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ABSTRACT

Background and Objective: We are what we eat. Adequate balanced nutrition is important to maintain health. However,
sugar, fat and protein-rich diets, fried and processed foods and so called popular or TV diets such as Atkins diet cause
negative effects on human health. Primarily, they affect structure and functions of the intestine, liver and kidney. In the
present study, effects of high protein diets were assessed on various serum parameters and on enzymes of brush border
membrane and energy yielding metabolic pathways such as glycolysis, TCA cycle, gluconeogenesis HMP shunt in small
intestine and liver of rats.

Materials and Methods: Rats were fed with high protein diets for 28 d. At the end of the experiment, rats were sacrificed
under light ether anaesthesia and blood samples were collected and small intestines and livers were extracted and processed
for the preparation of homogenates and brush border membrane vesicles (BBMV). The present study was carried out to
investigate the effects of HPD on body weights, serum parameters and enzymes of carbohydrate metabolism in BBM of the
rats’ intestines and livers.

Results: Results showed that high protein diets increased serum glucose and decreased inorganic phosphate; however,
serum cholesterol and phospholipids were unchanged. High protein diets significantly increased the activity of alkaline
phosphatase (ALkPase) and y-glutamyl transferase (GGTase) in mucosal brush border membranes but decreased the
sucrase activity. The activity of metabolic enzymes of lactate dehydrogenase (LDH) involved in glycolysis and malate
(MDH), succinate (SDH) and isocitrate (ICDH) dehydrogenase involved in TCA cycle significantly decreased by high
protein diets in the intestine. The activity of glucose-6-phosphate dehydrogenase (G6PDH, HMP shunt) and NADP-malic
enzyme (ME) significantly decreased; however, gluconeogenesis enzymes of glucose-6-phosphatase (G6Pase) and
fructose-6-bisphosphatase (FBPase) increased in intestine by high protein diets. High protein diets decreased the activity
of LDH and MDH whereas increased the activity of FBPase, G6Pase, GGPDH and ME in the liver.

Conclusion: In conclusion, consumption of high protein diets caused extensive alterations in the intestinal brush-border
membrane enzymes. The activity of enzymes of glycolysis and TCA cycle decreased but those of glucose production and
HMP shunt increased by high protein diets in the intestine. The metabolic activity was differentially affected by high protein
diets in the liver as shown by the changes in associated enzymes. The enzymes of glycolysis and TCA cycle decreased but
those of gluconeogenesis and HMP shunt as well as ME significantly increased by high protein diets in the liver.
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Highlights

e Feeding rats with high protein diets increased their serum glucose and decreased Pi; however, cholesterol and
phospholipids were not affected.

e High protein diets increased brush border membrane enzymes; ALkPase and GGTase but decreased sucrase activity.

e High protein diets increased ALkPase by increasing Vmax and GGTase by increasing Vmax and decreasing Km,
whereas decreased sucrase by decreasing Vmax and Km.

e High protein diets decreased glycolysis, TCA cycle and HMP shunt but increased gluconeogenesis in the intestine as
demonstrated by the enzymes.

e High protein diets decreased glycolysis and TCA cycle but increased HMP shunt and gluconeogenesis in the liver as
shown by the enzymes.
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Introduction

We are what we eat! Adequate and balanced nutrition is
important to maintain health. However, sugar, fat, or protein
rich diet, fried and processed food and so called popular or
TV diet e.g., Atkins diet cause negative effects on human
health. Small intestine is the major primary site, where
complex foods are digested to useful nutrients, absorbed and
metabolized. Intestinal brush border membrane (BBM) that
lines the epithelium is involved in digestion and absorption
of nutrients because it includes a number of hydrolytic
enzymes and transport carrier systems (1-4). Liver is
involved directly or indirectly in the intestinal functions. It
is the major site of the oxidative metabolism of food
components. Nutritional stresses such as fasting, Ramadan
fasting and restricted calorie intake and foods enriched in
excess of carbohydrates, fats and proteins include adverse
effects on the intestine and liver (3-9). The activity of BBM
enzymes of disaccharidases (e.g. sucrase), hydrolases (e.g.
ALkPase) and peptidases (e.g. GGTase) in the intestine is
affected by the composition of diets. The diets rich in
carbohydrates (HCD), fats (HFD) or proteins (HPD) cause
specific alterations in the activity of BBM enzymes (10-13).
Studies have been carried out on the effects of HCD and
HFD on the intestine and liver; however, studies on the
effects of HPD on the structure and energy yielding
metabolic activity in the intestine and liver are especially
limited. It has been reported that low-fat, high-casein or
whey protein weight maintenance diets are more effective
for weight control than those low-fat and high-carbohydrate
diets are, not adversely affecting metabolic and
cardiovascular risk factors (14). Raheja et al. (15) reported
decreases in glucose oxidation by HPD in chick intestines.
Melo et al. (16) reported that increase of dietary protein and
decrease of carbohydrates and lipids decreased the
glycolytic activity and induced hepatic gluconeogenesis as a
strategy to provide metabolic energy from amino acids
(AAS). Feeding of casein to fasted rat diets leads to increases
in ALKkPase activity in intestinal mucosa (17). The activity
of ALkPase was shown to increase but that of sucrase
decreased in rats fed an HPD (6, 12).

However, the effects of HPD on the biochemical events
and the mechanism involved in the cellular response to HPD
have not completely been explained, neither those
participating in inflammation and energy yielding metabolic
activities in the small intestine and liver. Therefore, the
current study investigated effects o HPD on various serum
parameters, enzymes of BBM and carbohydrate metabolism
(e. g. enzymes of glycolysis, TCA cycle, gluconeogenesis
and HMP shunt) in the rat intestine and liver under similar
experimental conditions to avoid day-to-day variations.
Results showed that HPD increased serum glucose and
decreased inorganic phosphate; however, serum cholesterol
and phospholipids were not affected. The activity of BBM
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enzymes of ALkPase and GGTase increased but sucrase
decreased by HPD. The increase/decrease of respective
enzymes was due to the increase/decrease of Vmax and
decrease of Km values. The HPD decreased the activity
enzymes of glycolysis and TCA cycle whereas increased the
activity of gluconeogenesis in the intestine and liver
differentially. However, HPD decreased the activity of
G6PDH and ME in the intestine but increased them in the
liver. In conclusion, HPD caused extensive alterations in the
intestinal BBM and the liver, disrupted metabolic activity
differentially as indicated by the changes in associated
enzymes and other parameters.

Materials and Methods

Chemicals

Casein, p-nitro phenyl phosphate, NADH and NADP*
were purchased from Sigma, St Louis, MO, USA. All other
chemicals included analytical grade and were purchased
from Sigma, St Louis, MO, USA, or Sisco Research
Laboratory, Mumbai, India.
Animals

Adult albino rats (Wistar strain) were purchased from All
India Institute of Medical Sciences, New Delhi, India.
Diets
Normal Control Diets

Standard rat pellet diets were purchased from Amrut,
Maharashtra, India.
Preparation of High Protein Diets

The following ingredients were mixed with powdered
NCD to form HPD crude protein content of 88% as
described by Wolffram and Scharrer (18): starch, 3%; corn
oil, 2%; mineral mixture, 5% and vitamin mixture, 2%.
Experimental Design

The experiments were carried out on male Wistar rats
based on the guidelines approved by institutional ethical
committee and Ministry of Environment and Forests
(CPCSEA), Government of India. The rats (ten rats per
group), weighing 150-200 g, were conditioned for 1 win the
animal facility and fed with standard rat diet (NCD) and
water ad libitum. Two groups of rats were used in the study.
One group of rats was fed with HPDs for 28 d as described
by Wolffram and Scharrer (18). The other group received
NCDs and was used as control. The body weights of rats
were recorded at the beginning and the completion of the
experiments. Then, rats were sacrificed under light
anaesthesia. Blood samples were collected and the intestine
and liver extracted and processed for the preparation of
homogenates and brush border membrane vesicles (BBMV)
as described as follows. All the preparations and analyses of
various parameters were carried out simultaneously under
similar experimental conditions to avoid day-to-day
variations.
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Preparation of Homogenates and Brush Border
Membranes Vesicles

After the completion of the experiment, rats’ intestines
were extracted. The intestines were washed by flushing them
with ice-cold buffered saline (1 mM Tris-HCI, 9 g I'* NaCl;
pH 7.4). The livers were transferred into tris buffered saline
(TBS) as described previously (3, 4, 19). The intestinal
BBMV was prepared as described by Farooq et al. (3, 4) via
CaCl, precipitation wusing differential centrifugation
technique. Mucosa scraped from 4-5 time washed intestines
was used for BBMV preparation. Briefly, the mucosal
scrapings were collected using beakers containing 50 mM
mannitol and 5 mM tris-HCI (pH 7.5). The mucosal
homogenate was diluted with the tris-mannitol buffer (15 ml
g* tissue) and further homogenized using Ultra-Turrex T25
homogenizer (Janke and Kunkel, Staufen, Germany) with
three pulses of 30 s, each with 30 s intervals. Aliquots of
mucosal homogenate were prepared and quickly frozen for
further analysis. Moreover, CaCl, was added to the filtrate
to a final concentration of 10 mM and then stored on ice for
20 min with intermittent stirring. The homogenate was
centrifuged at 2000 g for 10 min using Beckman J2-M1
refrigerated centrifuge (Beckman, Palo Alto, CA, USA) with
a JA-17 rotor. The pellet was discarded and the supernatant
was recentrifuged at 35000 g for 30 min. The pellet was
resuspended in a small volume (1-2 ml) of 50 mM sodium
maleate buffer, pH 6.8, with four complete passes using
loose fitting Dounce homogenizer (Wheaton, USA) and
centrifuged at 35,000 g for 30 min using 15-ml glass tubes.
The white outer fluffy portion of the pellet was resuspended
carefully in a small volume of the highlighted buffer. The
BBM suspension was quickly frozen in small aliquots for the
enzyme analyses. All the steps were strictly carried out at 0—
4 °C unless otherwise specified. A 10% liver homogenate
was similarly prepared in 10 mM tris-HCI buffer, pH 7.5.
The homogenates were centrifuged at 2000 g for 10 min at
4 °C to remove cell debris and the supernatant was aliquoted
and stored at -20 °C for assaying the enzymes of
carbohydrate metabolism as previously described (19).
Serum Chemistries

Serum samples were deproteinated with 3%
trichloroacetic acid in a ratio of 1:3, set for 10 min and then
centrifuged at 2000 g for 10 min. The protein free
supernatant was used to assess inorganic phosphate and
creatinine. Blood urea nitrogen (BUN) and cholesterol levels
were assessed directly in serum samples. Glucose was
estimated using o-toluidine method and commercial Kits
from Span diagnostics, Mumbai, India. These parameters
were assessed via standard procedures as described in a
previous study (19).
Enzyme Assays

The activities of BBM biomarkers enzymes, alkaline
phosphatase (ALKPase), y-glutamyl transferase (GGTase)
and sucrase in the homogenates and BBM preparations were
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assessed as described previously (3, 4). The enzymes of
carbohydrate metabolism such as lactate (LDH), malate
(MDH), glucose-6-phosphate (G6PDH) dehydrogenases
and NADP-malic enzyme (ME) involved in oxidation of
NADH or decrease of NADP were assessed by investigating
changes at 340 nm using spectrophotometer (Cintra 5; GBC
Scientific Equipment, , Victoria, Australia) as described
previously (3, 19). Other enzymes, including glucose-6-
phosphatase (G6Pase) and fructose-1, 6-bisphospatase
(FBPase), were assessed as described in previous studies
(19). Protein concentration was assessed using a modified
method of Lowry et al. (20) by Yusufi et al. (21).
Statistical Analyses

All data were expressed as mean =SE (standard error) for
at least 4-5 various preparations. Independent samples t-test
and one-way ANOVA test were used to analyze differences
in the means. Level of significance was set at 5%. Most of
the changes between various groups were compared to
control values for better understanding and clarity. All
statistical analyses were carried out using SPSS software
v.20 (IBM, USA).

Results

The present study was carried out to investigate the
effects of HPD on body weights, serum parameters and
enzymes of carbohydrate metabolism in BBM of the rats’
intestines and livers. In general, the rats were active and alert
throughout the study.

Body Weight and Weight of Mucosa

Effects of HPD were observed on the body and intestinal
mucosa weights of the rats. As shown in Table 1, feeding of
HPD for 28 d caused significant increases (+42%) in the
body weight of the rats, compared to control (NCD-fed) rats.
The weight of intestinal mucosa was not changed
significantly.

Table 1. Effects of high protein diets on body and intestinal
mucosa weights of the rats

Groups Body weight (g) Mucosa weight ()
Control 233.39+2.72 12.23 £0.07
HPD 330.96 + 8.86" 12.80 £ 0.62
(+42%) (+5%)

Results are mean + SEM of eight different preparations. Values in
parenthesis represent percent change from control. "Significantly different
from corresponding control values at p<0.05 or higher degree of
significance by independent t test and ANOVA. HPD, high protein diet

Effects of High Protein Diets on Serum Parameters

The effects of HPD were observed on various serum
parameters (Table 2). Feeding of HPD included no
significant effects on serum creatinine, compared to control
rats, indicating normal functioning of the kidneys. Feeding
of HPD resulted in significant increases in serum glucose
(+66%) and significant decreases in serum Pi (-30%);
however, serum cholesterol and phospholipids were not
affected by HPD.
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Effects of High Protein Diets on Brush Border
Membrane Marker Enzymes in Mucosal Homogenates
and Brush Border Membranes Vesicles

The effects of HPD were assessed on the activities of
ALkPase, GGTase and sucrase in the homogenates and
BBMYV isolated from rats’ intestinal mucosa (Table 3). The
activities of GGTase (+19%) significantly increased
whereas the activity of ALkPase (-2%) was not altered in the
mucosal homogenate by HPD. In contrast, the activity of
sucrase decreased significantly (-37%) by HPD in intestinal
homogenates. The effects of HPD were further analyzed on
the specific activities of BBM marker enzymes in BBMV
isolated from intestinal mucosa. The activities of ALkPase

Table 2. Effects of high protein diets on various serum parameters

(+101%) and GGTase (+52%) greatly increased while the
activity of sucrase (-32%) significantly decreased in the
isolated BBMV of HPD fed rats (Table 3). The Kinetic
parameters (Vmax and Km) were assessed by assaying the
enzymes in BBMV isolated from intestinal mucosa (Table
4). Results indicated that increases in ALkPase activity by
HPD was due to increases in the Vmax (+20%) with a small
decrease in the Km values. The GGTase activity in HPD-fed
rats increased due to great increases in Vmax (+73%) with
large decreases (-65%) in Km values. In contrast, the
decrease in sucrase activity by HPD was due to decreases in
Vmax (-33%) and Km (-59%) values (Table 4).

Parameters Groups  Creatinine (mg/dl) Glucose (mg/dl)

Cholesterol (mg/dl)

Phospholipids (ug/ml)  Phosphate (umol/ml)

Control 21.27+£0.21 66.4+4.6
HPD 20.20+0.14 110 + 5.4* (+66%)
(-5%)

3.11+0.01 340 £ 12 1.93+0.05
3.08 £ 0.05* 322+8 1.35 % 0.04*
(-0.1%) (-5%) (-30%)

Results are mean + SEM of eight different preparations. Values in parenthesis represent percent change from control. Significantly different from
corresponding control values at p<0.05 or higher degree of significance by independent t test and ANOVA. HPD, high protein diet;

Table 3. Effects of high protein diets on the specific activities of ALkPase, GGTase and sucrase in (a) homogenate and (b)

brush border membrane vesicles of the rats’ intestines

Enzymes/ ALkPase! GGTase Sucrase
Groups (nmol/mgprotein/h) (umol/mgprotein/h) (nmol/mgprotein/h)
(a) Homogenate
Control 4.0+0.09 1.73+£0.03 24.02 £0.47
HPD 3.95+0.17 2.06 +£0.023 15.06 + 0.87
(-2%) (+19%) (-37%)
(b) BBMV
Control 39.17+£1.85 15.6 +£1.30 205.0+11.85
HPD 78.58 £ 5.49* 23.27+.90 141.3 £ 25.64*
(+101%) (+52%) (-32%)

Results are mean + SEM of five different preparations. Values in parenthesis represent percent change from control. *Significantly different from corresponding
control at p<0.05 or higher degree of significance by independent t test and ANOVA.
1ALkPase, alkaline phosphatase; GGTase, y-glutamyl transferase; HPD, high protein diet;

Table 4. Effects of high protein diets on kinetic parameters of (a) ALKkPase (b) GGTase and (c) sucrase in brush border

membrane vesicles of the rats’ small intestines

Groups/Enzymes Vmax Kmx 102 M
(umol/mg protein/h)
ALkPase! (a)
Control 18.51 0.92
HPD 22.22 0.83
(+20%) (-8%)
(b) GGTase
Control 5.78 1.30
HPD 10.00 0.45
(+73 %) (-65%)
(c) Sucrase
Control 250.00 41.66
HCD 166.66 17.24
(-33%) (-59%)

Results are mean of five different preparations. Values in parenthesis represent percent change from control. Km (Michaelis Menton constant) and Vmax
(maximal velocity of enzyme reaction).
!ALkPase, alkaline phosphatase; GGTase, y-glutamyl transferase; HPD, high protein diet;
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Effects of High Protein Diets on the Enzymes of glucose-6-phosphate dehydrogenase (G6PDH) and ME in
Carbohydrate Metabolism in Intestinal and Liver mucosal homogenates that provided NADPH needed in
Homogenates various anabolic reactions and antioxidant mechanisms.
The effects of nutritional stress by feeding HPD were Feeding of HPD to the rats significantly decreased the
assessed on the enzymes of carbohydrate metabolic activity of G6PDH (-17%). However, the activity of ME (-
pathways such as glycolysis, TCA cycle, HMP shunt and 76%) greatly decreased in the intestine by HPD (Table 5).
gluconeogenesis in the rats’ intestines and livers (Table 5). The activity of enzymes involved in metabolic pathways was
Feeding of HPD greatly decreased the activity of LDH (- compared with that of liver under the highlighted diet.
42%) as a representative enzyme of glycolysis. In addition, Similar to intestine, HPD caused great decreases in the
activity of TCA cycle enzymes of MDH (-20%), SDH (- activity of LDH (-36%) and MDH (-32%) in liver
39%) and ICDH (-16%) decreased by HPD, compared to homogenates. Unlike intestine, the activity of FBPase
control rats (Table 5). The activities of enzymes involved in (+40%) and G6Pase (+27%) was greatly enhanced by HPD
glucose production by gluconeogenesis, including G6Pase in the liver. Furthermore, HPD increased the activity of
(+12%) and FBPase (+15%), slightly increased in HPD fed G6PDH (+42%) and ME (+22%) in the liver (Table 5).

rats. The effects of HPD were assessed on the activities of

Table 5. Effects of high protein diets on the specific activities of carbohydrate metabolic enzymes in homogenates of the rats’
intestines and livers

Enzymes/ LDH! MDH FBPase G6Pase G6PDH ME SDH ICDH
Groups (umol/mg (umol/mg (umol/mg (umol/mg (nmol/mg (nmol/mg (nmol/mg (nmol/mg
protein/h) protein/h) protein/h) protein/h) protein/h) protein/h) protein/h) protein/h)
Intestine
Control 52.0+5.6 492+93 1.46 +0.05 41710 213+30 587 +£30 0.240 + 0.04 203.0+18.0
HPD 30.0 5.0 39.2+46 1.68+0.15 4,68 +2.47 117+ 30 142 + 58" 0.146 +0.01* 171.0+16.0*
(-42%) (-209%) (+15%) (+12%) (-17%) (-76%) (-39%) (-16%)
Liver
Control 42.8 £5.46 98.7 £3.88 7.62+0.18 462 +0.18 60.70 £7.6 312+ 12 ND ND
HPD 272 +4.71" 67.6 + 3.51* 10.05+0.17* 5.88 £ 0.14* 86.44 + 4.2* 382+ 8* ND ND
(-36%) (-32%) (+40%) (+27%) (+42%) (+22%)

Results are mean + SEM of five different preparations. Values in parenthesis represent percent change from control. “Significantly different from corresponding
control at p<0.05 or higher degree of significance by group t test and ANOVA. ND- not determined.

1 LDH, lactate dehydrogenase; MDH, malate dehydrogenase; FBPase, fructose 1,6-bisphosphatase; G6Pase, glucose 6-phosphatase; G6PDH, glucose 6-
phosphate dehydrogenase; ME, NADP-malic enzyme; ICDH, isocitrate dehydrogenase; HPD, high protein diet

Discussion decreasing in body weight (5). The HPD increased serum
Diet and nutrition play important roles in the glucose and decreased inorganic phosphate; however, serum
maintenance of health. However, sugar, fat and protein-rich cholesterol and phospholipids were unchanged. The increase
diets, fried and processed foods and so called popular or TV in serum glucose might be due to the conversion of proteins
diets such as Atkins diet cause negative effects on human to glucose via gluconeogenesis. _ _ o
health (22-25). Primarily, they affect the structure and Effects of HPD on the structural integrity of intestinal
functions of intestine, liver and kidneys (5, 8, 9, 26). mucosa were assessed through the status of BBM marker
Although the effects of HCD and HFD on BBM enzymes enzymes of ALkPase, GGTase and sucrase in isolated BBM
and metabolic activity have been assessed in the intestine Trom mucpsal homogenates. Thesg hyd.rolytic enzymes are
and liver, the effects of HPD have not been carried out in involved in the final stages of digestion and subsequent
details, exept for a few studies. To achieve further insights at_Jsorptl_on. The activity O_f these enzymes was ten-fold
into the adaptive mechanisms of intestine and liver to hlghe_r n the_ BBM than_ in the respective homo_ge_nates,
dietary proteins, this study assessed the effects of HPD on showing purity Of_ the isolated BBM. The activity of
various serum parameters and enzymes of BBM and energy- AL_kl_Dase greatly |_ncreased (+101%_) whereas GGTase
yielding metabolic pathways such as glycolysis, TCA cycle, activity m(?de.rately mcrea.\sed (+52%) in the BEM by HPD,
gluconeogenesis HMP shunt in small intestine and liver of verifying findings of previously published studies (8, 11-13,
rats. These results were compared with those of a recently 27). In contrast, HPD significantly decreased (-37%) the
published report of the current authors on the effects of HCD activity of sucrase in the BBM as reported previously (6, 10).
and HCD (5). The present results demonstrated that HPD These results showed that the effects of HPD were adaptive
moderately increased the body weight similar to feeding of alterations in the BBM enzyme activities based on the
HCD. However, this was in contrast to HFD, which caused quantity of proteins and carbohydrates in the diets. Kinetic
37
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studies revealed that the increases of ALkPase and GGTase
activity were due to the increases in Vmax and decreases in
Km values; however, decreases in sucrase activity were
resulted from decreases in Vmax and Km values. It seemed
that the diets might affect the number of enzyme molecules
and change their characteristics.

The macromolecular complex food components are
generally digested to small molecules such as glucose, AAs,
fatty acids (FAs) and Pi, which are efficiently absorbed by
specific transporters across intestinal BBM. The absorptive
functions of small intestine involve vital energy-dependent
transport processes, which are supported by various energy-
yielding pathways of carbohydrate metabolism (e.g.,
glycolsis, TCA cycle, HMP shunt and gluconeogenesis).
Although the effects of HCD and HFD on the metabolic
activity of intesteine and liver have been reported, long-term
effects of HPD have not been investigated sysematically in
the itestine and liver. Raheja et al. (15) reported decreases in
glucose oxidation by HPD in chick intestines. Another study
reported that the increases of dietary protein and decreases
of carbohydrates and lipids decreased the glycolytic activity
and induced hepatic gluconeogenesis as a strategy to provide
metabolic energy from AAs (16). The present results
showed that HPD caused specific alterations in enzyme
activities involved in various metabolic pathways. The HPD
significantly decreased activities of LDH, MDH, SDH,
ICDH, indicating a lower oxidation by glycolysis and TCA
cycle in the intestine.

The activity of G6PDH and ME involved in the
generation of NADPH decreased as well. The NADPH,
which is needed for certain biosynthetic pathways and
antioxidant defense mechanism, was affected. However,
HDP increased gluconeogenesis as shown by increased
activities of FBPase and G6Pase in the intestine. Moreover,
the effects of HPD on liver metabolic activity were quite
diifferent, compared to that oberved in the intestine. The
activity of LDH and MDH increased and the activity of
G6Pase and FBPase decreased by HPD in the liver. The
activity of lipogenic enzymes of G6PDH and ME
significantly increased by HPD in the liver. Thus, It is clear
that the enzymes of glucose degration and HMP shunt
decreased; however, those of gluconeogenesis decreased by
HPD in the intestine. In the liver, enzymes involved in
glycolysis, TCA cycle and HMP shunt increased whereas
those of gluconeogenesis significantly  decreased.
Significant decreases were seen in serum Pi levels by HPD,
indicating lack of Pi available for metabolic activities and
hence ATP formation as demonstrated by decreased
activities of metabolic enzymes.

It is well established that antioxidant status can be used
as a biomarker to assess chronic disease risks and diets can
modulate antioxidant defense systems (7, 28). Although this
study has not assessed the effects of HPD on oxidant-
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antioxidant system, literature was searched and a few studies
were detected regarding the effects of HPD on oxidant-
antoxidant parameters. The authors have recently reported
that HCD and HFD increased oxidative stress and decreased
antioxidant parameters in the intestine and liver (5).
However, long-term consumption of HPD does not increase
variables of oxidative stress in the rat liver (29). In another
study, Erdemli et al. (30) has reported that while HCD and
HFD increased oxidative stresses in the kidneys, HPD
included no effects on oxidative parameters.

In summary, the underlying mechanisms; by which,
HPD caused significant alterations in serum parameters,
BBM enzyme activitties and overall metabolic health
statuses seem complex. The HPD increased serum glucose
and decreased inorganic phosphate; however, serum
cholesterol and phospholipids were not affected. The
activity of ALkPase and GGTase increased but that of
sucrase decreased by HPD. Kinetic analysis revealed that the
increase of ALkPase and GGTase activity was due to the
increase in Vmax and decrease in Km values whereas the
decrease in sucrase activity was due to the decrease in Vmax
and Km values. In addition, HPD caused significant
decreases in the activities of LDH, MDH, SDH, ICDH,
indicating a lower oxidation rate of sugars by glycolysis and
TCA cycle in the intestine. The activity of G6PDH and ME
decreased. However, HDP increased gluconeogenesis as
shown by increased activities of FBPase and G6Pase in the
intestine.

The HPD decreased the activity of LDH and MDH
whereas increased the activity of FBPase, G6Pase, GGPDH
and ME in liver homogenates. It seemed that HPD lessened
the glycolytic and TCA cycle activities and induced
intestinal and hepatic gluconeogenesis as a strategy to
provide metabolic energy from AAs available from digested
proteins. Previous studies have suggested that HCD may not
pose serious metabolic risks whereas HFD disrupts the
homeostasis of cellular metabolism and is a key initiator of
the metabolic disorder. Significant interests are reported for
HPDs to manage weight control. Results of this study
suggest that rats fed HPDs successfully adapt to the dietary
protein concentration and maintained a healthy body
weight. Therefore, HPD seems further effective for weight
control management without metabolic risk factors,
compared to that HCD and HFD do (5, 14).

Financial disclosure
The authors declare no conflict of interest.
Acknowledgement

A research grant (5821/2001-BMS) from Indian Council
of Medical Research (ICMR) was granted to ANKY.
Council of Scientific and Industrial Research (CSIR) is
acknowledged for the award of Research Associate to NF.
The financial support to the department from University

Vol 12, No 3, Jul-Sep 2025


http://nfsr.sbmu.ac.ir/article-1-646-en.html

[ Downloaded from nfsr.sbmu.ac.ir on 2025-08-21 ]

Neelam Farooq, et al: Effect of high protein diet on intestine and liver

Grant Commission (UGC-DRF), Department of Science and
Technology (DST-FIST), is gratefully acknowledged.
Abbreviations

ALKPase, alkaline phosphatase

ATP, adenosine triphosphate

BBM, brush border membrane

BBMV, brush border membrane vesicles

FBPase, fructose 1,6-bisphosphatase

G6Pase, glucose 6-phosphatase

G6PDH, glucose 6-phosphate dehydrogenase
GGTase, y-glutamyl transferase

GSH-Px, glutathione peroxidase

HCD, high carbohydtrate diet

HFD, high fat diet

HPD, high protein diet

HMP, hexose monophosphate pathway

ICDH, isocitrate dehydrogenase
LDH, lactate dehydrogenase
LPO, lipid peroxidation

MDA, malondialdehyde

MDH, malate dehydrogenase
ME, NADP-malic enzyme

NAD, nicotinamide adenine dinucleotide

NADH, nicotinamide adenine dinucleotide reduced
NADPH, nicotinamide adenine dinucleotide phosphate
reduced

NADP, nicotinamide adenine dinucleotide phosphate

ROS, reactive oxygen species

SDH, succinate dehydrogenase

SO, superoxide dismutase

TCA, tricarboxylic acid

1.

References

Semenza G. Anchoring and biosynthesis of stalked brush
border membrane proteins: glycosidases and peptidases of
enterocytes and renal tubuli. Annual review of cell biology.
1986 Nov;2(1):255-307.

Thorens BE. Glucose transporters in the regulation of
intestinal, renal and liver glucose fluxes. American Journal of
Physiology-Gastrointestinal and Liver Physiology. 1996 Apr
1,270(4): G541-53.

Faroog N, Yusufi ANK, Mahmood R. Effect of fasting on
enzymes of carbohydrate metabolism and brush border
membrane in rat intestine. Nutr Res 2004; 24: 407-416.

Faroog N, Priyamvada S, Arivarasu NA, Salim S, Khan F,
Yusufi AN. Influence of Ramadan-type fasting on enzymes of
carbohydrate metabolism and brush border membrane in small
intestine and liver of rat used as a model. British journal of
Nutrition. 2006 Dec;96(6):1087-94.

Faroog N, Salim S, Yusufi FNK, Shahid F, Khan S, Khan SA,
Khan MW, Hasan S, Aman S and Yusufi ANK. Comparative
effect of high carbohydrate diet and high fat diet on brush
border membrane enzymes, energy metabolism and antioxidant
defens mechanism in rat intestine and liver. Nutrition and food
in health and disease. 2025 Apr 10; 12(2): 47-56.

Goda T, Koldovsky O. Dietary Regulation of Small Intestinal.
Aspects of Human Nutrition. 1988 Jul 27; 57:275.

Gredilla R, Barja G. Minireview: the role of oxidative stress in
relation to caloric restriction and longevity. Endocrinology.
2005 Sep 1;146(9):3713-7.

Vol 12, No 3, Jul-Sep 2025

39

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Raul F, Simon PM, Kedinger M, Grenier JF, Haffen K. Effect
of sucrose refeeding on disaccharidase and aminopeptidase
activities of intestinal villus and crypt cells in adult rats
Evidence for a sucrose-dependent induction of sucrase in the
crypt cells. Biochimica et Biophysica Acta (BBA)-General
Subjects. 1980 Jun 5;630(1):1-9.

Yusufi AN, Siddigi M. Studies on the hypolipidemic and
hypocholesterolemic effect of 3-hydroxy-3-methylglutaric acid
in rabbits. Atherosclerosis. 1974 Nov 1;20(3):517-26.

Goda TO, Yamada KA, Bustamante SE, Koldovsky OT.
Dietary-induced rapid decrease of microvillar carbohydrase
activity in rat jejunoileum. American Journal of Physiology-
Gastrointestinal and Liver Physiology. 1983 Sep 1;245(3):
G418-23.

McCarthy DM, Nicholson JA, Kim YS. Alterations in
enterokinase, trypsin and alkaline phosphatase in response to
variation in dietary protein content in the rat. The Journal of
Laboratory and Clinical Medicine. 1977 Jan 1;89(1):72-9.

McCarthy DM, Nicholson JA, Kim YS. Intestinal enzyme
adaptation to normal diets of different composition. American
Journal of Physiology-Gastrointestinal and Liver Physiology.
1980 Dec 1;239(6): G445-51.

Nicholson JA, McCarthy DM, Kim YS. The Responses of Rat
Intestinal Brush Border and Cytosol Peptide Hydrolase
Activities to Variation in Dietary Protein Content DIETARY
REGULATION OF INTESTINAL PEPTIDE
HYDROLASES. The Journal of Clinical Investigation. 1974
Oct 1;54(4):890-8.

Claessens M, Van Baak MA, Monsheimer S, Saris WH. The
effect of a low-fat, high-protein or high-carbohydrate ad
libitum diet on weight loss maintenance and metabolic risk
factors. International journal of obesity. 2009 Mar;33(3):296-
304.

Raheja KL, Tepperman J, Tepperman HM. Effects of high
carbohydrate, high fat, or high protein diets on glucose
oxidation by isolated intestinal epithelial cells of the chick. The
Journal of Nutrition. 1975 Nov 1;105(11):1433-9.

Melo JF, Lundstedt LM, Inoue LA, Metén I, Baanante 1V,
Moraes G. Glycolysis and gluconeogenesis in the liver of
catfish fed with different concentrations of proteins, lipids and
carbohydrates. Arquivo Brasileiro de Medicina Veterinéria e
Zootecnia. 2016;68(05):1251-8.

Tuba J, Dickie N. THE ROLE OF ALKALINE
PHOSPHATASE IN INTESTINAL ABSORPTION: IV. THE
EFFECTS OF VARIOUS PROTEINS ON LEVELS OF THE
ENZYME IN INTESTINAL MUCOSA. Canadian Journal of
Biochemistry and Physiology. 1955 Jan 1;33(1):89-92.

Wolffram S, Scharrer E. Effect of feeding a high protein diet
on amino acid uptake into rat intestinal brush border membrane
vesicles. Pflugers Archiv. 1984 Jan; 400:34-9.

Salim S, Farooq N, Priyamvada S, Asghar M, Khundmiri SJ,
Khan S, Khan F, Yusufi AN. Influence of Ramadan-type
fasting on carbohydrate metabolism, brush border membrane
enzymes and phosphate transport in rat kidney used as a model.
British journal of nutrition. 2007 Nov;98(5):984-90.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagent.  Journal of
Biological Chemistry. 1951; 193, 265-275.

Yusufi AN, Murayama N, Gapstur SM, Szczepanska-Konkel
M, Dousa TP. Differential properties of brush-border
membrane vesicles from early and late proximal tubules of rat

Nutrition and Food in Health and Disease


http://nfsr.sbmu.ac.ir/article-1-646-en.html

[ Downloaded from nfsr.sbmu.ac.ir on 2025-08-21 ]

Neelam Farooq, et al: Effect of high protein diet on intestine and liver

22.

23.

24.

25.

26.

kidney. Biochimica et Biophysica Acta (BBA)-Biomembranes.
1994 Apr 20;1191(1):117-32.

Anton SD, Hida A, Heekin K, Sowalsky K, Karabetian C,
Mutchie H, Leeuwenburgh C, Manini TM, Barnett TE. Effects
of popular diets without specific calorie targets on weight loss
outcomes: systematic review of findings from clinical trials.
Nutrients. 2017 Jul 31;9(8):822.

Astrup A, Larsen TM, Harper A. Atkins and other low-
carbohydrate diets: hoax or an effective tool for weight loss?.
The Lancet. 2004 Sep 4;364(9437):897-9.

Dindyal S. How personal factors, including culture and
ethnicity, affect the choices and selection of food we make.
Journal of Third World Medicine.

Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton
SD, McManus K, Champagne CM, Bishop LM, Laranjo N,
Leboff MS. Comparison of weight-loss diets with different
compositions of fat, protein and carbohydrates. New England
Journal of Medicine. 2009 Feb 26;360(9):859-73.

Sumiyoshi M, Sakanaka M, Kimura Y. Chronic intake of high-
fat and high-sucrose diets differentially affects glucose

Nutrition and Food in Health and Disease

40

27.

28.

29.

30.

intolerance in mice. The Journal of nutrition. 2006 Mar
1;136(3):582-7.

Jean C, Rome S, Mathe V, Huneau JF, Aattouri N, Fromentin
G, Achagiotis CL, Tome D. Metabolic evidence for adaptation
to a high protein diet in rats. The Journal of nutrition. 2001 Jan
1;131(1):91-8.

Sorensen M, Sanz A, Gomez J, Pamplona R, Portero-Otin M,
Gredilla R, Barja G. Effects of fasting on oxidative stress in rat
liver mitochondria. Free Radical Research. 2006 Jan
1;40(4):339-47.

Petzke KJ, Elsner A, Proll J, Thielecke F, Metges CC. Long-
term high protein intake does not increase oxidative stress in
rats. The Journal of nutrition. 2000 Dec 1;130(12):2889-96.

Erdemli Z, Gul M, Kayhan E, Gokturk N, Bag HG, Erdemli
ME. High-fat and carbohydrate diet caused chronic kidney
damage by disrupting kidney function, caspase-3, oxidative
stress and inflammation. Prostaglandins & Other Lipid
Mediators. 2024 Jun 1; 172:106822.

Vol 12, No 3, Jul-Sep 2025


http://nfsr.sbmu.ac.ir/article-1-646-en.html
http://www.tcpdf.org

