Ketosis Resistance in the Male Offspring of Protein-Malnourished Rat Dams
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Plasma B-hydroxybutyrate concentrations were measured in the offspring of rats that were fed either a control (20% protein)
diet or low-protein (8% protein) diet during pregnancy and lactation. Low-protein offspring had significantly lower plasma
B-hydroxybutyrate compared with controls in the fed state (P < .04} and after fasting for 24 hours (P < .001) and 48 hours
{P < .04). There were no differences in blood glucose, acetoacetate, plasma glucagon, cholesterol, or glycerol between control
and low-protein offspring. However, plasma nonesterified fatty acids {(NEFAs) were significantly higher in low-protein
offspring in the fed state (P < .05). In contrast, plasma triglycerides and insulin were significantly lower in low-protein
offspring compared with controls when fed (P < .001) and after a 24-hour fast (P < .001). These results suggest that poor
maternal and early postnatal nutrition can have long-term effects on ketone body metabolism in the offspring during

adulthood. This apparent ketosis resistance is similar to that observed in some forms of human diabetes.
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GROWING NUMBER of studies have reported a relation-

ship between poor fetal and neonatal growth and the
subsequent development of non-insulin-dependent diabetes
mellitus (NIDDM) in adulthood.! These observations led to the
proposal of the thrifty phenotype hypothesis.? This hypothesis
suggests that during times of maternal nutritional deprivation,
the growing fetus uses a number of strategies to ensure survival.
Firstly, it is proposed that the fetus protects the growth of the
brain at the expense of other organs such as the liver and
pancreas. Secondly, it is suggested that permanent metabolic
changes occur in tissues such as the liver that are advantageous
to survival in conditions of poor postnatal nutrition. However, if
the offspring are born into conditions of good/excessive nutri-
tion, then this may conflict with the earlier programing and
NIDDM may occur.

Many aspects of the thrifty phenotype have been tested and
subsequently supported by an animal model of early growth
retardation. In this model, rats are fed either a low-protein (8%)
diet or a control (20% protein) diet during pregnancy and
lactation.? All offspring are then weaned onto a control (20%
protein) diet.> Low-protein offspring have a lower body weight
than controls throughout life. Consistent with proposals in the
thrifty phenotype hypothesis, low-protein offspring exhibit
selective changes in organ growth, with brain growth being
protected.? In addition, permanent changes in the metabolism of
the liver,* muscle,’ and fat®’ were observed. Although low-
protein offspring showed better glucose tolerance than controls
in young adult life,® they exhibited a greater time-dependent
loss of glucose tolerance such that at 15 months of age they
were significantly less glucose-tolerant than controls.®

There are a number of studies suggesting that some people
with NIDDM? and malnutrition-related diabetes are relatively
unable to produce the ketone body B-hydroxybutyrate.!* In
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particular, individuals with fibrocalculous pancreatic diabetes (a
subtype of malnutrition-related diabetes) do not become ketotic
even in adverse conditions.'! However, the precise molecular
basis of this ketosis resistance is not understood. It could occur
through a diminished supply of nonesterified fatty acids (NEFAs)
from adipose tissue and/or a reduced hepatic ketogenic re-
sponse. There have been suggestions that the latter may be, in
part, a result of glucagon resistance, glucagon being a key
regulator of ketone production by the liver.)? It has been shown
previously that both chronically malnourished rats'3 and the
offspring of rats fed a low-protein diet during pregnancy and
lactation are glucagon-resistant.* In the low-protein offspring,
we have shown that this glucagon resistance is related to a
fivefold reduction in the number of glucagon receptors present
on the hepatic plasma membranes.” Thus, the aim of the present
study was to determine the ability of the offspring of rats that
were fed a low-protein diet during pregnancy and lactation to
produce ketone bodies during various periods of starvation.

MATERIALS AND METHODS
Materials

Analytic-grade biochemicals were obtained from Sigma Chemical or
BDH Biochemicals (both in Poole, Dorset, UK) unless stated otherwise.
Linco rat insulin and glucagon radioimmunoassay kits were purchased
from Biogenesis (Poole, Dorset, UK).

Animals

All procedures involving animals were performed according to the
British Home Office Animals (Scientific Procedures) Act of 1986.
Virgin female Wistar rats (initial weight, 240 to 260 g) used for the
study were housed individually and maintained at 22°C on a 12-hour
light/dark cycle. They were mated, and day O of gestation was
determined as the day the vaginal plug was expelled. The rats were fed a
diet containing 20% protein or an isocalorific diet containing 8% protein
throughout pregnancy and lactation. The composition and source of the
diets were as described by Snoeck et al.14

Spontaneous delivery occurred on day 22 of pregnancy, after which,
at age 3 days, the litters were reduced randomly to eight pups, thus
ensuring a standard litter size per mother. At 21 days of age, all pups
were weaned onto a 20% protein diet. For simplicity, the two groups of
offspring are termed ‘“‘control” and “low-protein”; however, it is
emphasized that only the mothers undergo dietary manipulation.

Blood Collection

Three-month-old male rats were studied in the fed state and after
starvation for 24 and 48 hours. Blood was collected from the tail vein
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Table 1. Circulating Insulin and Glucagon Concentrations in Control and Low-Protein Offspring When Fed and Fasted for 24 and 48 Hours

Fed 24-Hour Fasted 48-Hour Fasted
Parameter Control Low-Protein Control Low-Protein Control Low-Protein
Glucagon {pmol/L) 18 {16-19) 19 (18-21) 11 (10-12) 12 (11-13) 13 (12-14) 11(11-12)
Insulin {pmol/L) 898 (765-1,053) 545 (462-642)* 299 (241-370) 164 (132-250)* 109 {568-208) 134 (83-154)

NOTE. Results are the geometric mean (95% confidence interval); n = 16 per group.

*P<.001 vcontrol.

into heparinized tubes. Red blood cells were removed by centrifugation,
and the plasma was collected and stored at —70°C prior to analysis.

Assay Procedures

Blood glucose was determined using a Hemocue Glucose Analyzer
(Hemocue, Sheffield, UK). Plasma glucagon and insulin levels were
measured by radioimmunoassay according to the manufacturer’s proto-
col. B-Hydroxybutyrate, total cholesterol, free glycerol, and triacylglyc-
erol levels were measured using kits purchased from Sigma Chemical
(Poole, Dorset, UK). Acetoacetate was determined in perchloric acid
extracts of whole blood using a fluorimetric assay.'

Statistical Analysis

All statistical analyses were performed using the Statistica for Mac
(version 4.1) software package (Statsoft, Letchworth, Herts, UK).
Student’s 7 test and two-way ANOVA were used to analyze the data with
early diet and length of starvation as independent variables. When
appropriate, the data were logarithmically transformed before analysis
to enable the appropriate use of parametric statistical tests. Results are
expressed as the mean = SEM or geometric mean with 95% confidence
interval in cases for which the data were log-transformed.

RESULTS
Blood Glucose

Blood glucose concentrations were significantly (P < .001)
lower after a 24-hour fast (4.9 = 0.1 and 5.2 £ 0.1 mmol/L in
control and low-protein offspring, respectively) compared with
the fed state (6.2 * 0.2 and 5.9 *+ 0.1 mmol/L. for control and
low-protein, respectively). Blood glucose was even lower
(P < .001) after a 48-hour fast (4.5 = 0.2 for both control and
low-protein offspring). However, there were no significant
differences in blood glucose concentrations between control and
low-protein animals at any time point during the study (P << .05).
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Plasma Insulin and Glucagon

Plasma glucagon concentrations decreased after a 24-hour
starvation period in both study groups (P < .001). However,
continued starvation for another 24 hours had no futher effect on
plasma glucagon (Table 1). There were no significant differ-
ences between control and low-protein offspring at any study
point. Plasma insulin concentrations decreased with starvation
in both experimental groups (P < .001 for the effect of starva-
tion). However, plasma insulin was significantly lower in the
low-protein group compared with controls when fed (P < .001)
and after a 24-hour fast (P < .001). After 48 hours of starvation,
there was no significant difference in plasma insulin levels
between the two groups.

B-Hydroxybutyrate, Acetoacetate, and Plasma NEFAs

Plasma -hydroxybutyrate and blood acetoacetate concenira-
tions increased progressively (P << .001 for the effect of increas-
ing starvation on each ketone body) with extended periods of
starvation in both control and low-protein offspring (Fig 1A and
B). However, at each study point (fed, 24-hour starvation, and
48-hour starvation), low-protein offspring had significantly
lower plasma B-hydroxybutyrate compared with controls
(P < .001 for the effect of the low-protein diet; Fig 1A). In
contrast, there were no differences in acetoacetate concentra-
tions between the groups at any time point (Fig 1B). In addition,
low-protein offspring had a significantly (P < .05) elevated
plasma NEFA concentration compared with controls (450 = 54
v 325 = 29 pmol/L) in the fed state (Fig 2). Low-protein
offspring also tended to have higher plasma NEFA after 24
hours of starvation; however, this did not reach statistical
significance in the number of animals studied (640 % 61 v
510 = 39 pmol/L, P = .079). There were no differences in
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Fig1. (A)Circulating p-hydroxybutyrate concentrations in control and low-protein offspring in the fed and state and after fasting for 24 and 48

hours. Results are the mean = SEM (n = 16 per group). *P < .05 v control. **P < .001 v control. (B) Circulating acetoacetate concentrations in
control and low-protein offspring in the fed state and after fasting for 24 and 48 hours. Results are the mean = SEM (n = 12 per control group and
n = 11 per low-protein group).
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Fig2. Circulating NEFA concentrations in control and low-protein
offspring in the fed state and after fasting for 24 and 48 hours. Results
are the mean = SEM (n = 16 per group). *P < .05 v control.

plasma NEFA after 48 hours of starvation (561 = 23 and
572 = 26 umol/L for control and low-protein, respectively).

Cholesterol, Triglyceride, and Free Glycerol

There were no differences in plasma cholesterol or glycerol
concentrations between the two groups at any study point
(P> .05; Table 2). However, plasma cholesterol decreased
progressively with increasing starvation in both groups
(P < .001), whereas starvation had no effect on plasma glycerol
after 24 hours but resulted in a significant (P < .001) decrease
in glycerol after 48 hours. The plasma triglyceride concentra-
tion was significantly lower in low-protein offspring compared
with controls in the fed state (P < .001) and after 24 hours of
starvation (P < .001; Table 2). After 48 hours of starvation,
plasma triglyceride also tended to be lower in low-protein
offspring (P = .093); however, this did not reach statistical
significance in the number of animals studied. Plasma triglycer-
ides decreased with an increasing starvation period in control
animals (P <.001). In the low-protein group, triglycerides
decreased after 24 hours of starvation (P < .001), but no further
decrease was observed when the starvation period was in-
creased to 48 hours (P > .05).

DISCUSSION

The main aim of the present study was to investigate the
possibility that the offspring of protein-malnourished rats have
long-term - alterations .in their ability to produce/metabolize
ketone bodies. We have been using this model as a test of the
thrifty phenotype hypothesis of the etiology of NIDDM.
Ketosis resistance (in terms of the level of the major ketone
body, B-hydroxybutyrate) is a feature of certain forms of
NIDDM and malnutrition-related diabetes.>!? The offspring of
rats fed a low-protein diet during pregnancy and lactation are
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permanently growth-retarded and show a greater time-
dependent loss of glucose tolerance. They also demonstrate
other, often unexplained features of human NIDDM. For
example, at 3 months of age, male low-protein offspring exhibit
an altered hepatic response to insulin.* The hormone causes an
initial paradoxical increase in hepatic glucose output before the
expected inhibition of glucagon-stimulated hepatic glucose
output. A similar paradoxical effect has also been reported in
individuals with NIDDM!6 and in Aborigines (who have a high
risk of developing NIDDM).!7 In these studies, administration
of glucose led to an initial increase in hepatic glucose output
before a decrease occurred. The mechanism(s) of this effect in
humans and in the low-protein animal model is not clear.

In the current study, 3-month-old male rats from both
experimental groups produced more ketone bodies (both B-hy-
droxybutyrate and acetoacetate) with increasing starvation.
However, low-protein offspring had significantly lower plasma
B-hydroxybutyrate concentrations in the fed state and after a
24-hour and 48-hour starvation period. This observation may be
due to a relative increase in the utilization and/or a decrease in
the production of $-hydroxybutyrate by low-protein offspring.
At this stage, neither possibility can be excluded. A relative
increase in ketone body utilization may occur if the whole body
composition was altered in low-protein offspring. However, no
such data are currently available. In contrast to the differences
observed with B-hydroxybutyrate, there were no differences in
acetoacetate concentrations between the two groups. This may
suggest that there is a specific alteration in the ability to produce
B-hydroxybutyrate (the major ketone body). It is not clear if this
specific effect on B-hydroxybutyrate characterizes human mal-
nutrition-related diabetes, as data on acetoacetate were not
presented in these subjects.!!

A relative inability to produce the ketone body B-hydroxybu-
tyrate could be due to a diminished supply of NEFAs from
adipose tissue or a diminished ability of the liver to metabolize
NEFAs to ketone bodies. However, in the current study,
low-protein offspring had higher plasma NEFA concentrations
compared with controls when fed and after a 24-hour starvation.
In addition, if there was a reduced supply of NEFAs, one would
also expect acetoacetate concentrations to be lower. This
suggests that the reduced concentration of B-hydroxybutyrate in
these animals does not result from a lack of substrates for its
production. The mechanism of the observed elevation of NEFA
in the low-protein offspring is not clear. It is possible that
hepatic uptake of NEFAs is impaired in low-protein offspring.
Indeed, this has been suggested as a mechanism to explain an
observed increase in peripheral concentrations of NEFAs in

Table 2. Circulating Triglyceride, Cholesterol, and Glycerol Concentrations in Control and Low-Protein Offspring When Fed and Fasted for 24

and 48 Hours
Fed 24-Hour Fasted 48-Hour Fasted
Parameter Control Low-Protein Control Low-Protein Control Low-Protein
Triglycerides (mmol/L) 2,71 £ 0.16 1.92 = 0.13* 1.08 = 0.08 0.61 = 0.06* 0.68 + 0.04 0.60 = 0.04
Cholesterol (mmol/L) 2.82 = 0.09 2,569 = 0.08 2.02 + 0.07 2,02 £ 0.08* 1.82 + 0.14 1.87 = 0.08
Glycerol {(mmol/L) 0.51 = 0.02 0.53 = 0.02 0.59 = 0.02 0.57 = 0.02 0.41 = 0.02 0.37 = 0.01

NOTE. Results are the mean = SEM (n = 16 per group).
*P <.001 vcontrol.
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some NIDDM patients during medium-chain triglyceride feed-
ing studies.!! Alternatively, the increased levels of NEFAs could
result from increased release by adipocytes in low-protein
offspring. Consistent with this possibility is the observation that
in the fed state and after a 24-hour starvation, low-protein
offspring have lower plasma insulin but similar plasma gluca-
gon levels compared with controls. An increased glucagon to
insulin ratio is thought to favor NEFA release from adipo-
cytes.8

Following uptake by the liver, NEFAs may be esterified to
triglycerides and secreted in the form of very-low-density
lipoprotein, or they may enter the oxidative pathway and
ketogenesis. Thus, another possible mechanism to explain the
decreased levels of B-hydroxybutyrate would be that upon
uptake by the liver in low-protein animals, a greater relative
amount of NEFAs were reesterified than oxidized. This possibil-
ity could be addressed in the future by measuring liver
triglyceride levels in the two animal groups.

Other possible explanations for the ketosis resistance include
a defect in the ability of a reduced insulin concentration and/or
increased glucagon concentration to stimulate ketogenesis. It is
thought that the major effect of insulin on ketogenesis during
starvation occurs via regulation of the NEFA supply by its
action on hormone-sensitive lipase in adipocytes.'® Under
normal circumstances, insulin levels during starvation decrease,
with the result that hormone-sensitive lipase becomes more
active (insulin being an inhibitor of hormone-sensitive lipase).
As described already, the decreased concentration of B-hydroxy-
butyrate in low-protein offspring occurs in the presence of
increased NEFA levels. Thus, altered regulation of hormone-
sensitive lipase does not seem to play a role in the development
of ketosis resistance in this instance.

Glucagon is thought to have a direct hepatic effect to
stimulate ketogenesis.20 Plasma glucagon levels decreased after
24 hours of starvation. The mechanism by which this occurs is
not clear, but similar observations have been reported.?! We
have shown previously that the liver of low-protein offspring is
resistant to the action of glucagon to stimulate glucose trans-
port, and this is related to a reduction in the number of glucagon
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receptors in hepatic membranes.* In addition, marked alter-
ations of adenylate cyclase activity have been observed in liver
plasma membranes of NIDDM patients in response to hyperglu-
cagonemia.’? Thus, glucagon resistance may contribute to the
observed ketosis resistance but, again, would not fully explain
why acetoacetate levels are similar in the two groups.

Another possible mechanism by which a change in the
B-hydroxybutyrate to acetoacetate ratio might occur is via a
change in the redox state of the mitochondria. Acetoacetate is
converted to 3-hydroxybutyrate by the enzyme B-hydroxybutyr-
ate dehydrogenase in the presence of NADH. Thus, a change in
the ratio of NADH to NAD could affect the rate of this reaction.
However, if such an alteration was the sole underlying mecha-
nism in the current study, then it might be expected that the
lower 3-hydroxybutyrate would be accompanied by an elevated
acetoacetate.

In summary, the offspring of rats fed a low-protein diet
during pregnancy and lactation have lower plasma levels of the
ketone body B-hydroxybutyrate than control offspring. The
exact biochemical basis for these observations is not clear.
Glucagon resistance may contribute to this finding; however,
other possibilities such as a change in the expression of
enzymes involved in B-hydroxybutyrate production or a change
in the utilization of B-hydroxybutyrate must also be addressed.
However, regardless of the mechanism, this observation is
another example of a feature observed in certain types of human
diabetes that is also found in low-protein rat offspring. There-
fore, this rat model continues to be a useful tool for the study of
biochemical mechanisms underlying human forms of glucose
intolerance and NIDDM.
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