

the homogenate and microsomes with 

CHCI3/CH30H (2:1, v/v) under a nitrogen en-
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vironment according to the modified method of 
Foich et al.4

). The IR sample of the model 

compound was prepared by mixing PC, PE, TG 

and DAG in CHCh. A 200 f.J-I aliquot of the 
liver extract or the model compound in 
CHC1 3 /CH 30H or CHCl3 was directly applied 

onto a disposable polyethylene IR card (3M, 
USA) and dried in air. FT-IR spectra were re­

corded using a JASCO FT-IR 420 spectrometer 

that was connected to an IBM compatible mic­

rocomputer. Each sample was scanned 50 
times through the frequency range of 400-
4000 cm- 1 with resolution of 2 cm- 1

. Baseline 

correction or background subtraction was per­

formed using the J ASCO's spectrum manager. 
ESR samples were prepared by extracting 

PBN -adducts from the liver homogenate with 

hexane. The extracts were concentrated under 
vacuum. The spectra were recorded with a 

Varian E-4 ESR spectrometer in an airtight 

ESR cell at room temperature. 

HPLC measurements 
The formation of DAG was detected by an 

HPLC measurement according to Eaton et al.3
). 

Twenty mg of the liver sample were homoge­
nized in 8 ml of CH30H:water (1:1), followed 
by vortexing and centrifuging at 750 x g for 5 

min after adding 8 ml of CH30H. The lipids 

extracted into the CHCb were dried under nit­

rogen. Neutral lipids were removed from the 

mixture of phospholipids and DAG by dissolv­

ing it into 4 ml of CHCl3 and applying it to 

Silica cartridges (Waters, USA). DAG was 
analyzed by HPLC at 254 nm after derivatizing 
it with 3,5-dinitrobenzoyl chloride8

). and dis­

solving it into the mobile phase (1 ml) of hex­

ane, cyclohexane, diethyl ether and ethanol 
(49:49:2:0.1, v/v). A Waters f1. Porasil col­

umn (10 f.J-m, 3.9 x 300 mm) was used, and the 

mobile phase was gradiated to that of cyclohex­

ane, diethyl ether and ethanol (85:15:0.1, v/v) 
over 30 min at a flow rate of 1 mllmin. 
Protein kinase C assay 

PKC activity in the liver homogenate was 
assayed using the Biotrak protein kinase C en­

zyme assay system (Amersham Pharmacia 

Biotech, Sweden). The system is based upon 
the PKC catalyzed transfer of the Y -phosphate 
group of adenosine-5'-triphosphate to a peptide 

which is specific for PKC. The incorporation 
of phosphorous-32 is quantitatively measured 

using a scintillation beta counter (TRI-CARB 

2100TR, Packard, U.S.A.). 

TEA assay of microsomal lipid peroxides 
The Microsomal lipid peroxides were de­

termined by measuring the TBARS as de­
scribed by Buege and Aust1

). 

Statistics 
The data were expressed as mean values 

and standard deviations. Student's t test was 

used to determine the statistical significance of 

differences at the P < 0.01 level of confidence. 

Results 

1. CCl4 -treated rats 
The results of the blood biochemical assay 

in the rats killed at 3, 12 or 24 hr post-injec­

tion of CC14 are shown in Table 1. All of the 
rats exposed to CC14 had the significantly high 
value of GOT (glutamic oxaloacetic transami­

nase), GPT (glutamic pyruvic transaminase) and 
LDH (lactate dehydrogenase) activities com­

pared with those of the control group, indicat­

ing that the amount of CC14 injected was suffi­

cient to study its toxic effect. 

1.1 Liver homogenate 
Figure 1 a depicts the IR spectra obtained 

with the lipid extracts of the liver homogenate 

from the control or CC14-injected SD rats in the 
range of 1300-900 cm- 1

. This particular 

range is quite sensitive to the metabolism of 

phospholipids and the accumulation of the neut­

ral lipids. Phospholipids give the band of 

phosphate head groups at 1248 ( )) (P = 0)), 
1091( ]./ (P-O-)), 1058 cm- 1 

( ]./ (p-O-e)) and the 
choline group at 969 cm- 1 

( ]./ (C-N + _C))7). 
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Table 1. Biochemical parameters in serum of female Sprague-Dawley rats 

GOT (lUlL) GPT (lUlL) LDH (lUlL) ALB (g/dL) TBIL (mg/dL) TP (g/dL) 

Control group 160.0±38.9 39.8±6.7 612.3±50.5 3.8±0.3 0.4±0.6 7.1 ±0.5 

CCkinjected group 

3hr post-injection > 1,000 '\I 191.3±5.3* 1625.1 ± 120.1 * 3.3±0.3 1.0±0.3 6.5±0.2 

12hr post-injection >1,000'\1 545.2±3.6* 2325.2±95.1 * 3.5±0.4 1.0±0.2 6.9±0.4 

24hr post-injection >1,000 11 606.5 ± 51.4 * 3474.2±371.S* 3.6±0.2 1.0±0.S 6.8±0.3 

Each value represents mean±S.D. from 4 rats. 
Abbreviations: LDH : lactate dehydrogenase, ALB: albumin, TBIL: total bilirubin, TP: total protein 
*Significantly different from the control group (P<0.01). 
'\I over Cob as Ready detection limit. 

a 
Phosphate head group 

~ t t 
1248 em·l 

ChoUne 969 em-I 

~ 

1300 1200 1100 1000 900 1300 1200 1100 1000 900 

VVavenummber(cnr) VVavenummber (cmm-1) 

Fig. 1 Infrared spectra of lipid extracts from liver homogenate (a) and a mixture of model compounds of 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), triglyceride (TG) and 1, 2-diacylglycerol 

(DAG) (b) between 1300-900 cm'1. (a) A) Control SD rat, B) SD rat injected Lp. with 0.8 mllkg b.w. 

CCl4 and killed at 3 hr post-injection, C) SD rat injected i.p. with 0.8 mllkg b.w. CC14 and killed at 

12 hr post-injection. D) SD rat injected i.p. with 0.8 mllkg b.w. CC14 and killed at 24 hr post·injec· 

tion, (b) A) PC(60): PE (30): TG (8): DAG (2), B) PC (53): PE (27): TG (16): DAG (4), C) PC (47): PE 

(23): TG (24): DAG (6). D) PC (40): PE (20): TG (32): DAG (8), E) PC (33): PE (17): TG (40): DAG 

(10), F) PC (27): PE (13): TG (48): DAG (12). G) PC (20): PE (10): TG (56): DAG (14), H) PC (13): 

PE (7): TG (64): DAG (16). I) PC (7): PE (3): TG (72): DAG (18). Number in parenthesis show per­

centage of each model compound in weight. 

TG and DAG give the respective bands around 

1160 and 1070 em-I. Spectrum A is from the 

control rats, and based upon the literature I6), 

can be roughly analyzed as being composed of 

a 2:1 mixture of PC and PE by weight. The 

rats injected with CC14 showed very different 

spectra as depicted in B, C and D. The accu­

mulation of TG and DAG is recognized with in­

creasing exposure period. It has been re­

ported that CC14 damages the ribosomes in the 
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hepatocyte to inhibit the synthesis of the TG 

carrier protein 12). 

To analyze these spectra, we carried out 

IR spectroscopic observations using a mixture 

of PC, PE, TG and DAG model compounds. 

TG and DAG were added to the mixture of PC 

and PE (2:1) at their various ratios. The 

series of spectra was depicted in Figure 1 b, 

and it was estimated that DAG amounted to ca. 

10-15% of the phospholipids contained in the 

homogenate from the rats killed at 12 and 24 

hr post-injection of CCI4 . 

This was confirmed by the RPLC assays of 

DAG. As is listed in Table 2, the CCI4 -in­

jected rats gave significantly higher values of 

2.37 and 2.45 mg/g wet liver weight at 12 and 

Table 2. Quantity of 1,2-diacylglycerol in SD rat liver 

Group 

Control group 

CCl4 ·injected group 

3hr post· injection 

12hr post-injection 

24hr post-injection 

DAG (mg/g wet liver weight) 

O.35±O.02 

0.48±0.04 

2.37±O.05* 

2.45±0.07* 

Each value represents mean±S.D. from 3 rats. 
Each sample was measured in duplicate. 
DAG: 1,2-diacylglycerol 
* Significantly different from the control group (P<O.Ol). 

Table 3. PKC activity in SD rat liver 

Group 

Control group 

CCl4 -injected group 

3hr post-injection 

12hr post-injection 

24hr post·injection 

Mean cpm 

4443±26 

7515±59* 

17955±87* 

14586±158* 

Each value represents mean±S.D. from 3 rats. 
Each sample was measured in duplicate. 
PKC: protein kinase C ; cpm : count per minute 
* Significantly different from the control group (P< 0.01). 

24 hr post· injection of CCI4, respectively. 

These values agreed with the IR spectroscopic 

results, because the rat liver usually contains 

about 20 mg/g wet liver weight of phospholi· 

pids. 

In Table 3, the results of the PKC activi­

ties are tabulated. It is clear that the PKC 

activity increases with the accumulation of 

DAG, even though the value is slightly de· 

creased in the sample from the rats killed at 24 

hr post-injection. 

1.2 Liver microsomes 

Figure 2a shows the IR spectra obtained 

with the lipid extracts of microsomes from the 

control or CCl4 -injected SD rats in the range of 

1300-900 cm· 1
. Few changes were observed 

between the spectra, indicating that CC14 does 

not affect the phosphate head and choline group 

of the phospholipids in the microsomes. As 

shown in Figure 2b, however, the absorption 

intensity in the band of -CoR of -C = C-R was 

observed to decrease around 3012 em-I, in­

dicating that the peroxidation proceeded in the 

phospholipids of the microsomes. These spec· 

tra were normalized by using the peak of C = 0 
in the phospholipid at 1760 cm- l as the inter­

nal standard. The peroxidation was confirmed 

by observing the significantly high values of 

the TBARS (Table 4). 

2. CCl4 treatment of the rats pretreated with PBN 

Figure 3 shows the results of the blood 

biochemical assay in the rats, which were pre· 

treated with PBN and were killed at 3 hr post· 

injection of CCI4 , together with those in rats 

treated by other methods. The pretreatment of 

rats with PBN inhibited the increase in the 

values of GOT and GPT upon exposure to CCI4, 

suggesting that the CC14 -derived radicals 

actually injure the liver of rats. 

Figure 4 shows the IR spectra from the 

samples of those which were used in the blood 

biochemical assay. The pretreatment of rats 

with PBN inhibited the development of the 
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Phosphate head group a b 
~ ~ ~ 

1248 em·1 3012 cm·1(C=C-H bond) 
1091 em-1 1058 em-1 

Choline 969 em-I ~ 

B 

1300 1200 1100 1000 900 3050 3025 3000 2975 

Wavenumber (em·1) Wavenumber (em·1) 

Fig.2 Infrared spectra of lipid extracts from liver microsomes between 1300 and 900 cm,1 (a) and around 

3012 cm,1 (b). A) Control SD rat, B) SD rat injected i.p. with 0.8 mllkg b.w. CC14 and killed at 24 hr 

post-injection. 

Table 4. TBARS of liver microsomes from SD rat injected with carbon tetrachloride 

Group 

Control 

CC14-injected group 

24hr post-injection 

TBARS (pmol! mg) 

0.65±0.01 

12.05 ± 0.05 * 

Each value represents mean±S.D. from 3 rats. 
Each sample was measured in duplicate. 
TBARS: thiobarbituric acid-reactive substances 
* Significantly different from the control group (P < 0.01). 

absorption bands due to TG and DAG at 1160 
and 1070 cm'\ respectively. 

We carried out an ESR study of the CC14 • 

derived radicals in the sample prepared from 

the rats pretreated with PBN and injected with 

CCI4 . The ESR spectrum with the respective 

parameters, g= 2.02, AN= 14.3 G and AH= 1.4 
G, was obtained from the sample, and can be 

assigned to a PBN ·CCI3 adduct with the refer­

ence to the spectrum of the PBN ·CC13 adduct 

formed by UV irradiation in the PBN-hexane 

solution (10 mg/ml) containing CC14 (100 pI) 

by UV irradiation for 30 min under anaerobic 

conditions (Figure 5). The parameters found 

in the experiment agreed with these reported in 

the literature5
). 
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Fig 3. Activities of GOT (A) and GPT (B) in 
serum of SD rats. "Control", "CCI4'" "PBN" 

and "PBN + CCI4" represent GOT (A) and 
GPT (B) values in control SD rats, SD rats 
injected with 0.8 mllkg b.w. CC14 , SD rats 

treated with 300 mg/kg b.w. PBN and SD 

rats pretreated with 300 mg/kg b.w. PBN 
and then injected with 0.8 mllkg b.w. 
CC1 4 , respectively. All rats were killed at 

3 hr post-injection of CCl4 . Each datum is 

mean ± S.D. of four determinants. 

* Significantly different (P < 0.01) when 
compared to other groups. 

Phosphate head group 

t t t 

1300 1200 1100 1000 900 

Wavenumber (em·I) 

Fig 4. Infrared spectra of lipid extracts from liver 
homogenate between 1300 and 900 em'I. A) 

Control SD rat, B) SD rats injected with 0.8 
mllkg b.w. CC1 4 C) SD rats treated with 300 
mg/kg b.w. PBN, D) SD rats pretreated with 
300 mg/kg b.w. PBN and injected with 0.8 
mllkg b.w. CC14. All rats were killed at 3 hr 

post·injection of CC14. 
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lOG 

Fig 5. ESR spectra of PBN·CC13 adduct formed in SD 

rats liver (A) and in UV·photochemical reac· 

tion (B). SD rats were pretreated with 300 
mg/kg b.w. PBN, injected with 0.8 mllkg b.w. 

CC14 at 30 min later and killed at 3 hr post· 

injection of CC14• Photoformed PBN ·CC13 was 

prepared in PBN·hexane solution (10 mg/ml) 

containing CCI4 (100 P.I) by UV irradiation 

(Receiver gain: A) 6.3 X 103
, B) 3.2 X 102

) 

Discussion 

We have investigated the accumulation of 

DAG induced by the CCl4 -derived radicals in 

the liver of female SD rats. First, we con­

firmed the in vivo formation of radicals from 

CC14 . When injecting CC14 into the rats, 

which were pretreated with PBN, the ESR sig­

nal of the PBN-CCb adduct was observed with 

the respective parameters of g = 2.02, AN = 
14.3 G and AH = 1.4 G, confirming that CCl4 

was first metabolized into the CCI3' radicals by 

the cytochrome P450 enzyme. These radicals 

will be followed by a nonenzymatic change in 

its form by oxygenation. Consequently, it is 

difficult to determine what type of radical is 

hepatotoxicant. However, even with exposure 

to CCI4 , the blood biochemical assay showed 

that the PBN pretreatment of the rats resulted 

in the low GOT and GPT values. Thus, it is 

evident that CCl4 forms hepatotoxic radicals in 

the rat liver. Also, the above results suggest 

that PBN has a protective and therapeutic 

effect on the radical-induced hepatitis. In fact, 

Yamashita et al. reported that PBN has a ther­

apeutic value for the treatment of LEC rat 

hepatitis17). 

Second, we have showed by using IR and 

HPLC techniques that DAG was accumulated in 

the liver cell membrane and not in the micro· 

somes. It was found to be ca. 10-15 % of the 

membrane phospholipids by weight. It should 

be noted that the PBN pretreatment inhibited 

the accumulation of DAG. Therefore, this 

DAG accumulation is significantly related to 

the formation of the radicals. DAG activates 

PKC in the plasma membrane by making cova­

lent bond between them10
). We found high 

PKC enzymatic activity in the liver of rats in­

jected with CCI4 . PKC plays an important role 

in the intracellular signal transduction controll· 

ing cell proliferation and differentiation 10.13). 

Thus. the accumulation of DAG must play an 
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important role in the cell regeneration in the 
liver damaged by CCI413.15). 

It was clarified in the IR spectrum that a 

high amount of TG had accumulated in the lipid 
phase extracted from the liver homogenates of 
rats with CCl4-induced hepatitis. The IR spec­
troscopic observation of TG may be useful for 
the simple clinical diagnosis of hepatitis. 

In this study we have succeeded in the 
spectroscopic measurement of the lipid prop­
erties. Also, we have confirmed these ideas by 
routine biochemical methods. Although furth­
er study is required, the present work can form 

the basis for the elucidation of hepatitis in­
duced by various radical-forming chemicals. 
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