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T H E  H E A L I N G  of wounds and, 
more recently, regeneration or 
repair of vascular tissue have 

continued to be important fundamental 
and practical surgical problems. A 
number of  years ago a pattern of ar- 
terial repair and regeneration in nor- 
mal rabbits was describeda'8; a pro- 
found alteration in t.he quality of ar- 
terial repair in the presence of hyper- 
cholesterolemia ~ was also reported 
(Fig. 1). Later, in studie:a in monkeys, 
localization of tipids at sites of injury 
with impaired repair was reported in 
all animals with serum cholesterol 
levels exceeding 250 mg. per 100 cc. 
When serum cholesl~erol levels were 
below 250 rag. per 100 cc. lipids did 
not aecumu,late at sites of injury. ~ The 
general subject of arterial repair has 
been reviewed elsewhere. 1~ 

Since such marked changes were ob- 
served in the repair of  arteries in the 
presence of hypercholesterolemia, it 
was decided that studies of  a similar 
nature should be carried out to ob- 
serve the effects of  'hypercholesterol- 
emia on ,healing of other tissues. While 
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the present studies were in progress, a 
related study concerning the effect of 
hypercholesterolemia on inflalnmatory 
responses was reported. 11 

M A T E R I A L S  A N D  M E T H O D S  

Two grou~ps of young adult male 
albino rab,bits were used. A control 
group ( four  animals) received a stock 
diet of Pt~rina rabbit pellets throug~h- 
out ~he period of study. The e:~peri- 
mental group (seven animals) was fed 
the same basic diet plus 5 per cent 
corn oil and 2 per cent cholest'erol. 
Levels of total serum cholesterol were 
determined periodically in both grottps 
of animals; the method of Abetl and 
others 1 was employed. Af ter  sixty 
days on these diets, each animal was 
anesthetized with ether and areas of  
local aseptic necrosis were produced in 
the aorta, skeletal muscle, liver, spleen, 
and kidney by a freezing technique de- 
veloped in our  laboratories/  Incisional 
wounds were made in skin and muscle 
of the l:high and in the abdominal wM1. 
Dietary regimens were maintained and 
animals were sacrificed sequentially 
during 120 days af ter  the production 
of the experimental wounds. Healing 
processes were studied grossly and mi- 
croscopically. The following staining 
techniques were employed: hematoxy- 
lin arid eosin, Mallory's aniline blue 
for connective tissue, Weigert 's  elastic 
tissue stain, and the Sudan I V  stain 
for lipids. 
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RESULTS 

Serum Lipids.--The control total 
serum ,cholesterol levels of all animals 
ranged between 35 and 100 rag. per 
100 cc. Animals kept on the control 

produced, the group of r~bbits on the 
cholesterol and oil su~pplement had been 
on this diet for  sixty days and their 
serum cholesterol levels had increased 
to between 715 and 1350 ,nag. (average 

Fig. 1. (left) Cross-sectlon of a 'healed arterial lesion, twelve weeks old, pro- 
duced by freezing the abdominal aorta of a normocholesterolemic rabbit ingesting 
a vegatarian diet. The in.tima (I) ~t this stage is ,as thick as the original un- 
damaged media. There is no localization of lipids in the lesion. I t  is c~mposed 
principally of parallel smooth muscle cells lying between thick lamellas of elastic 
tissue. The badly damaged media (M) is largely occupied by masses of calcium 
which are surrounded hy m.acrophages and dense fibrous ,tissue. The adven'fitia 
(A) is composed of dense bundles of fused callogenous fibrils. (righ't) Lesion, 
twenty-six weeks old, produced by freezing the abdominal aorta of a rabbit with an 
average blood cholesterol level of 1,090 rag. per 100 cc. In hypercholesterolemic 
animals, lesions less than nine weeks old usually showed this "mucinous" degen- 
eration of the proliferated intiraa. The proliferated intlma (I), the degenerate 
media (M) ,  and the adventitia (A) are indict,ted in the illustration. Note 
lipophages in the inner one-half of the proliferated intima. Comparison with 
the left  view demonstrates marked alteration in the intimal repair following 
freezing of the aortic wall of the hypercholesterolemic animal. Fibroblasts 
are less numerous and the newly-formed fibroelastic tissue has a peculiar 
loose reticular character resembling that found in "mucinous" degener~tlon of 
proliferated intima in human arteriosclerosis. 

Fig. 2. (left) A healed, retracted scar in 
the liver of a normocholesterolemic rabbit. 
(right) A large xanthomatous lesion in the 
liver of a hypercholesterolemic rabbit. Forty- 
five days earlier, identical areas of necrosis 
were produced in both livers. 

diet maintained serum daolesterol 
levels below 100 rag. per 100 cc. At 
the time ~he e:~perimental wounds were 

1130 rag.) .per 100 ec. St~bsequent de- 
terminations at thirty-day intervals 
were generally higher, ranging between 
1265 and 2280 rag. (average 1780 
nag.) per 100 ce. 

Since all animals were young adttlts, 
there was a 30 to 40 ,per cent increase 
in weight of both control and e:~peri- 
mental groups of animals; there was 
no demonstrable difference between the 
rate of growth of the two groups. 

Arterial Repair.--In the hypercho- 
lesterolemie animals, repair or regen- 
eration of aortic lesions was adversely 
affected presumably by the marked 
propensity for li~plds to accumulate at 
sites of arterial injury. "I~e ,findings in 
arterial tissue were similar to ~hose 
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Fig. 3. (left) Photomicrograph o~ a healed wound in skeletal muscle of 
a control animal. This hematoxylin and eosin stain shows fibrocytes and 
well-oriemed collagen bundles filling in the defect in the skeletal muscle 
shown in the left lower corner. Lesion made by local freezing. (right) 
Photomicrograph showing large groups of fat-laden macrophages infiltrating 
defect in skeletal muscle produced in hypercholesterolemic rabbit by freezing. 

Fig. 4. (left) Photomicrograph of Mallory's connective tissue stain show- 
hag dense bundles of collagen (in left lower comer) bridging defect in 
skelexal muscle. (right) Photomicrograph of Mallory's connective tissue stain 
showing poor bridging of defect in skeletal muscle. Note large masses of 
fat-laden macrophages with only a delicate reticular network lying between 
these cells. 
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reported earliera:,8--and later sum- 
marized and well illustrated in an- 
other publication. 1~ ,In addition, it 
should be pointed out that it has been 
demonstrated in the monkey, 9 the rab- 
bit, 6 and the dog:  that there is a criti- 
cal level of total serum cholesterol 
(about 250 rag. per 100 cc.) above 
which lipids invaria'bly accumttlate in 
regenerating arterial tissue at sites o,f 
injury or degeneration. When the total 
serum cholesterol is below 250 mg. per 
100 co., lipids do not accumulate in 
regenerating vascular tissue and the 
vascular s,car is not adversely affected. 

Repair of Wounds In Other Tis- 
sues.--T'he areas of aseptic necrosis 
produced by freezing local areas in 
the liver, spleen, kidney, and skeletal 
mus,cle resembled infarcts. Fifteen 
days after injury, lesions in both 
groups of animals were white, swol- 
len masses of necrotic tissue under- 
going early organization; however, 
even at this time, lesions in the hyper- 
cholesterolemic animals were larger 
and had a slight yellow, xant,homatous 
color. At forty-five days, lesions in 
control animals consisted o.f firm but 
flexible, small, gray-white scars (Fig. 
2, left) while those in the hypercho- 
lesterolemic animals appeared much 
larger, were more yellow and re- 
sembled atherornata (Fig. 2, right). 
Lesions from control and experimental 
animals at seventy, ninety-five and 120 
days ~fter their production remained 
grossly similar to those lesions forty- 
five days old. 

The incisional wounds in the con- 
trol animals presented the gross ~p- 
pearance of well-healed wounds with 
small pliable scars. In the e~perimen- 
tal animals dermal scars appeared 
poorly healed and stiff with raised yel- 
low margins; cross-sections revealed 
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yellow grumous scars in the dermis 
and subcutaneous tissue. Incisional 
scars in skeletal muscle presented a 
similar picture. 

All wounds in control animals 
healed in the u, suM manner and the 
defects, due either to necrosis follo~v- 
ing freezing or incisions, were filled 
with fib rocytes and an abundance of 
well-oriented collagen bundles (Fig. 3, 
left and Fig. 4, left). At fifteen days, 
discoid lesions produced by freezing 
(diameter, 15 mm. and thickness, 5 
mm.), were still undergoing resorp- 
tion and organization. After forty-five 
days, they were completely *healed 
(Figs. 2, 3 and 4, left). In the hyper- 
cholesterolemic animals, there was a 
profound alteration in heating o,f the 
experimental wounds w,hieh were filled 
with fat-laden macrophages. Defects 
in muscle .or fascia were ,bridged ,by 
masses of these li,pophages with only 
thin reticular fibrils between nests of 
these cells (Figs. 3, right and 4, right). 
Wounds of six and fifteen days. con- 
tained an abundance of extracellular, 
stainable lipids in the interstitial fluids 
in and adjacent to the wounds. Lesions 
forty-five days old looked much like 
early arterial atheromas with most of 
the lipids in large macrophages. In a 
few areas, lesions forty-five days old 
showed areas of degeneration of ma- 
crophages w~th crystallization of lipids. 
Older lesions (seventy, ninety-five and 
120 days) demonstrated areas that 
looked like degenerated arterial athero- 
mata with numerot~s cholesterol crystal 
clefts. Hypercholesterolemia had no 
apparent adverse effect .on regenera- 
tion of squamous epithelium. 

DISCUSSION 

The solubility of lipids in the aque- 
ous milieu of plasma and interstitial 
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fluids is dependent U,l)on conjugation 
wivh proteins. Maximal stability of 
li,pids appears  to exist  in interstitial 
tissues when plasma lipids are low. We  
have presented evidence to indicate 
that, when seruln cholesterol levels ex 
teed 250 rag. per 100 co., lip ids in in- 
terstitial fluids in inju:red arterial walls 
are no longer in stable solution. The 
present studies also demonstrate that 
when plasma cholesterol levels are 
about 1100 rag. per  100 cc., there is 
an increased concentrat ion of lipids in 
interstitial fluids which results in their 
deposition at sites o f  in ju ry  of  other 
tissues. T,his local excess of  lipids has 
an adverse effect on the healing of 
wounds. It  appears ~hat, in ,hypercho- 
lesterolemia, newly-p,roliferated totipo- 
tent mesenchylnal cells are diverted 
f rom normal differentiation into fibro- 
cytes (which form collagen) and be- 
come large fat-laden macrophages. 

The xanrhomatous lesions in the ex 
perimental wounds  in the raJb,bits re- 
selnble those which over-lie tendons 
and bony p,rominences .of patients with 
congenital hyt)ercholesterolemia. W e  
have not determined the reversibi,lity 
of  the experimental  lesions but separ- 
ate studies in our  laboratory have 
demonstrated reversibility of cutane- 
ous xanVhomas in patients and R:hesus 
monkeys when their serum cholesterol 
levels are reduced by diet f rom 1100 
to below 500 rag. per  100 ce. Rever-  
sibility c~f a theromatous deposits in ar- 
teries has been demonstrated experi- 
mentally. 2 

SUMMARY 

W h e n  the serum cholesterol is 
below 250 mg. per 100 ec., the inter- 
stitial ,lipoproteins do not accumulate 
at sites o f  arterial in jury  and repair. 
W h e n  levels exceed 250 nag. per 100 
cc., lipids do accumulate in scars at 
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sites of  arterial injury. 

W h e n  the serum cholesterol is 
about 1100 nag. per 100 cc., lipids ac- 
cumulate as xanthomatous  lesions in 
experimental wounds of  the liver, 
sl)leen, lddney, muscle, and skin. 

In hy,percholcsterolemic animals, lip 
id accunmlation at sites of in ju ry  ad- 
versely affects healing of wounds. 
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