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The mjectlon df mbblt anmmt lndney serum
induces a nephrotic'state in rats which closdly re-
sembles that - occurrihig in  Tuditian sub;ecfs With the
‘nephirotic syndrome (1). “Earlier studies Arom this
laboratery :(2-7) imdicated that the increase of
plasma lipids which.cecurs in the néphrotic rat’s
plasnia is primarily dite to an intravasciilar “trap-
ping” phenomenon whereby the animal is unable
to clear lipid from the plasma with his customary
efficiency. It also was found (8, 9) that the pro-
found deficiency of albumin characteristic of the
nephrotic rat’s plasma appears to be causally re-
sponsible for this retention of excess lipid in his
plasma. A contributing factor may be the renal
loss of heparin or its plasma equivalent, lipopro-
tein lipase (10). However, the sequential mecha-
nism whereby the deficiency of albumin, and pos-
sibly also of lipoprotein lipase in nephrotic plasma,
initiates and maintains the increased plasma con-
tent of all lipid fractions, remains to be elucidated.
This problem has been investigated in the present
studies.

METHODS AND RESULTS

Young adult, male rats of the Long-Evans strain
(weight, 190 to 225 Gm.) were used in the following
studies. Rabbit anti-rat kidney serum (AKS) was pre-
pared by the method of Heymann and Lund (1). Where
designated, continuous intravenous infusion was accom-
plished by means of a special constant infusion apparatus
connected to a polyethylene cannula in an inferior lumbar
vein, as described previously (8). The studies were per-
formed after an overnight fast, and food was withheld
during the experimental intervals.

1. The serial interrelationships of the plasma lipid changes
in rats injected with AKS

Methods

A. One ml of pooled AKS was injected into each of
120 rats. At serial intervals during the ensuing 168 hours
a separate group of 10 rats was sacrificed and bled from

1 Aided by grants from the National Institutes of
Health, Public Health Service, Grant A-1213, the Ameri-
can Heart Association and the San Francisco Heart
Association,

fm aortafoe. detetmination of plascan albmin (s), total

lipids (9), phospholipids (10) arid: total chelesterol (11).

-Plasnia triglycerides wére /caleulaied by difference (sub-

tracting :total - cholesterol and: .phosphélipids..from total

“lipid); Each rat was bled only; once, to avoid the effects
. of serial' sampling/- Connnlvalwswer:eshbluhedman

additional group of 25 normal rats. = - -

B, Inbfdertoevaluaﬁeiurﬂ:erthemhalplamahpid
changumdnoedbyAKSm)acum,anaddmmal series
of 20 rats was injected with 1.2 ml of pooled AKS.
Seven of the rats were sacrificed five hours later and the
remaining 13 rats eight hours after AKS injection, at
which time the rats were bled from the aorta for deter-
mination of plasma albumin, total lipids, phospholipids,
and total cholesterol.

Results

A, In Figure 1 it can be seen that the injection
of AKS in the first series of rats induced a progres-
sive fall of plasma albumin which preceded the
rise of plasma lipids. Thus the plasma albumin
fell from an initial average of 3.1 Gm. per 100 ml.
to an average of 0.5 Gm. per 100 ml. at 24 hours,
a level which prevailed throughout the remainder
of the experimental interval. There was a
parallel rise and later partial fall of plasma
phospholipids and total cholesterol. Therefore,
for purposes of illustration the concentrations
of phospholipids and cholesterol have been com-
bined in Figure 1 in which the plasma triglycerides
are represented by the difference between the aver-
age concentrations of total lipids and those of the
combined cholesterol and phospholipids. It can
be seen that, although there was a progressive rise
of all three plasma lipid fractions, the rise of
plasma triglycerides occurred at a more rapid rate
and was of considerably greater magnitude than
that of the other lipid fractions. After reaching a
peak rise at 96 hours a partial fall of the elevated
lipid levels occurred, during which it was observed
that the plasma triglycerides fell much more rap-
idly than did the other lipid fractions.

B. The results of the second series of rats are
presented in Figure 2 in which it can be noted that
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a progressive fall of plasma albumin and associated
rise of plasma lipids again was induced by AKS
injection. As shown in Figure 2, triglyceride was
the first plasma lipid fraction to rise following
AKS injection. Thus, five hours after AKS .in-
jection, the plasma triglycerides had risen from
an initial average of 20 mg. per 100 ml. to 53 mg.

per 100 ml. At the same time no significant .

change of average plasma cholesterol or phospho-
lipid was observed. Eight hours after AKSin-

jection the plasma triglycéridés:go'se;furt'hetj,l o an

average of 110 mg. per 100 ml, at which time a

slight rise of plasma phospholipid but no change
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of plasma cholesterol was observed. The fange of
values and statistical evaluation also are shown
in Figure 2.

I1. The fall of plasma
" ewith albumin - »
The results of the previous experiment were consistent

with the concept (8, 12, 13) that a preceding accumula-

tion of plasma triglycerides is the factor initiating and
sustaining the rise of the other plasma lipid . fractions.

However, if this concept were valid it would be expected

that, during the fall of the elevated plasma lipids previ-

ously shown to occur in nephrotic rats following injec-
tion of albumin- (8, 12, 13), th{:"{)’!z’sma’ tl‘ig'fyc'ef'id'es'
would fall at a more rapid rate thah would the ‘concentra-

lipids ih nephrotic rais inie’ctedv

Ne:.of Mours < ("
.., 8. s T8
TOTAL LIPIDS 194 - 17 238 - 303
Range: . (IS‘S'!ZS), (203-262) (250-380)
S.E.Megm: - 190 R 72 T 1 T3
TRIGLVCERIDES 20 §3 )
Ronge: (0-44) (30-74) (16-165)
S.E. Meon: 139 150 7.5
PHOSPHOLIPIDS 14 12 130
Range: (83-130)  (12-138)  (NI-1S4)
$.6. Mean: 136 4.0 13.3
TOTAL ’
CHOLESTEROL Sé 63 62
Renge: (40-69) 46-78) (44 -72)
S.6. Mean: 2.1 t39 ‘120

Fic. 2. THE INmTIAL Prasma. Leip CHANGES IN RaTs Imnﬁm‘ WITH
ANTI-KIDNEY SERUM
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tions of cholesterol and phospholipids. This problem
was studied in the next experiments.

Methods

A. Eachofasenesof%ratswasm;eﬁedmthlml
of pooled AKS. The rats were bled for pksma otaly
lesterol 72 hours later. Each rat was then given q ntra-
venous injection of 3 ml. of freshly pxgpared - us 8
tion of bovine serum albumin (25 per:cent):
later the animals again were bled &i )

cholesterol concentrations and fGr: ﬁm&m 13 ,_
instances plasma phosgholipids and: tota} Mpids alse were £
determined prior to dhd four M’aﬁamizw ‘

injection. RALLT N

B. In order to avou;t the renal loss of the injected aj ~y

bumin (8), as well as{hepossxbie urinary loss of heparin

or its plasma equivaleht (12), the following study alsa -

was performed. Seveq_ rats were injected with AKS and
five days later were bled for plasma cholesterol, phospho-
lipids, and total lipids. Each®tat was tHen subjectéd to

bilateral nephrectomy through dorsal incisions and then -
injected intravenously with 3 ml. of 25 per cent solution

of bovine serum albumin. Four hours later the rats were
bled for plasma albumin, hematocrits, total lipids, phos-
pholipids and total cholesterol.

Results

A. The average fall of the plasma lipid fractions
induced by albumin injection in the intact rats is
shown in Figure 3, A. The plasma triglyceride
concentration fell from an initial average of 816
mg. per 100 ml. to 270 mg. per 100 ml., a fall of
67 per cent. The plasma phespholipids exhibited
a 55 per cent fall from an initial average of 467
mg. per 100 ml. to 211 mg. per 100 ml., and the
plasma total cholesterol a 56 per cent fall from an
initial average of 295 mg. per 100 ml. to 129 mg.
per 100 ml. At the time of the final bleeding the
average plasma albumin concentration was 2.9
Gm. per 100 ml. (range, 1.2 to 4.6) and the aver-
age hematocrit was 36 (range, 31 to 39).

B. The second series of rats was studied at a
later interval following AKS injection than in the
previous group and a considerably more intense
hyperlipemia was observed at the time of the
first bleeding (Figure 3, B). As the probable re-
sult of preventing urinary loss of the injected al-
bumin and possibly also of heparin or of lipopro-
tein lipase (8, 12), a more marked fall of plasma
lipids was observed following injection of albumin
than occurred in the preceding experiment. Thus,
a 93 per cent average fall of plasma triglyceride
occurred, from an initial average of 1,866 mg. per

RAY H. ROSENMAN, SANFORD '0.- BYERS, . AND MEYER FRIEDMAN

A. UNOPERATED RATS © B. NEPHRECTOMIZED RATS
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100 ml. to 124 mg. per 100 ml. As in the first
series of rats, a relatively lesser fall of the other
plasma lipids was observed. Thus the plasma
cholesterol fell an average of 83 per cent, from an
initial average of 470 mg. per 100 ml. to 78 mg.
per 100 ml., and the phospholipids fell an average
of 78 per cent, from an initial average of 598 mg.
per 100 mi. to 133 mg. per 100 ml. At the time of
the final bleeding the plasma albumin averaged 5.5
Gm. per 100 ml. (range, 5.1 to 5.8) and the aver-
age hematocrit was 28 (range, 22 to 32).

II1. The effect of fat infusion and of Triton injection on
the plasma lipids of rats injected with AKS

In the event that a preceding accumulation of plasma
triglycerides in nephrotic plasma initiated and sustained
the observed subsequent rise of plasma cholesterol and
phospholipid, it would be expected that an associated
further increase of plasma cholesterol and phospholipid
would occur if an additional increment of excess tri-
glyceride, given by continuous infusion, was retained in
the plasma of the AKS-injected rat. A similar sequence
would be expected if the hypertriglyceridemia was aug-
mented by the injection of Triton WR-1339 (14). This
problem was studied in the following experiments.

Methods

A. Each of 30 rats was injected with 0.6 ml. of pooled
AKS, an amount which was found in preliminary studies
to be inadequate to induce any significant rise of plasma
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lipids during the ensuing five-hour interval. The rats
then were prepared for continuous intravenous infusion
and, during the subsequent five-hour interval, 10 of the
rats were infused continuously with 6.0 ml. of fat2? and,
for control purposes, the remaining 20 rats were infused
with 6.0 ml. of sodium chloride solution (0.9 per cent).
The animals then were bled from the aorta for deter-
mination of plasma albumin, total lipids, total cholesterol
and phospholipids.

B. A second series of 13 rats was also injected with
AKS, but 24 hours elapsed before the experimental in-
terval. At that time the rats were bled for plasma total
cholesterol and total lipids. The rats were then con-
tinuously infused for five hours, five being injected with
6.0 ml. of triglyceride, and the remaining eight control
rats receiving a similar amount of saline solution. All
rats were bled at the end of the infusion interval for
plasma albumin, total lipids, total cholesterol and
phospholipids.

C. A series of 10 rats was injected with 1 ml. of AKS.
Fifty hours later the rats were bled for determination of
plasma total lipids, phospholipid, and total cholesterol and
found to be hyperlipemic. Five of the rats were then in-
jected intravenously with 100 mg. of Triton WR-1339
(contained in 1 ml.), the remaining rats serving as con-
trols. All rats were bled 24 hours later for plasma total
lipids, phospholipid, and total cholesterol.

Results

A. The results obtained in the first series of rats
are shown in Figure 4, A. In the five hours fol-
lowing injection of the smaller amount of AKS
only an occasional saline-infused control rat de-
veloped any significant increase of plasma lipids:
the average plasma triglycerides was 52 mg. per
100 ml.; average plasma cholesterol, 72 mg. per
100 ml.; and the average plasma phospholipids,
132 mg. per 100 ml. As shown in Figure 4, A,
the rats infused with triglyceride exhibited con-
siderably higher plasma triglyceride concentra-
tions, which averaged 635 mg. per 100 ml. In
association with this induced hypertriglyceridemia,
a rise of plasma cholesterol (average, 115 mg. per
100 ml.) and of phospholipids (average, 220 mg.
per 100 ml.) was observed. Comparable average
plasma albumin concentrations of 1.4 and 1.5 Gm.
per 100 ml. were observed in the two groups of
rats.

B. The rats of the second series were initially

2Lipid emulsion (kindly furnished by Don Baxter)
composed of sesame oil, USP, 10; dextrose, USP, 4.5;
purified soya bean lecithin, 0.65; water, q.s. 100 ml.
Lipid is present as finely divided particles of 14 or less
in diameter.
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bled 24 hours after AKS injection, at which time
the controls exhibited average plasma total lipids
of 445 mg. per 100 ml. (range, 397 to 514) and
plasma total cholesterol of 114 mg. per 100 ml.

~(range, 93 to 131), and the experimental group

exhibited average plasma total lipids of 432 mg.
per-100: ml. (range, 410-to 481) and cholesterol
of 108 mg. per 100 ml. (range, 99 to 120)." At
the end of the ensuing five-hour infusion interval
the saline-injected controls- (Figure 4, B) ex-
hibited average plasma triglycerides of 126 mg.
per 100 ml., phospholipids of 196 mg. per 100 ml.,
and total cholesterol of 128 mg. per 100 ml. A
marked increase of plasma triglycerides, averag-
ing 2,497 mg. per 100 ml., was induced in the rats
infused with triglyceride. In these rats consider-
ably increased plasma concentrations of cholesterol
and phospholipids also were observed, respectively
averaging 226 mg. per 100 ml. and 364 mg. per
100 ml. Comparable average plasma albumin
levels of 0.6 and 0.5 Gm. per 100 ml. were ob-
served in the two groups of rats.

8. Rots Infused 24 Hours
after AKS Injection

A. Rats Infused Concomitently
with AKS Injection
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C. A marked further rise of plasma lipids and
cholesterol occurred in the nephrotic rats during
the 24-hour interval following injection of Triton.
Thus the plasma total lipids of the Triton-injected
nephrotic rats rose from an average of 2,280 mg.
per 100 ml. (range, 1,560 to 3,400) to 4,713 mg.
per 100 ml. (range, 4,349 to 5,180), the plasma
triglyceride rose from an average of 1,197 mg. per
100 ml. (range, 747 to 2,113) to 2,610 mg. per
100 ml. (range, 2,467 to 3,034). The plasma
cholesterol rose from an average of 393 mg. per
100 ml. (range, 278 to 462) to 805 mg. per 100 ml.
(range, 712 to 874) and the plasma phospholipid
rose from an average of 690 mg. per 100 ml.
(range, 535 to 825) to 1,298 mg. per 100 ml.
(range, 1,090 to 1,272). At the same time the
average plasma total lipids of the control group
rose from an average of 1,547 mg. per 100 ml.
(range, 1,287 to 1,713) to 2,120 mg. per 100 ml.
(range, 1,591 to 2,490), the plasma cholesterol
rose from an average of 411 mg. per 100 ml.
(range, 264 to 487) to 518 mg. per 100 ml. (range,
432 to 538) and the plasma phospholipid rose
from an average of 520 mg. per 100 ml. (range,
462 to 589) to 632 mg. per 100 ml. (range, 581 to
689).

IV. The effect of phospholipid infusion on the plasma cho-
lesterol of AKS-injected rats

In the preceding studies it was found that a rise of
plasma cholesterol occurred when sustained hypertri-
glyceridemia was induced by injection of AKS and that
the magnitude of the hypercholesteremia was proportion-
ately increased when the degree of hypertriglyceridemia
in such rats was augmented by the infusion of triglyceride
or by injection of Triton. However, a rise of plasma
phospholipids also occurred in such animals. On the
other hand, the rise of phospholipids and of cholesterol
was of such similar nature that it was difficult if not
impossible to determine whether a causal relationship
existed between these lipid fractions. It appeared of im-
portance, however, to evaluate the possible role of in-
duced hyperphospholipemia in the rise of plasma cho-
lesterol which occurs in AKS-injected rats, in view of the
recent observations in this laboratory (15, 16) that a
rise of plasma cholesterol occurs in normal rats in which
sustained hyperphospholipemia is induced by the con-
tinuous infusion of phospholipids. This problem was
therefore studied in the following experiments.

Methods

A. The sequential rise of plasma cholesterol and phos-
pholipids induced by AKS injection was studied by in-
jecting each of a series of 53 rats with 1 ml. of pooled

BYERS, AND MEYER FRIEDMAN
700
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F1c. 5. CORRELATION OF PLASMA PHOSPHOLIPIDS AND
ToraL CHOLESTEROL IN RATS INJECTED WITH ANTI-
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AKS. Groups of 10 to 11 rats were then bled for plasma
total cholesterol and phospholipids at 8, 15, 24, 48 and 96
hours following the injection of AKS.

B. The effect of phospholipid infusion in AKS-injected
rats was studied in the next experiment. One ml. of
pooled AKS was injected into each of 18 rats. During
the ensuing 24-hour interval, seven of the rats were con-
tinuously infused intravenously with 12 ml. of 2 per cent
solution of phospholipids.28 For control purposes a com-
parable amount of glucose solution (5 per cent) was in-
fused into six others. The rats were bled for plasma
total lipids, total cholesterol and phospholipids at the end
of the 24-hour infusion interval.

The remaining five rats were not studied until 20
hours after AKS-injection, at which time they were con-
tinuously infused during the ensuing 24-hour interval
with 12 ml. of 2 per cent phospholipid solution.8 The
rats were bled for plasma total lipids, total cholesterol
and phospholipids prior to and following the infusion
interval.

Results

A. A serial parallel rise of the concentrations of
plasma cholesterol and phospholipids was induced
by AKS injection, as occurred in the first experi-
ment. In Figure 5 it can be seen that the induced
rise of plasma total cholesterol in these rats was
directly proportional to the rise of plasma phos-
pholipids.

3 Furnished by Glidden Company as “Soya Lecithin”
(RG) brand and dissolved in 5 per cent glucose solution.
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B. In the second experiment certain rats were
injected with. AKS. just prior to the continuous
24-hour infusion of phosphatide or glucose. At
the end of the infusion interval the rats injected
with phosphatide exhibited plasma total lipids
averaging 1,012 mg. per 100 -ml. (range, 756 to
1,200). There was a marked rise of plasma phos-
pholipids averaging 703 mg. per 100 ml. (range,
522 to 924) and a much smaller rise of cholesterol
averaging 213 mg. per 100 ml. (range, 173 to
286). In contrast, the glucose-infused controls ex-
hibited average plasma total lipids of 382 mg. per
100 ml. (range, 350 to 466), average phospho-
lipids of 189 mg. per 100 ml. (range, 148 to 199)
and average total cholesterol of 142 mg. per 100
ml. (range, 130 to 148). Thus, no significant in-
crease of plasma triglyceride was induced by the
phosphatide infusion.

The remaining rats were injected with AKS 20
hours prior to the infusion of phosphatide. These
rats exhibited a marked further rise of plasma
phospholipids, from an initial average of 179 mg.
per 100 ml. (range, 100 to 236) to 1,038 mg. per
100 ml. (range, 842 to 1,430). There was an as-
sociated but relatively much smaller rise of plasma
cholesterol from an initial average of 150 mg. per
100 ml. (range, 77 to 208) to 382 mg. per 100 ml.
(range, 342 to 396). The plasma total lipids av-
eraged 1,620 mg. per 100 ml. (range, 1,290 to
1,830) at the end of the infusion interval.

DISCUSSION

The results of previous studies from this labora-
tory have indicated that the increase of lipids in
the nephrotic rat is an isolated accumulation of
excess lipids which is confined, at least in the early
phase, to its plasma (4) and which, although ca-
pable of intensification by ingestion of dietary lipid
(5), stems primarily from endogenous sources
(5). Our studies also indicated that the accumu-
lation of cholesterol in the plasma in this syn-
drome is not caused by any preceding change in
its intestinal absorption (2) or excretion (3), or
in the rate of its hepatic synthesis (6). Finally,
it was found that both the hyperlipemia and the hy-
percholesteremia were initiated by the loss of al-
bumin and, conversely, were remedied by the ad-
ministration of albumin (8, 13) particularly in
conjunction with heparin (12).
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In the present studies further information was
obtained concerning “the causal mechanism involved
in the hyperlipemia_and hypercholesteremia oc-
curring after induction of the nephrotic state,
Thus, soon after injection: of AKS, a profound
fall of plasma albumin: was found to occur and,
concomitantly with this, ‘the plasma triglyceride,
of all the plasma lipid fractions, first begins to
rise. - It is likefy-that this retention of excess tri-
glyceride in nephrotic plasma is due to a failure
in its hydrolysis consequent to a deficiency of cir-
culating albumin (8) and possibly also of lipo-
protein lipase (13), since such lipolysis appears to
be a prerequisite for the normal clearance of tri-
glyceride from the plasma (17, 18). The initial
rise of triglyceride was followed considerably
later by a rise of both plasma phospholipid and
cholesterol.

Earlier studies from this laboratory (15, 19)
have demonstrated that an accumulation of excess
triglyceride in the plasma of the normal rat
quickly induces a subsequent rise both of plasma
phospholipid and cholesterol. The results ob-
tained in the present studies appear to indicate
that a similar mechanism is in play in the nephrotic
state. Thus the rise of triglyceride in the ne-
phrotic rat’s plasma was found to precede the rise
of plasma phospholipid and cholesterol, and if the
triglyceride content of the plasma was either re-
duced by albumin infusion or further elevated by
infusion of triglyceride itself, or by Triton injec-
tion (14), a prompt fall or elevation, respectively,
occurred in the plasma phospholipid and cholesterol
concentrations. The pathogenesis of the hyper-
cholesteremia and hyperphospholipemia occurring
in nephrosis thus appears to be similar to that oc-
curring after injection of the surface active sub-
stance, Triton WR-1339, which, similar to the
injection of AKS, first produces a rise of tri-
glyceride in the plasma (14). It would appear
that the excess phospholipid and cholesterol ac-
cumulate in nephrotic plasma secondarily, perhaps
as the result of their preferential solubility in the
increment of excess triglyceride in the plasma
(19-21).

As in Triton-induced hypercholesteremia (14),
the rise and fall of cholesterol in nephrotic plasma
occurred parallel with a rise and fall of plasma
phospholipids. This suggested that the hyper-
phospholipemia did not play a major role in the
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retention of excess cholesterol in nephrotic plasma,
despite the previously demonstrated ability (15,
16) of an induced rise of plasma phosphatide to
effect a hypercholesteremia. Moreover, although
a further rise of plasma cholesterol did occur in
the nephrotic rat, as in the normal rat (15), when
phosphatide was infused in an amount sufficient to
further raise the plasma phospholipid concentra-
tion, the resulting plasma levels were notably dis-
proportionate. Thus, the further rise of plasma
cholesterol in such rats was of relatively much less
magnitude than the marked induced rise of phos-
pholipids. This could not be ascribed, however,
to any inability of such rats to accumulate an addi-
tional increment of cholesterol in the plasma at a
more rapid rate, since a considerably greater rise
of cholesterol was observed in similar nephrotic
rats during the infusion of triglyceride or follow-
ing injection of Triton.

On the basis of the evidence cited above the
pathogenesis of the accumulation of excess plasma
lipids in experimental nephrosis may be sum-
marized as shown in Figure 6.

SUMMARY

The sequential changes and the interrelation-
ships among the plasma lipid fractions were stud-
ied in rats injected with anti-kidney serum, and in
nephrotic rats infused with fat or with phospha-
tide. The results are consistent with the con-

RAY H. ROSENMAN, SANFORD O. BYERS, AND MEYER FRIEDMAN

cept that the AKS-induced deficiency of plasma
albumin primarily induces an intravascular re-
tention of plasma triglycerides. The accumu-
lation of cholesterol and phospholipid in nephrotic
plasma appears to be a passive derangement sec-
ondary to the lipid-sequestering properties of the
increment of excess triglycerides in such plasma,
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