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Streptozotocin-induced diabetes lowers retinol-binding protein
and transthyretin concentrations in rats
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Retinol-binding protein (RBP) and transthyretin (TTR) in the plasma, liver and kidney, retinol in
plasma, and total vitamin A in the liver were measured in rats 6 weeks after diabetes mellitus had been
induced by streptozotocin (STZ). The diabetic rats gained 83 % less weight despite consuming 45%
more feed than the non-diabetic controls. Plasma and kidney concentrations of RBP and TTR were
significantly lower in diabetic than in the non-diabetic control rats. Unlike the retinol carrier proteins,
plasma albumin concentrations remained unaffected. Plasma concentrations of retinol were decreased
while its hepatic levels increased in the diabetic animals. The depressed circulatory levels of retinol may
reflect an altered metabolism of its transport proteins.

Streptozotocin: Diabetes mellitus: Retinol-binding protein: Transthyretin: Vitamin A

Vitamin A status is of concern in patients with diabetes mellitus as indicated by decreased
concentrations of plasma retinol and its carrier, retinol-binding protein (RBP) (Basu et al.
1989; Krempf ef al. 1991; Martinoli ez al. 1993). Decreased plasma retinol and increased
hepatic vitamin A concentrations have been associated with streptozotocin (STZ)-induced
diabetes in rats (Basu et al. 1990). Vitamin A supplementation of the diets of these animals
does not improve the circulatory status of retinol while liver concentration further increases
(Tuitoek ef al. 1996). The increased hepatic vitamin A concentrations do not appear to be
due to increased intestinal absorption (Tuitoek et al. 1994) but may be attributed in part
to the increased feed consumption by diabetic rats (Basu ez al. 1990). However, the fact that
plasma retinol levels are low in diabetic rats, despite the increased hepatic store size of the
vitamin, is consistent with a defect in mobilization of vitamin A from the liver.

Liver vitamin A is stored predominantly as retiny] esters (Goodman & Blaner, 1984). Its
mobilization requires hydrolysis of retinyl ester to free retinol. This is subsequently
conjugated with RBP (molecular weight 21000 Da) synthesized by the liver (Goodman,
1974). The retinol-RBP complex (holo-RBP) is secreted into the circulation, where it binds
with transthyretin (TTR), a thyroxine-binding protein (molecular weight 55000 Da) (Smith
& Goodman, 1979). When retinol is delivered to target cells, RBP loses its affinity for TTR,
returns to the blood as apo-RBP (lacking retinol) and is then eliminated via glomerular
filtration (Goodman, 1984).

Using STZ-induced diabetic rats, the present study was undertaken to investigate the
distributions of RBP and TTR in the liver, kidney and plasma. The objective of this study
was to examine if the reported decreased level of plasma retinol in diabetes is caused by a
decreased availability of the retinol carrier proteins.

* For reprints.
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MATERIALS AND METHODS
Animals and tissue collections

Male Wistar rats were obtained from Charles River, Montreal, Canada. They were housed
in stainless steel cages in a well-ventilated room maintained at 21° and were on a 12h
light—dark cycle. Diabetes was induced by a single intravenous injection of STZ (55 mg/kg)
(Upjohn, Kalamazoo, MI, USA) dissolved in 0-01 M-~citrate buffer, pH 4-5. Control rats
were injected with citrate buffer alone. Following injection with STZ, animals displaying
plasma glucose concentrations greater than 18 mmol/l were considered diabetic. These
diabetic animals, and the corresponding controls, were fed on a semipurified diet described
elsewhere (Tuitoek e? al. 1996) for 6 weeks. All animals were allowed free access to water,
and records of feed intake and body weight were kept throughout the study. Animals were
killed at the end of the study using a CO, chamber. Blood was collected in heparinized
tubes; separated plasma was protected from light and stored at —20°, pending analysis.
Livers and kidneys were removed, cleaned and frozen immediately in liquid N,.

Radioimmunoassays

For RBP and TTR analysis liver sections and kidneys were homogenized separately in 19
volumes of 250 mM-sucrose with a Polytron homogenizer (Brinkmann, Westbury, NY,
USA) at speed 5 for 15 s. Portions of the homogenates were diluted with an equal volume
of an aqueous Triton X-100 solution (20 g/I) to release the RBP and TTR trapped in
subcellular organelles. The Triton X-100-treated homogenates were diluted 1500-fold (w/v)
relative to the original tissue mass with assay buffer (50 mm-Tris-HCl containing 10 g
bovine serum albumin/l, pH 86), so that the protein concentrations would fall into the
most sensitive regions of the respective standard curves. For the determination of RBP,
TTR, and albumin in plasma, the samples were diluted with assay buffer (1500-fold for
RBP; 10000-fold for TTR; and 700000-fold for albumin).

RBP (Smith ez al. 1978, 1980), TTR (Navab et al. 1977) and albumin (Smith ez al. 1978)
were determined by the indicated radioimmunoassays. All samples were assayed in
triplicate. The 1#°I-labelled proteins that were precipitated by the antisera were counted in
a Packard 500C AutoGamma Counter (Packard Instrument Co., Meriden, CT, USA). The
respective protein concentrations were calculated by a logit-log data reduction programme
in the counter. The mean within-assay CV for replicates were 2-8 (sD 1-3) % ; 40 (sp 3-0)%;
and 4-1 (s 2:4)% for the RBP, TTR and albumin radioimmunoassays respectively. To
determine the molar concentrations a molecular weight of 21422 for RBP, based on the
amino acid sequence of rat RBP (Sundelin et al. 19854), was used, and a molecular weight
of 54792, based on the amino acid sequence of rat TTR (Sundelin e? al. 19855), was used
for TTR.

Determination of vitamin A

Plasma retinol (Nierenberg & Lester, 1985) and liver total vitamin A (Leichter ez al. 1991)
were assayed by HPLC as described elsewhere (Tuitoek et al. 1996). Chromatography was
performed on a C18 reverse-phase column (Whatman partisil SOD, 3-5 um particle size,
4:6 mm i.d. x 100 mm), by use of a mobile phase consisting of methanol-water (95:5, v/v).
Detection was by u.v. absorption at 325 nm, and quantification was performed by
comparison of peak areas produced by the injection of known amounts of retinol. In order
to determine the recovery efficiency of retinol, this compound (5 ug/ml) was added to
plasma in hexane. The standard added to plasma, taken through the extraction procedure
and injected into the HPLC, resulted in the recovery of 86-4 %.
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Table 1. Effect of streptozotocin-induced diabetes for 6 weeks on the body-weight gain,
feed intake and glycaemic status of rats*

(Values are means with their standard errors)

Control (n 10) Diabetic (n 11)
_— B Student’s ¢ test
Mean SE Mean SE (P value)
Body weight (g)
Initial 328 69 328 41 NS
Final 437 47 346 71 < 0-0001
Feed intake (g/d) 25-4 04 462 1-5 < 0-0001
Plasma glucose (mmol/1) 64 0-16 228 28 < 0-0004

* For details of procedures, see pp. 892-893.

Table 2. Plasma concentrations of retinol, retinol transport proteins and albumin in
streptozotocin-induced diabetic and control rats*

(Values are means with their standard errors)

Control Diabetic
Student’s 7 test
Mean SE n Mean SE n (P value)
Retinol (zmol/1) 1-32 006 10 090 0-04 11 0-0001
RBP (umol/l) 372 0-09 10 224 017 11 0-0001
TTR (pmol/l) 391 012 10 2:94 0-08 11 0-0001
Albumin (g/1) 276 296 9 252 1-17 11 016

RBP, retinol-binding protein; TTR, transthyretin.
* For details of procedures, see pp. 892-893.

Statistical analysis
Data were tabulated to give means and standard error of the mean using the SAS computer
program (Statistical Analysis Systems, 1988). Student’s ¢ test was used to determine
differences between group means (Steel & Torrie, 1980). The upper level of significance was
preset at P < 0-05. The data were tested for outliers that should be rejected, by the
procedure of Dixon (1953).

RESULTS

Following the administration of STZ, animals developed hyperglycaemia of more than
-18 mmol/1 within 48 h, which persisted throughout the 6-week study period (Table 1). The
initial body weights of diabetic rats were similar to those of control animals, but their final
weights at the end of the study were significantly lower. Thus the diabetic animals gained
less weight than did the corresponding controls (+ 18 (s 76) g v. +109 (se3-1) g, P <
0-0001), even though they consumed a significantly higher amount of feed per day.

Significantly lower plasma concentrations of RBP (P < 0-0001), TTR (P < 0-0001) and
retinol (P < 0-05) were found in diabetic rats compared with non-diabetic controls (Table
2). Unlike the retinol carrier proteins, plasma albumin concentrations were not significantly
different between the two groups with this number of animals. Liver concentrations of TTR
(P < 0-0001) but not RBP (P > 0-05) were found to be significantly reduced by diabetes
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Table 3. Liver concentrations of retinol transport proteins in streptozoticin-induced
diabetic and control rats*

(Values are means with their standard errors)

Control (n 10) Diabetic (n 11)
Student’s 7 test
Mean SE Mean SE (P value)
RBP (nmol/g) 1-64 005 1-48 0-08 0-13
TTR (nmol/g) 092 0-03 0-54 0-02 0-0001
Vitamin A (#mol/g) 0-51 0-05 1-03 0-02 0-0001
Liver weight (g) 184 0-36 164 0-38 0-002

RBP, retinol-binding protein; TTR, transthyretin.
* For details of procedures, see pp. 892-893.

Table 4. Kidney concentrations of retinol transport proteins in streptozotocin-induced
diabetic and control rats*

(Values are means with their standard errors)

Control (n 10) Diabetic (n 11)
Student’s ¢ test
Mean SE Mean SE (P value)
RBP (nmol/g) 448 007 413 012 0-02
TTR (nmol/g) 079 0-03 0-56 0-02 0-0001
Kidney weights (g) 1-84 0-04 2:15 004 0-:0001

RBP, retinol-binding protein; TTR, transthyretin.
* For details of procedures, see pp. 892-893.

(Table 3). However, absolute amounts of RBP in the liver were significantly (P < 0-01)
lower in the diabetic than in the control animals. Hepatic concentrations of vitamin A were
significantly higher in the diabetic than in the control animals (P < 0-0001). In the kidney,
the tissue concentrations of both RBP (P < 0-05) and TTR (P < 0-0001) were depressed in
the diabetic compared with the control animals (Table 4). However, total kidney RBP was
not different between the two groups.

DISCUSSION

The results of the present study indicate that plasma retinol concentrations are significantly
lower, and the hepatic concentrations of vitamin A are significantly higher in diabetic v.
control animals. These results are in agreement with other studies in human subjects (Basu
et al. 1989; Krempf et al. 1991; Martinoli et al. 1993) and animals (Basu ef al. 1990;
Tuitoek et al. 1996). Since it has been shown that the hepatic storage of vitamin A is
proportional to its intake (Hicks et al. 1984), the increased liver concentrations of vitamin
A may be explained in part by the increased feed intake (> 45%) of the diabetic animals.

The present study also examined the effect of diabetes on RBP and TTR in the plasma,
liver and kidneys. The results showed that there were significant reductions in
concentrations of both of these proteins in the plasma and kidneys. These effects appear to
be specific since the plasma albumin concentrations remained constant. To the best of our
knowledge, this is the only study in which plasma retinol carrier proteins have been
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measured in diabetic rats. The results are in agreement with the studies involving patients
with insulin-dependent diabetes (IDDM) in whom plasma RBP as well as TTR
concentrations were found to be significantly reduced (Basu et al. 1989; Kemp & Frindik,
1991), while concentrations of other proteins such as albumin and transferrin remained
unaffected (Kemp & Frindik, 1991). The underlying reason for the reduced retinol carrier
proteins in diabetes is not known. Earlier studies have shown that the diabetes-associated
increase in hepatic vitamin A concentration (Basu ez al. 1990) is further accentuated when
vitamin A is added to the diet without a significant improvement in the plasma retinol
(Tuitoek et al. 1996).

In human subjects, retinol is normally found in plasma in a 1:1 molar ratio with RBP.
It is surprising that the ratio in our control rats was only 0-36. In view of limited data on
the normal RBP values in rodents, the low retinol-RBP molar ratio in rats cannot be
explained. According to one study, however, the percentage saturation of RBP with retinol
appears to be 60-70 % (Muto et al. 1972).

Acute and chronic diseases of the liver have been shown to be associated with decreased
plasma vitamin A, RBP and TTR (Smith & Goodman, 1971; McClain et al. 1979; Dickson
et al. 1982). Since plasma albumin was not affected by diabetes in the present study, the
decreased levels of RBP and TTR in the plasma and TTR in the liver may be an early
indication of depressed protein synthesis. Furthermore STZ-induced diabetes has been
shown to be associated with depressed synthesis of both secreted and non-secreted proteins
in the liver (McNurlan & Garlick, 1981). It has also been found in diabetic animals that
although hepatic synthesis of some proteins, such as albumin, appear to be reduced as
shown by decreased mRNA levels (Peavy et al. 1978), the serum albumin levels remain
normal (Marsh, 1961). In the present study hepatic RBP levels were not affected
significantly, suggesting that TTR may be a more sensitive index of impaired protein
synthesis in diabetes. The formation of the RBP-TTR complex is thought to occur in
plasma after independent secretion of the proteins from the hepatocyte (Goodman, 1984).
The reduced secretion of TTR may decrease the formation of the RBP-TTR complex,
resulting in an increased loss of RBP from the system. Since the plasma TTR molar
concentration in the diabetic rats was 1-3 times the plasma molar RBP concentration, RBP
is probably not being filtered in the kidney glomeruli at a greater rate because of the lower
TTR concentrations.

Once RBP has delivered retinol to the target tissues, the resulting apoRBP has a reduced
affinity for TTR. Due to its low molecular weight, the apoRBP rapidly undergoes
glomerular filtration in the kidney (Peterson et al. 1974). Like other small proteins that
undergo glomerular filtration the RBP is reabsorbed in the kidney tubules and seems to be
catabolized (Mogielnicki et al. 1971). Only trace amounts of RBP appear in the urine unless
kidney tubular function is impaired (Peterson & Berggard, 1971). In conditions of impaired
tubular function, such as Cd poisoning, an amount of RBP equivalent to the amount
secreted into the plasma compartment can be excreted in the urine each day. However,
these patients maintain normal plasma concentrations of RBP because the impaired
tubular reabsorption does not influence the glomerular filtration rate (Vahlquist ez al.
1973). Significant amounts of retinol and RBP have been reported to be excreted in the
urine during acute infections (Stephensen et al. 1994). IDDM patients have also increased
urinary excretion of RBP (Holm et al. 1987; Rowe et al. 1987). The urinary excretion of
RBP was suggested to be an early sign of diabetic nephropathy. The low concentration of
RBP in the kidneys of the diabetic rats probably reflects (1) the larger size of the kidneys
in the diabetic rats and (2) a reduced secretion of RBP into the plasma. Therefore, less RBP
is available to be removed by the kidneys, and the RBP that is removed is diluted in a
greater area.
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The conclusion from the present study is that STZ-induced diabetes is associated with a
depressed plasma concentration of retinol which may be due, at least in part, to its impaired
metabolic transport from the liver.

This research was supported by the Natural Sciences and Engineering Research Council of
Canada.
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